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Abstract 

 

Energy-Water Nexus in Texas 

 

Ashlynn Suzanne Stillwell, M.S.E.; M.P.Aff 

The University of Texas at Austin, 2010 

 

Supervisors:  Michael E. Webber and Desmond F. Lawler 

 

Energy and water are closely related to each other, yet management of the two 

resources has historically been independent.  Water resources planning and management 

often ignores increases in energy consumption in response to securing drinking water 

supplies.  At the same time, policies concerning power generation, including emission of 

greenhouse gases, can dramatically increase water consumption for electricity.  As a 

result, tradeoffs often exist between energy and water resources policies. 

This work collectively describes and analyzes the nexus of energy and water 

within the state of Texas, with some extension to the rest of the United States.  By 

aggregating Texas-specific data and national average values reported in literature, a 

snapshot of the energy-water nexus in Texas is presented, showing water use for 

thermoelectric power generation and electricity use for water and wastewater systems.  

Case studies then illustrate the energy and water implications of five policy and resource 

management scenarios:  1) statewide implementation of municipal water conservation 

and reuse, 2) installation of alternative thermoelectric cooling technologies to mitigate 

water scarcity, 3) use of desalination and long-haul water transfer as a drinking water 



 v

supply for Dallas, Texas, 4) integration of wind power with brackish groundwater 

desalination as a water supply, and 5) energy recovery from municipal wastewater 

treatment plants.  These analyses combine to reveal the intricacies of the energy-water 

nexus in Texas and its implications for future resource management. 
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INTRODUCTION 

Energy and water are closely interrelated:  we use energy for water and we use 

water for energy. 

We use water for electricity production directly through hydroelectric power 

generation at major dams and indirectly as a coolant for thermoelectric power plants.  

Thermoelectric power plants—comprised of power plants that use heat to generate 

power, such as nuclear, coal, natural gas, solar thermal, or biomass fuels—are the single 

largest user of water in the United States.  We also use water as a critical input for the 

growth and production of biofuels, such as corn ethanol. 

In addition to using water for energy, we also use energy for water.  Specifically, 

we use a significant amount of electricity to collect, treat, distribute, and heat potable 

water supplies and to collect, treat, and discharge wastewater.   

Despite the interconnections, historically these two sectors have been regulated 

and managed independently of one another.  Planning for energy supply traditionally 

gave scant consideration to water supply issues, and planning for water supply often 

neglected to fully consider associated energy requirements [1]. 

Failure to consider the interdependencies of energy and water introduces 

vulnerabilities whereby constraints of one resource introduce constraints in the other.  

That is, droughts and heat waves create water constraints that can become energy 

constraints, and grid outages or other failures in the energy system can become 

constraints in the water and wastewater sectors.   

For example, a severe drought in the southeast United States in 2007-2008 

brought power plants within days of being forced to shut down due to a lack of water for 

cooling [2-6].  Today in the west, a multi-year drought has lowered water levels behind 
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Hoover Dam, introducing the risk that Las Vegas will lose a substantial portion of its 

drinking water at the same time the dam’s hydroelectric turbines quit spinning, which 

would cut off a significant source of power for Los Angeles [7, 8].  Heat waves can also 

introduce problems.  During the 2003 heat wave in France that was responsible for 

approximately 15,000 deaths, nuclear power plants had to reduce their power output 

because of the high inlet temperatures of the cooling water [9].  Environmental 

regulations in France (and the United States) limit the rejection temperature of power 

plant cooling water to avoid ecosystem damage from thermal pollution. When the heat 

wave raised river temperatures, the nuclear power plants could not achieve sufficient 

cooling within the environmental limits, and so they reduced their power output at a time 

when electricity demand was spiking by residents turning on their air conditioners.   

In addition, the corollary is true:  power outages hamper the ability for the 

water/wastewater sector to treat and distribute water.  These power outages can occur for 

a variety of reasons, including grid failures that are common after hurricanes.  For 

example, hurricanes Ike and Gustav induced sustained power outages, which can affect 

the ability to get safe, clean drinking water to the public. 

Droughts, heat waves, and hurricanes are not unusual experiences for Texas, and 

because of the energy-water nexus, they introduce a coupled cross-sectoral vulnerability.  

These vulnerabilities might only get more pronounced as resources become more 

constrained due to population growth and as water and energy suppliers confront new 

challenges associated with climate change [1].  Understanding and accounting for the 

energy-water nexus is becoming increasingly important to ensure that natural resource 

policies and plans lead to sustainable and affordable results.  Using an integrated 

policymaking approach to make the system more resilient and sustainable would be a 

significant step forward. 
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This thesis is divided into two main sections:  1) The Nexus of Energy and Water 

and 2) Energy-Water Nexus Case Studies.  The first section examines typical water 

requirements for various types of electricity generating facilities, both nationwide and in 

Texas.  It also addresses the use of energy by water supply and wastewater treatment 

systems, again from a national average and Texas-specific perspectives. 

The second section includes Texas-specific case studies concerning the nexus of 

energy and water.  These case studies use data reported by government agencies and 

literature sources with existing software tools to model energy and water implications of 

selected policy decisions, including widespread implementation of water conservation 

and reuse practices, use of alternative cooling technologies at thermoelectric power 

plants, desalination and long-haul transfer of water as an inland water supply, harnessing 

wind power for brackish groundwater desalination, and energy recovery from wastewater 

treatment plants.   

Note that mixed (i.e., both English and SI) units are used in this thesis to be 

consistent with conventional industrial notation for energy and water data. 
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SECTION 1:  THE NEXUS OF ENERGY AND WATER 

Chapter 1:  Water for Energy 

A number of primary energy sources such as coal, uranium, natural gas, biomass, 

sun, water, or wind, can be used to generate electricity for domestic, commercial, and 

industrial customers.  Using different processes, energy from these fuel sources 

(chemical, kinetic, or radiant energy) is converted into electrical energy.  Based on the 

laws of thermodynamics, energy is neither created nor destroyed when converted into 

electrical energy.  However, the conversion processes are inherently inefficient, which 

generates waste streams such as waste heat or solid byproducts.  The waste heat is 

typically dissipated by use of cooling water. 

Thermoelectric power plants use nuclear or fossil fuels to heat high purity water 

into steam, which then spins a turbine connected to a generator, producing electricity.  

The steam is then condensed back into water to continue the process again in a closed 

loop.  This condensation requires cooling either by use of water, air, or both.  The energy 

efficiency of the turbine in converting steam into electric energy depends in part on the 

effectiveness of the steam condensation process.  That is, the efficiency of the power 

plant depends on its ability to cool its steam loop.  The quantity of water required for 

cooling depends on the type of fuel, power generation technology, and cooling 

technology.  Even some power plants that do not operate with a steam cycle (i.e., gas 

turbines) require a small amount of cooling for various components.  In the case of fuels 

that must be mined (including coal, natural gas, and uranium), the mining process also 

requires water.  Thus, water becomes a significant factor in power generation. 
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ELECTRICITY GENERATION AND USE 

Electricity is used for many different aspects of society, including lighting homes 

and businesses and running industrial machinery and processes.  As shown in Figure 1.1, 

electricity consumption for residential purposes – lighting and heating homes, as well as 

powering appliances – is 37% of the total electricity use in the United States and a similar 

33% in Texas.  Though electricity powers some transportation, the amount used is 

negligible for both the United States and Texas.  Since Texas is home to many energy-

intensive refining, chemical and manufacturing facilities, industrial electricity use is 

higher, as a percentage of total use, than in the country as a whole.  

 

 

Figure 1.1: U.S. (left) and Texas (right) electricity consumption, in percent, by sector 
for 2006.  Texas uses a larger percentage of electricity for industrial 
purposes than does the United States as a whole [10, 11]. 

Different primary energy sources are used to generate electricity.  Figure 1.2 

below shows the percentages of electricity generation by source for both the United 

States and Texas.  The discrepancies in total electricity between Figures 1.1 and 1.2 are 

due to energy losses during distribution.  The Texas fuel mix differs from that of the 
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United States with two major primary energy sources:  coal and natural gas.  Though coal 

produces nearly half of the electricity generated nationwide, coal accounts for 37% of 

electricity generated in Texas.  Nearly half of the electricity generated in Texas is from 

natural gas, compared to the national average of 20%.   

 

 

Figure 1.2: U.S. (left) and Texas (right) electricity generation, in percent, by primary 
energy source for 2006.  While nearly half of the electricity generated 
nationwide is from coal, nearly half of the electricity generated in Texas is 
from natural gas.  Here, renewable includes traditional hydropower, solar, 
and wind power [10, 11]. 

This mix of sources for electricity generation changes gradually as new power 

plants and new power generation technologies come on-line.  For example, the renewable 

source in Figure 1.2 from 2006 includes wind power, along with other sources like 

hydropower and solar power.  In 2008, Texas wind turbines generated over 12 terawatt-

hours (TWh) of electricity – more than the total renewable generation in 2006 [12].   
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Many of the electricity generation sources in Figure 1.2 require water for cooling 

to condense steam.  Cooling technologies to condense steam are discussed in the 

following section. 

COOLING TECHNOLOGIES 

Cooling systems for thermoelectric power generation use water or air to condense 

steam from a steam turbine.  A closer look at each of the different types of technologies 

used for cooling reveals advantages and disadvantages of each.  For water cooling 

technologies, a terminology distinction is made between water withdrawal, removing 

water from a surface or groundwater source for use, and water consumption, evaporating 

water such that is it not directly reusable in the same location.  Using this terminology, 

water withdrawal is always greater than or equal to consumption.  The Texas Water 

Development Board (TWDB) uses the term demand, which is considered here equal to 

consumption.  Although a large percentage of withdrawn water is typically returned to the 

lake or river, the magnitude of withdrawal is important because, if those quantities of 

water are not available, the power plant will have to shut down.  Similarly, when water is 

withdrawn for plant use, it is no longer available for other users such as municipal water 

supply and environmental needs.  To assure adequate supply for withdrawal, power 

plants are often located on water reservoirs.   

Open-loop cooling, shown in Figure 1.3, condenses steam using a heat exchanger 

and a water source.  Large volumes of water are withdrawn from the water source 

(reservoir, lake, or river), flowing through the heat exchanger to condense steam in a 

single pass.  Consequently, open-loop cooling is also known as once-through cooling – 

water is withdrawn and passes once through the heat exchanger before most is returned to 

the source.   
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Figure 1.3: Schematic of open-loop cooling for thermoelectric power generation.  Most 
water that is withdrawn is subsequently returned, albeit at a higher 
temperature. 

Since water is only cycled once and does not significantly evaporate in the 

cooling system, water of varying degrees of salinity can be used with open-loop cooling.  

Open-loop cooling also consumes less water per MWh within the power plant compared 

to cooling towers or cooling reservoirs, typically 100 to 400 gal/MWh (0.38 to 1.5 

m3/MWh).  Consumption as a percent of withdrawal ranges from 1 to 2%.  However, this 

percentage does not tell the full story, since open-loop cooling withdraws much larger 

volumes of water – 40 to 80 times more – than other cooling technologies.  This large 

water withdrawal can have severe impacts on nearby users, as it will not be available for 

other needs.  Additionally, water intake structures can kill fish, and thermal pollution of 

receiving waterways is possible with the elevated temperature of the return water [13].  

Thermal pollution from high temperature water decreases the solubility of oxygen in 

water, thereby reducing dissolved oxygen, which is necessary for aquatic species survival 

[14]. 



 9

Closed-loop cooling is an alternative to open-loop cooling.  Instead of 

withdrawing water and using it once, closed-loop cooling recycles water for additional 

steam condensation.  Two main technologies for implementing closed-loop cooling exist:  

cooling towers, with an accompanying supply reservoir or river, and cooling reservoirs.  

A cooling tower, shown in Figure 1.4, withdraws water from a source, usually a cooling 

water supply reservoir, condenses steam in a heat exchanger, and then recycles cooling 

water within the cooling tower.  Cooling towers dissipate heat through evaporation of the 

cooling water [13]. 

 

 

Figure 1.4: Schematic of closed-loop cooling with a cooling tower for thermoelectric 
power generation.  Most water that is withdrawn is consumed. 

Closed-loop cooling with a cooling reservoir alone operates similarly, but the 

reservoir itself is used to dissipate the heat via both evaporation and loss of radiant heat 

during the cooler evening hours [15].  Water consumption reported (e.g., by the U.S. 

Energy Information Administration (EIA)) for closed-loop cooling typically does not 

include losses through forced evaporation in cooling reservoirs and does not include 

evaporation from the water surface driven by solar energy and wind.  However, the 
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power plant water reporting methods used by the TWDB and Texas Commission on 

Environmental Quality (TCEQ) inherently account for forced evaporation from cooling 

reservoirs. 

Closed-loop cooling has the advantage of requiring much less continuous water 

withdrawal from a stream, river, or aquifer than open-loop cooling because water is 

recycled within the cooling system.  On the other hand, 80% or more of the water cycled 

through the system is consumed through evaporation, typically at the rate of 110 to 850 

gal/MWh (0.42 to 3.2 m3/MWh).  Many times, the water that is not consumed in cooling 

towers (known as blowdown) is of a lower quality than the withdrawn water because 

evaporation has concentrated pollutants and particles in the blowdown [16].  

Additionally, water vapor leaving cooling towers can create a plume, which might reduce 

visibility or cause icing on nearby structures [17].  While many people associate cooling 

towers with nuclear power, they are also used by coal and natural gas power plants. 

Thermoelectric power plant cooling is possible without water by use of air-

cooling, often referred to as dry-cooling, shown in Figure 1.5.  For this configuration, air-

cooled condensers collect steam in many small tubes, blow air across the tubes using 

fans, and collect the condensed water at the tube outlet [18].  The overall air-cooling 

process is similar to a car radiator. 

Air-cooling eliminates the need for water, which opens possibilities for plants to 

be sited in arid locations [18].  However, air-cooling has a lower cooling efficiency than 

water cooling.  That is, a cubic meter of air has a lower ability to dissipate heat than a 

cubic meter of water.  Consequently, larger cooling structures are required, and these 

larger structures represent higher capital costs that vary subject to local climate, weather, 

and plant design. 
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Figure 1.5: Schematic of air-cooling for thermoelectric power generation, which does 
not require water. 

Additionally, a power plant can experience a 1% loss in efficiency of power 

generation – the conversion of primary fuel energy into electricity – for each 0.56 °C (1 

°F) increase in temperature of the condenser, which is limited by ambient temperature 

[19].  Though air-cooling uses no water, the tradeoff is lower power plant efficiency, 

creating additional air emissions for each unit of electricity that is generated.   

As a compromise between water and air-cooling of thermoelectric power plants, 

some have implemented hybrid wet-dry cooling technologies, shown in Figure 1.6.  

Hybrid cooling combines a cooling tower with an air-cooled condenser, increasing 

cooling efficiency over air-cooling during the critical hot summer days while decreasing 

the overall annual water consumption from using cooling towers.  The water vapor 

exiting the wet cooling tower portion mixes with heated air from the air-cooled condenser 

to combine the benefits of water and air-cooling. In addition, hybrid systems can be built 

in parallel configurations making them somewhat redundant, thus creating some 

resiliency for the power plants.  
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Figure 1.6: A hybrid wet-dry cooling system for thermoelectric power generation 
combines air and water cooling. 

Hybrid wet-dry cooling technologies improve the power plant efficiency over air-

cooling, while also reducing the water consumption of closed-loop water cooling.  

However, these hybrid systems are expensive and generally operate with only the wet 

cooling tower portion during hot summers, saving water for most of the year with 

relatively low power efficiency reduction [20].  Unfortunately, summer is often when 

water resources are the most strained.  Thus, power plants with hybrid cooling systems 

might be using wet cooling in the summer, coinciding with high demand for water 

resources for irrigation and high demand for power for air conditioning.  Currently, 

hybrid wet-dry cooling technologies are in operation for power plants in The 

Netherlands, Great Britain, Austria, and Germany [21].   

One reason why hybrid technologies are receiving increased focus is for their use 

with concentrating solar plants.  Concentrating solar power (CSP) plants are best suited 

for desert environments that have high direct solar insolation but few water resources.  

Figure 1.7 shows results of an analysis of a particular hybrid wet-dry cooling design for a 

CSP plant located in Barstow, California – a location with a very good solar resource [22, 
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23].  For the CSP and hybrid cooling design analyzed for Figure 1.7 the water 

consumption varies from 80 to 800 gal/MWh (0.30 to 3.0 m3/MWh) from 100% dry to 

100% wet cooling.  The 100% dry cooling design produces approximately 95% of the 

electricity of the 100% wet cooling design, where the hybrid design would produce 96 to 

99% of the electricity of the 100% wet cooling design. 

 

Figure 1.7: Depending upon the degree of hybridization and technological design, 
hybrid cooling towers can vary in water consumption from that of wet 
cooling tower to dry cooling tower, along with the concomitant energy 
efficiency. (Modified from [22]) 

The general trend shown for hybrid cooling holds for any thermal power plant 

using a steam cycle, but will vary according to site-specific parameters.  The cooling 

tower can be designed from 100% wet cooling to 100% dry cooling, and in between a 

range of hybridization exists.  As a higher percentage of air-cooling is used, the parasitic 

0.94

0.95

0.96

0.97

0.98

0.99

1.00

0.0 0.2 0.4 0.6 0.8 1.0

Fr
ac
ti
on

 o
f w

et
 c
oo

lin
g 
to
w
er
 n
et
 p
la
nt
 o
ut
pu

t

Fraction of wet cooling tower water consumption

100% wet 
cooling tower



 14

efficiency impacts and reduction in water consumption increase.  Thus, hybrid systems 

represent inherent tradeoffs among plant efficiency, infrastructure costs, and water costs.   

Water requirements for cooling depend on fuel, power generation technology, and 

cooling technology.  These requirements are summarized in Tables 1.1 (water 

withdrawal) and 1.2 (water consumption) and are discussed further in the following 

section.  Tables 1.1 and 1.2 illustrate the wide range of water usage by power plants 

conditions depending upon the combination of power and cooling technology. 

Table 1.1: Water withdrawal reported volumes for different fuels and cooling 
technologies.  Air-cooling requires negligible water and is compatible with 
all of the technologies listed [16, 24-26].  Error bars are listed in 
parentheses. 

   Cooling Technologies – Water Withdrawal (gal/MWh) 
 

 

 
Open-
Loop 

Closed-
Loop 

Reservoir 

Closed-
Loop 

Cooling 
Tower 

Hybrid 
Cooling 

Air-
Cooling 

Fu
el

 T
ec

hn
ol

og
y 

Thermal 

Coal 35,000 
(±15,000) 

450 
(±150) 

550 
(±50) between <100 

Nuclear 42,500 
(±17,500) 

800 
(±300) 

950 
(±150) between <100 

Natural Gas 
Combustion Turbine negligible negligible negligible negligible negligible 

Natural Gas 
Combined-Cycle 

13,750 
(±6,250) 

155† 
(±25) 

230 between <100† 

Integrated 
Gasification 
Combined-Cycle 

not used not used 
400† 

(±110) between <100† 

Concentrated Solar 
Power not used not used 840† 

(±80) between <100† 

Non-
Thermal 

Wind none none none none none 
Photovoltaic Solar none none none none none 

†Estimated based on withdrawal and consumption ratios 

TYPES OF POWER PLANTS 

Power plants use a variety of different fuels and technologies for generation of 

electricity.  These fuels and technologies combine to produce electricity with differing 

efficiencies, as shown in Table 1.3.  The observed power plant efficiencies in Texas are 
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lower than the theoretical efficiency values due to energy losses in the power generation 

system (particularly the operation of pollution control systems) and start-up/shut-down 

periods. 

Table 1.2: Water consumption reported volumes for different fuels and cooling 
technologies.  Air-cooling requires negligible water and is compatible with 
all of the technologies listed [16, 24-26].  Error bars are listed in 
parentheses. 

   Cooling Technologies – Water Consumption (gal/MWh) 
 

 

 
Open-
Loop 

Closed-
Loop 

Reservoir 

Closed-
Loop 

Cooling 
Tower 

Hybrid 
Cooling 

Air-
Cooling 

Fu
el

 T
ec

hn
ol

og
y 

Thermal 

Coal 300 385 
(±115) 

480 between 60 
(±10) 

Nuclear 400 625 
(±225) 

720 between 60 
(±10) 

Natural Gas 
Combustion Turbine negligible negligible negligible negligible negligible 

Natural Gas 
Combined-Cycle 100 130† 

(±20) 
180 between 60† 

(±10) 
Integrated 
Gasification 
Combined-Cycle 

not used not used 
350† 

(±100) between 60† 
(±10) 

Concentrated Solar 
Power not used not used 840 

(±80) between 80† 
(±10) 

Non-
Thermal 

Wind none none none none none 
Photovoltaic Solar none none none none none 

†Estimated based on withdrawal and consumption ratios 

Table 1.3: Actual operating efficiencies for power plants using different fuels and 
power generation technologies [26-28]. 

Fuel Type Texas Generation Efficiency 
(%) 

Maximum Reported 
Efficiency (%) 

Coal Lignite:  26-34% 
Subbituminous:  27-35% 

Integrated Gasification 
Combined-Cycle:  50% 

Natural Gas Steam Turbine:  28% 
Gas Turbine:  26% 
Combined-Cycle:  39% 

Combined-Cycle:  50% 

Nuclear 33%  
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Approximately half of the electricity generated in the United States comes from 

coal-fired power plants, as shown in Figure 1.2. [11]  Coal-fired thermoelectric power 

plants convert chemical energy from coal into electrical energy with an average overall 

efficiency of 33% (26 to 35% in Texas due to various plant design and operational 

patterns), as illustrated in Figure 1.8.  The remainder of the energy leaves the system as 

heat embodied in exiting cooling water or flue gas.  In these plants, coal-fired boilers 

produce steam that drives steam turbines.  Condensing the steam (via a cooling system) 

as it exits the turbine is a key to maximizing the energy efficiency of the plant.  When the 

steam condenses, a rapid lowering of vapor-to-liquid specific volumes results in a 

sustained vacuum at the outlet of the turbine outlet, referred to as turbine backpressure.  

The cooling system is an integral part of power generation process and greatly influences 

plant performance.  

Nuclear power plants generate roughly one-fifth of the electricity used in the 

United States [11].  Much like coal-fired thermoelectric power plants, nuclear power 

plants convert atomic energy present in nuclear fuel into electrical energy by using heat 

to make steam to drive steam turbines.  These plants have overall thermal energy 

efficiencies averaging 33%, shown in Figure 1.9.  However, unlike coal-fired utilities, 

nuclear power plants do not emit flue gases, thus releasing more thermal energy via the 

cooling water.  Nuclear power plants typically dissipate twice as much of the primary 

energy source in the form of waste heat to cooling water as compared with coal (67% for 

nuclear in Figure 1.9 compared to 33% for coal in Figure 1.8).  However, the cooling 

water requirements for steam condensation are only one-fifth to one-third (20 to 35%) 

higher (see Tables 1.1 and 1.2) because nuclear reactor temperatures are not as high as 

coal combustion temperatures (300 °C for nuclear versus over 1,500 °C for coal) [29, 30].  
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This additional water use is a tradeoff for the lack of air emissions from nuclear power 

plants.  

 

Figure 1.8: Basic schematic of a pulverized coal-fired power plant with percentage of 
energy flow and median water withdrawal and consumption for cooling per 
MWh of electricity generated.  Only 33% of the incoming fuel energy is 
converted to electricity [16, 31]. 

Rounding out the major electricity generation fuels is natural gas, which produces 

approximately 20% of U.S. electricity and 49% in Texas [10, 11].  Natural gas has 

flexibility as a fuel as it can be used to generate steam for a steam turbine, used to fuel a 

combustion turbine, or used in a combined-cycle system for electricity generation.  A 

combustion turbine (or gas turbine) power plant, shown in Figure 1.10, is based on 

combustion of gas in a turbine and the resulting high temperature, high pressure gas spins 

the turbine directly [32].  This process requires negligible amounts of cooling water 
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(other than the small amounts needed for the components), since the turbine uses gas 

instead of steam, and is approximately 33% efficient.  

 

 

Figure 1.9: Basic schematic of a nuclear power plant with percentages of energy flow 
and median water withdrawal and consumption for cooling per MWh of 
electricity generated [16, 31]. 

 

 

Figure 1.10: Basic schematic of a natural gas turbine power plant with percentages of 
energy flow [31]. 
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To increase the efficiency of electricity generation using a gas turbine, many 

plants incorporate a heat recovery steam generator (HRSG) to make a natural gas 

combined-cycle power plant like that shown in Figure 1.11.  Using the HRSG, waste heat 

from the turbine exhaust generates steam that spins a steam turbine, boosting overall 

power plant efficiency to a possible efficiency of 50% [31, 33].  Cooling water is 

required to condense steam from the HRSG, yet this cooling water requirement is lower 

per MWh generated than that of nuclear and coal-fired power plants using only a steam 

turbine. 

 

Figure 1.11: Basic schematic of a combined cycle power plant with percentages of 
energy flow and median water withdrawal and consumption for cooling per 
MWh of electricity generated [16, 27, 31]. 

An additional use of the combined-cycle power plant is the Integrated 

Gasification Combined-Cycle (IGCC) power plant, depicted in Figure 1.12.  IGCC power 

plants use coal, petroleum coke, or possibly biomass as fuel sources.  In IGCC plants, the 
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fuel is not directly combusted, but instead is gasified with steam and controlled oxygen 

levels at high temperature and pressure.  Syngas, the product of gasification, is composed 

of carbon monoxide and hydrogen.  This syngas is then converted to carbon dioxide and 

hydrogen by steam reforming over a catalyst.  The resulting gas is then used to fuel a 

combustion turbine that generates electricity.  An HRSG is also incorporated into the 

IGCC process, generating additional electricity with a steam turbine (making it a 

combined-cycle), bringing overall efficiency to 50% [28].   

 

 

Figure 1.12: Basic schematic of an integrated gasification combined cycle (IGCC) power 
plants with percentages of energy flow and median water withdrawal and 
consumption for cooling per MWh of electricity generated [26, 28, 34]. 

Since coal is not combusted (and the hydrogen gas is cleaned up prior to its 

combustion) in the IGCC process, fewer air pollutants are emitted with the flue gas.  For 
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example, essentially all of the sulfur present in the coal is removed prior to combustion, 

thereby avoiding the formation of sulfur dioxide [28].  IGCC does have an inherent 

process water use of approximately 30 to 60 gal/MWh (0.11 to 0.23 m3/MWh) for the 

production of syngas, which is approximately 10 to 20% of the power plant water 

consumption [26].  

The market share for renewable energy sources for electricity generation is 

growing.  Among these renewable energy technologies is wind-generated electricity, 

shown in Figure 1.13.  The kinetic energy of blowing wind is converted into mechanical 

energy of turning blades, mounted on top of a tall tower.  Mechanical energy from the 

rotating turbine blades is then converted into electrical energy using a generator.  Since 

the process does not use a steam turbine, no cooling water is required. 

 

 

Figure 1.13: Basic schematic of wind-generated electricity with percentages of energy 
flow [31]. 

Wind turbines do not convert all the kinetic energy of the wind into mechanical 

energy, thus a certain amount of wind is left unconverted1.  This unconverted wind, along 

with generator efficiency, results in a typical overall wind-generated electricity efficiency 

                                                 
1 The maximum theoretical efficiency of horizontal axis wind turbines is 59%. 
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of 50%.  Very little waste heat is created in the generator, and so dedicated cooling is not 

required.  

Another renewable technology for electricity generation is the photovoltaic (PV) 

solar panel, shown in Figure 1.14.  Two main types of PV solar panels are currently in 

use:  wafer-based silicon panels and thin-film panels.  Wafer-based silicon PV panels use 

a crystalline or polycrystalline silicon structure containing phosphorus and boron atoms.  

When sunlight hits the phosphorus and boron atoms, radiant energy is converted into 

electrical energy [35, 36].  Thin-film PV panels use amorphous silicon, cadmium 

telluride, or copper indium gallium diselenide as a semiconductor layer on a thin 

structure, also converting radiant energy into electrical energy [37, 38]. 

 

 

Figure 1.14: Basic schematic of photovoltaic solar-generated electricity with percentages 
of energy [25, 31]. 

PV panel efficiency ranges from 10 to 20%, with commercial systems at the low 

end of this range [31].  Though no cooling water is needed during solar electricity 

generation, the surface of PV panels must be kept clean to maintain efficiency.  Process 

cleaning water consumption is approximately 30 gal/MWh (0.11 m3/MWh), minimal 

compared to thermoelectric power plants [25]. 

An alternative to PV solar-generated electricity is concentrating solar power 

(CSP) or solar thermal-generated electricity – collecting and concentrating solar energy 
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as a power plant fuel source.  CSP plants, of the type shown in Figure 1.15, generate 

electricity in a manner similar to other thermoelectric power plants.  Using concentrating 

mirrors, sunlight is concentrated to heat a fluid that in turn creates steam via a heat 

exchanger.  The steam is converted to electricity via a steam turbine as in other thermal 

power plants.  Steam is then condensed using a cooling tower or air-cooling [24]. 

 

 

Figure 1.15: Basic schematic of CSP-generated electricity with percentages of energy 
flow and median water withdrawal and consumption for cooling per MWh 
of electricity generated [24, 31]. 

Each of the power generation technologies presented above uses water for 

processes, cooling to condense process steam, or cleaning.  Note that all thermoelectric 

power plants may be cooled using air-cooling, which does not require water.  For 

instance, the proposed Trailblazer Energy Center, near Sweetwater, Texas, is a pulverized 

coal facility for which Tenaska is considering air-cooling to reduce water consumption 

[39].  Currently two thermal power plants in Texas, both natural gas-powered combined-

cycle plants, use air-cooling to some degree.  These power plants have operated at over 

45% power efficiency in 2006 [27].  
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Chapter 2:  Energy for Water 

Freshwater is essential for human survival and prosperity, whether for drinking, 

sanitation, industrial use, irrigation, or power generation, and every stage of the water 

supply process has energy requirements.  Collecting, pumping, and treating water for 

public water supply systems is a complex and resource-intensive activity requiring 

significant amounts of energy.  As pressure on water resources grows with population 

growth, public water suppliers are often looking further from home for new supplies or to 

technologies like desalination.  Water is also a medium for transporting wastes.  To 

protect water quality, wastewater discharges to surface and groundwater must meet 

various federal and state treatment requirements, and those treatment processes require 

energy.   

PUBLIC WATER SUPPLY SYSTEMS 

Public water supplies not only provide drinking water, they also are critical for a 

range of commercial and industrial activity.  Providing public water supply requires 

collection and conveyance of source water, treatment and disinfection, then distribution 

to residential, commercial, and sometimes industrial customers.  Many end uses of water 

also require that the water be heated.  Each of these steps requires energy inputs, typically 

– though not exclusively – in the form of electricity. 

Source Collection and Conveyance 

Public water supply in the United States comes from two main sources:  surface 

water (streams, rivers, lakes) and groundwater (aquifers, wells).  In 2000, 63% of U.S. 

public water (27.3 billion gallons per day or 103 million m3/d) originated from surface 

water sources [40].  Moving raw water through pipelines or canals to the treatment plant 

requires pumping, except where gravity-driven flow is possible. 
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Groundwater supplied 37% of source water for public water systems in 2000 (16 

billion gallons per day or 60.6 million m3/d), while domestic water use – self-supplied 

water, usually in rural areas – was 98% groundwater through the use of wells [41].  

Collection and conveyance of groundwater typically uses more electricity than surface 

water sources in the same location due to the energy requirements of pumping water from 

underground aquifers.  These energy requirements for pumping vary with water depth:  

pumping from a depth of 36.6 m (120 ft) requires 540 kWh/106 gal (0.14 kWh/m3), while 

pumping from 122 m (400 ft) requires 2,000 kWh/106 gal (0.53kWh/m3) [13].  Average 

groundwater well depth in Texas is nearly 213 m (700 ft). [42]  Generally, one-third of 

the total energy required for collecting, treating, and distributing groundwater is for well 

pumping [43]. 

The energy requirements for conveying source water to the treatment plant vary 

with geography; long-haul and uphill water pipelines require more energy for pumping, 

while partially gravity-fed systems require less.  For example, water supply for some 

areas of southern California, which travels hundreds of miles over two mountain ranges, 

requires 1,300 to 9,900 kWh/106 gal (0.35 to 2.6 kWh/m3) [44]. 

Brackish groundwater and seawater are becoming more common sources of raw 

water in areas where freshwater supplies are not readily available.  Seawater desalination 

plants are usually located close to the coast and so there is little energy required to 

convey the water to the treatment plant.  Energy requirements for pumping and 

conveying brackish groundwater are similar to those for freshwater aquifer sources. 

Treatment 

After raw source water is collected, it is treated to meet drinking water quality 

standards (even though only a small fraction of the water is used for drinking).  A typical 
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surface water treatment plant, shown in Figure 2.1, uses a combination of physical and 

chemical treatment processes to remove contaminants from water.  Of the treatment 

processes shown in Figure 2.1, pumping between processes (not including raw water 

pumping or treated water distribution) requires 44% of the total electricity used for water 

treatment.  The actual treatment processes – flocculation, sedimentation, filtration, and 

disinfection – use the remaining 56% of the total electricity for water treatment [43]. 

 

Figure 2.1: Typical water treatment plant operations for converting surface water 
sources into drinking water supplies include many steps and require 
significant energy inputs [43]. 

Groundwater treatment is similar to that of surface water treatment in Figure 2.1.  

Depending on raw groundwater quality, little treatment might be required:  in some cases 

only taste and odor removal and disinfection are needed [43]. 

Desalination differs from traditional treatment for surface water or groundwater.  

Though many desalination techniques exist, including multi-effect distillation and multi-

stage flash, the most common technology in use today is based on membrane technology 

and is referred to as reverse osmosis [45].  Reverse osmosis trains for brackish water are 
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generally assembled in a cascade fashion, shown in Figure 2.2, to improve overall water 

recovery.  Seawater desalination often requires membranes in series due to higher raw 

water salinity.  During reverse osmosis desalination, high pressure pumps are required on 

the feed side of the membrane to overcome osmotic pressure and produce permeate, 

which is the desalinated water.  Reverse osmosis trains also create a waste stream, known 

as the concentrate [45].  For seawater desalination systems, the concentrate waste stream 

can range from 40 to 65% of the incoming seawater by volume, while brackish 

groundwater desalination concentrate streams range from 15 to 40% [46]. 

 

Figure 2.2: Reverse osmosis cascade train for water desalination [47].  The diagonal 
lines symbolize membranes in the treatment process, producing concentrate 
(dashed lines) and permeate (solid lines) streams. 

Electricity requirements for public water supply treatment vary with the level and 

type of treatment, as shown in Table 2.1.  Note that the electricity requirement per unit of 

water (in kWh/106 gal) listed in Table 2.1 includes only source collection and treatment, 

not potable water distribution.  Generally, the electricity use per unit of water treated 

remains relatively constant with water treatment plant size, so energy efficiency does not 

improve much with scale [43].  
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Table 2.1: National average electricity use for water collection and treatment using 
different water treatment technologies.  Distribution represents additional 
energy use [43, 44]. 

Water Collection and 
Treatment 

kWh/106 gal 
(kWh/m3) 

Surface Water Treatment 220 
(0.058) 

Groundwater Treatment 620 
(0.16) 

Brackish Groundwater Treatment 3,900-9,700 
(1.0-2.6) 

Seawater Desalination 9,700-16,500 
(2.6-4.4) 

Pharmaceuticals, personal care products, and endocrine-disrupting compounds are 

estimated to be present in drinking water supplies for at least 41 million Americans [48].  

While the Environmental Protection Agency (EPA) regulates the levels of many organic 

compounds in drinking water, no standards currently exist for levels of such 

contaminants [49].  Removing pharmaceuticals, personal care products, and endocrine-

disrupting compounds from water supplies, however, is an energy-intensive process.  

Research shows that the range of removal varies among contaminants with different 

levels of treatment, spanning from negligible to over 90% [50].  Higher levels of 

contaminant removal require cost- and energy-intensive treatment processes, such as 

activated carbon adsorption and advanced oxidation processes [50, 51].  As water 

regulations and standards become stricter, additional energy and investment will likely be 

needed to maintain drinking water quality. 

Distribution 

Once water has been collected and treated to applicable standards, it must be 

distributed to end users.  Distribution requires pumping, the most energy-intensive aspect 
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of water systems.  Water distribution represents 85% of the energy use for typical surface 

water supply, while treatment is responsible for the other 15% [43]. 

The energy requirements for water distribution vary with the distribution of end 

users in relationship to the treatment plant.  Additionally, aging infrastructure with old 

pipelines has leaks and creates more friction, requiring more electricity for water 

distribution [43]. 

Residential Water Use 

Residential water end use also requires energy.  In some geographic areas of the 

United States, water use in the home is one of the most energy-intensive aspects of the 

water sector [44].  This energy comes in the form of electricity and sometimes natural 

gas.  Figure 2.4 shows the average uses of water for U.S. households. 

Of the common household water uses shown in Figure 2.4, over half – including 

clothes washers, showers, faucets, baths, and dishwashers – generally draw a portion of 

heated water, which requires energy for heating.  In most households, energy use for 

heating water is second only to use of energy for heating and cooling the home itself [52].  

New, more efficient appliances, including low flow showerheads and high efficiency 

clothes washers and dishwashers, can reduce heated water use, and also thereby reduce 

energy consumption.  If residential consumption of heated water is reduced by a third for 

customers using electric water heaters, then electricity consumption in the state would be 

reduced by 1 to 3 billion kWh [53]. 
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Figure 2.4: Distribution of average water use for U.S. homes.  For indoor purposes, over 
half of the water used is commonly heated, requiring energy [54]. 

Nearly all of the water used indoors leaves as wastewater, even though much of it 

is suitable for reuse for irrigation or other applications.  Treating this wastewater also 

requires energy, as discussed in the following section.   

WASTEWATER SYSTEMS 

Like water systems, wastewater systems must abide by federal and state 

environmental regulations.  Treating raw sewage to wastewater effluent standards 

requires electricity for collection and conveyance, treatment, and discharge. 

Collection and Conveyance 

Municipal wastewater treatment plants utilize gravity for raw sewage collection 

and conveyance whenever possible, reducing the electricity required for pumps.  Though 
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wastewater conveyance may require fewer pumps than water distribution in some areas, 

wastewater pumps are less efficient due to pumping both solids and liquids [44]. 

Treatment 

Wastewater treatment is based on physical steps (such as settling and screening) 

as well as biological and chemical processes, such as using bacteria to break down 

organic material in the sewage or removing nutrients such as nitrogen and phosphorus.  A 

typical advanced wastewater treatment plant, which is generally required to meet current 

water quality regulations, is shown in Figure 2.5.  

 

Figure 2.5: Typical plant operations for advanced wastewater treatment [43]. 

Of the processes shown in Figure 2.5, over three-fourths of the total electricity 

required for wastewater treatment is used for processes aimed at reducing disease causing 

agents and separating solids and liquids – diffused air aeration, nitrification, gravity and 

flotation settling, digestion, and dewatering.  Over 30% of the electricity is required for 

aeration alone due to the use of energy-intensive blowers [43]. 
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As the level of wastewater treatment advances, the electricity requirements per 

unit of wastewater increase as well, as shown in Table 2.2.  The large energy-intensity 

increase from trickling filter to activated sludge treatment reflects the large electricity 

requirement for blowers used during aeration. 

Table 2.2: General electricity use for different wastewater treatment technologies.  
More advanced treatment that meets stricter environmental standards 
requires more energy [43]. 

Wastewater Treatment 
kWh/106 gal 

(kWh/m3) 

Trickling Filter 950 
(0.25) 

Activated Sludge 1,300 
(0.34) 

Advanced Treatment without 
Nitrification 

1,500 
(0.40) 

Advanced Treatment with 
Nitrification 

1,900 
(0.50) 

 

Unlike water treatment plants, electricity required per unit of volume treated 

varies with treatment plant size, as reflected in Table 2.3.  Larger wastewater treatment 

plants provide significant economies of scale, and recent trends reflect a move toward 

larger capacity wastewater treatment plants for that reason [43]. 
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Table 2.3: Variation in unit electricity consumption for different sizes of wastewater 
treatment plants.  Larger wastewater treatment plants exhibit economies of 
scale with lower energy requirements per volume of wastewater treated. [43] 

 Electricity Consumption, kWh/106 gal (kWh/m3) 

Wastewater 
Treatment Plant 

Size 
(MGD) 

Trickling 
Filter 

Activated 
Sludge 

Advanced 
Wastewater 
Treatment 

Advanced 
Wastewater 
Treatment 

with 
Nitrification 

1 1,800 
(0.48) 

2,200 
(0.59) 

2,600 
(0.69) 

3,000 
(0.78) 

5 980 
(0.26) 

1,400 
(0.36) 

1,600 
(0.42) 

1,900 
(0.51) 

10 850 
(0.23) 

1,200 
(0.32) 

1,400 
(0.37) 

1,800 
(0.47) 

20 750 
(0.20) 

1,100 
(0.29) 

1,300 
(0.34) 

1,700 
(0.44) 

50 690 
(0.18) 

1,050 
(0.28) 

1,200 
(0.32) 

1,600 
(0.42) 

100 670 
(0.18) 

1,030 
(0.27) 

1,190 
(0.31) 

1,560 
(0.41) 

 

Discharge 

Following treatment, effluent is discharged into receiving water bodies.  Most 

cities locate wastewater treatment plants at low elevations so as to minimize the energy 

costs of pumping treated effluent and raw sewage. 
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Chapter 3:  Energy and Water in Texas 

As a highly-populated, industry-intensive state, Texas requires significant 

amounts of both energy and water.  The current resource use and energy-water nexus 

issues for Texas are examined in this chapter, while future Texas trends are discussed in 

Chapter 4.  

ELECTRICITY GENERATION FROM TEXAS POWER PLANTS 

Texas’ 258 power plants have the capacity to produce over 110 GW of power.  

Actual generation totals about 400 TWh, or 400 x 109 kWh, annually [27].  These power 

plants, shown in Figure 3.1, are located mostly in east Texas, with a few large plants in 

west Texas. 

 

Figure 3.1: Electricity generation capacity (kW) from Texas power plants.  Total 
electricity generation capacity statewide is over 110 GW (110,000,000 kW) 
[27]. 
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Most power plants are located in the eastern half of the state to be close to 

population centers, lignite resources, and cooling water.  Texas rivers generally flow to 

the southeast, and east Texas receives more rainfall than west Texas, creating additional 

surface water availability in the eastern half of the state. Of Texas power plants, 22 plants 

with generation capacities totaling 9,400 MW – approximately 8% of total Texas 

generation capacity – use groundwater for cooling with cooling towers, most of those 

being located in the west Texas panhandle region where surface water is less abundant.  

The rest use surface water sources, reclaimed water, or air-cooling.   

Water Consumption and Withdrawals of Texas Power Plants 

Generation at the power plants shown in Figure 3.1 requires water for cooling.  

Water data from the EIA, TCEQ, and TWDB were integrated to represent water 

consumption for power generation to create a spatially-resolved map of water for 

electricity.  Thermoelectric power plants in Texas consume water for cooling, as shown 

in Figure 3.2.  Water consumption by Texas power plants totals over 157 billion gallons 

(594 million m3) annually – enough water for the municipal use of over 3 million people, 

each using 140 gallons per person per day (0.53 m3/person/d).  This total was estimated 

based on data regarding water intake, diversion, and return flows from the TWDB and the 

TCEQ [27].  As expected, high values of water consumption per kWh in Figure 3.2 

correspond to closed-loop cooling systems, which consume a large percentage of water 

withdrawn, as discussed in Chapter 1.  

Power plants are responsible for an estimated 2.5% of the total water consumption 

for Texas [55].  This percentage reflects water consumption only and does not include 

water withdrawn for open-loop cooling.  Water withdrawal for cooling is much larger 

than water consumption, especially with open-loop cooling.  Understanding and 
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accounting for the differences between consumption and withdrawal is important for 

accurate planning and management.  Specifically, the large amounts of water that need to 

be withdrawn for cooling introduce vulnerability into the system:  if drought creates a 

water shortage, then power plants might be forced to shut down.  Furthermore, reservoirs 

used for closed-loop cooling confine water that otherwise could be used for other 

purposes downstream.   

 

 

Figure 3.2: Water consumption for thermoelectric power generation in Texas.  Total 
water consumption for electricity generation statewide is over 157 billion 
gallons (594 million m3) annually – enough water for over 3 million people 
for a year, each using 140 gallons per person per day (0.53 m3/person/d) 
[27]. 
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ENERGY FOR WATER AND WASTEWATER TREATMENT SYSTEMS IN TEXAS 

Surface water permits for public water supply are concentrated in east Texas, as 

shown in Figure 3.3, as a result of availability and population.  These allocations 

represent rights to divert or store surface water, which is then treated to applicable 

standards in a water treatment plant and distributed for use in residential, commercial and 

sometimes industrial establishments.  

 

 

Figure 3.3: Surface water permits  for municipal water supply.  Decreasing rainfall from 
east to west Texas also decreases surface water availability [56]. 

Large cities and river authorities generally hold the largest municipal supply 

rights.  River authorities, which are quasi-governmental entities, generally sell water 

wholesale to cities for treatment and distribution as public water supply. 
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 According to the State Water Plan, public water supply in Texas currently 

accounts for approximately 1.47 trillion gallons (5.56 billion m3) of water each year [55].  

Electricity use for Texas water and wastewater systems, however, is not currently 

measured directly.  Consequently, electricity consumption for Texas water systems must 

be estimated based on national average electricity use per volume of water treated, as 

shown in Table 2.1.  Using current water flow rates from the State Water Plan and 

national average values for energy per water volume treated, an estimated 2.1 to 2.7 

TWh/yr was used for Texas public water supply systems, accounting for about 1.5 to 

1.9% of Texas industrial electricity use and 0.5 to 0.7% of total electricity use annually.   

This estimate is lower than the national percentages for electricity use for water systems 

due to the overall higher electricity consumption in Texas industries [10].  Directly 

measuring electricity consumption of Texas water treatment plants, as well as the 

electricity needed for source water collection and conveyance, would provide a more 

reliable picture of energy requirements for water treatment.   

Municipal wastewater treatment plants are generally distributed according to 

population and are thus concentrated in eastern and central Texas, as shown in Figure 3.4.  

Over 76% of the municipal wastewater treatment plants in Texas treat flows of 1 million 

gallons per day (mgd) (3,800 m3/d) or less.  Larger wastewater treatment plants serving 

cities such as Dallas, Houston, San Antonio and Austin, however, treat flows up to 200 

mgd (760,000 m3/d).  

Similarly to water treatment plants, information on energy use at Texas 

wastewater treatment plants is not readily available.  Thus, electricity for wastewater 

treatment must be estimated based on national average values for energy per volume of 

wastewater treatment, given in Table 2.2.  However, as discussed in Chapter 2, energy 

required per volume of wastewater treated varies with wastewater treatment plant 
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capacity, as shown in Table 2.3.  Using energy per volume of wastewater treated for 

specific plant capacities, total energy for wastewater was estimated for reported 

wastewater technologies; for facilities not reporting treatment technology, estimates were 

based on a range with trickling filter treatment at the low end and advanced treatment 

with nitrification at the high end.  Using this approach, an estimated 1.8 to 2.0 TWh/yr is 

required for wastewater systems in Texas, amounting to 1.2 to 1.3% of Texas industrial 

electricity use and 0.4 to 0.5% of total electricity use.   

 

 

Figure 3.4: Municipal wastewater treatment flow for Texas wastewater treatment plants.  
Over 76% of the wastewater treatment plants in Texas are small – less than 
1 mgd [57, 58]. 

Combining these estimates for water and wastewater treatment, Texas water and 

wastewater systems require 3.9 to 4.7 TWh of electricity annually.  With current 
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electricity generation of 400 TWh/yr, water and wastewater systems use 1.0 to 1.2% of 

total Texas electricity and 2.7 to 3.2% of industrial electricity use [43].  This range of 

energy for water and wastewater systems is lower than the U.S. national average of 

approximately 4%, primarily due to unusually high industrial electricity consumption in 

Texas [13, 59].  Direct measurement and reporting of electricity use in Texas water and 

wastewater treatment plants would provide a more appropriate basis for planning, 

management, and policy. 
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Chapter 4:  Future Energy and Water Use in Texas 

The population of Texas is predicted to double by 2060, from the current 23 

million today to about 46 million [55].  Population in Texas has experienced dramatic 

growth since 1850, shown in Figure 4.1.  U.S. Census projections in Figure 4.1 suggest 

nearly exponential population growth between 2000 and 2030 [60].  Without 

implementation of significant energy and water conservation and efficiency increases, 

energy and water consumption are likely to grow. 

 

Figure 4.1: Texas census population with projections to 2030 [60]. 

Under a “business as usual” scenario, this population increase will translate into 

greatly increased demand for both power and water.  The central challenge for Texas 

policy makers is how to balance this projected new demand with the need to ensure 

sustainable use of limited water resources and provide power in a manner that protects air 

quality and meets the likely requirements of new federal legislation to address climate 
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change.  This challenge is made more difficult by the interconnections between water and 

energy and the tradeoffs involved in selecting various power and water supply options.   

ELECTRICITY DEMAND PROJECTIONS 

Using the current fuel mix for power generation in Texas, a “business as usual” 

power demand scenario was projected to 2018 (Figure 4.2).  This scenario does not 

account for significant reductions in demand that could be attained with the 

implementation of advanced efficiency measures, nor does it reflect changes in fuel mix 

that would likely result from a carbon cap-and-trade or carbon tax system.  

 

Figure 4.2: Projections for Texas electricity generation under a business as usual (BAU) 
scenario show growth in generation to 490 TWh by 2018 [61]. 

In the business as usual (BAU) scenario including current power generation and 

announced future power plants, total electricity generation increases to nearly 490 TWh 
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annually by 2018.  Several new power plants are proposed for construction in Texas by 

2015.  The fuel mix for this scenario assumes nuclear power plants currently pursuing 

permitting will be built.  It also assumes rapidly expanding wind-generated electricity.  

Since natural gas power plants represent intermediate and peak load electricity generating 

potential, electricity generation from these plants remains relatively constant throughout 

the projected scenario.  The “On-site industrial” category refers to electricity that is 

generated at industrial facilities for their own use, but the industrial sector additionally 

buys electricity from the electric grid. 

Figure 4.3 projects fuel mix changes under an alternative “high renewables” 

scenario.  A high renewables case is possible through legislation that promotes a higher 

renewable fuels standard or implementation of a carbon tax or cap-and-trade system.  

These types of legislation promote sources such as wind, solar, biomass, and nuclear. The 

scenario in Figure 4.3 does not account for significant reductions in demand that could be 

attained with the implementation of advanced efficiency measures, nor does it account 

for other regulatory, economic, or other factors that might affect fuel mix (e.g., the 

availability of financing or waste disposal for nuclear plants).  Coal-generated electricity 

is projected to decrease somewhat under the high renewables scenario if a cap on carbon 

is established through federal legislation, while both wind and nuclear power are 

projected to increase dramatically.  

It is difficult to project how the various electricity generation scenarios in Figures 

4.2 and 4.3 might affect water demand, since such demand is highly dependent not only 

on the fuel mix, but also on the type of cooling technology selected for particular plants.  

What is clear, however, is that without implementation of advanced energy efficiency 

measures, electricity demand in Texas will grow rapidly and there will be pressure to 

supply part of that new demand through nuclear plants, even under a “high renewables” 
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scenario.  This scenario could have significant implications for water supply since 

nuclear plants consume more water than similarly-sized fossil fuel plants.  While no 

nuclear power plants currently use air-cooling, the Palo Verde nuclear power plants in 

Arizona use reclaimed water.  

 

 

Figure 4.3: Projections of Texas electricity generation with a large increase in 
renewable energy-generated electricity is shown above [61]. 

Carbon capture and storage (CCS) systems are a possibility for the future, 

especially in response to potential carbon legislation as a tax or cap-and-trade scenario.  

Carbon dioxide (CO2) can be captured from flue gases in existing pulverized coal power 

plants by retrofitting CO2 scrubbers.  Such scrubbers capture CO2 using chemical 

solvents, after which the solvent undergoes thermal cycling to remove CO2, which is then 

transported and stored [28].  CCS systems allow for power generation using coal while 
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concurrently reducing carbon emissions to the atmosphere.  These CCS systems do, 

however, increase water consumption rates of power plants, in terms of gallons per net 

generation, due to:  1) the parasitic power loss from the use of steam to regenerate the 

solvent; 2) the power required to compress CO2 to a supercritical state for pipeline 

transport; 3) additional cooling requirements of the carbon stripping process; and 4) 

additional electricity for pumping collected CO2 into storage [27].  These tradeoffs 

between air quality and water consumption might play an increasingly important role in 

the future. 

WATER DEMAND PROJECTIONS 

The 2007 State Water Plan projects that municipal water supply demand will 

grow to 2.7 trillion gal/yr (10.2 billion m3/yr) by 2060, from a current level of about 1.5 

trillion gal/yr (5.55 billion m3/yr), shown in Figure 4.4 [55].  While some implementation 

of increased municipal water use efficiency is included in this projection, much more 

advanced conservation is possible and would greatly reduce demand.  For example, a 

recent analysis by the Texas State Comptroller shows that several cities project only 

minor or no reduction in per capita water demand by 2060 [62].  Recommendations for 

water conservation in Texas promote a 1% decrease in water demand per year until the 

goal of 140 gallons per person per day (0.53 m3/person/d) is attained; per capita water use 

in the 40 largest Texas cities averaged over 195 gallons per person per day in 2000 [62]. 

The State Water Plan proposes that much of the projected demand be met through 

construction of new reservoirs that would move water from east Texas to Dallas and 

other central Texas cities.  It also envisions several new major pipeline projects to bring 

water from rural areas to cities.   
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Figure 4.4: Projections from the State Water Plan show a large increase in municipal 
water demand from 2000 to 2060 [55]. 

New supply proposals based on moving water long distances create potentially 

significant energy demands, though insufficient information exists at this time to quantify 

the increased electrical generation capacity required for specific projects.  In addition, 

increased public water supply use (however the water is supplied) will cause increased 

electricity use for treatment and distribution and for wastewater treatment.   

CONSERVATION OF ENERGY AND WATER 

Given the energy-water interrelationships, water conservation and energy 

conservation are synonymous and are a good starting point for robust policy formulation.  

Specifically, conserving water reduces the electricity needed to collect, treat, and 

distribute water, as well as to convey, treat, and discharge wastewater, in many situations.  
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Conserving electricity saves energy and also the water needed to cool power plants while 

that electricity was generated.   

Chapter 6 contains more detailed analysis on the mutual benefits of water 

conservation; however, some generalized results are shared here.  Because electricity 

consumption is directly proportional to the amount of water and wastewater that are 

treated, distributed, and collected, it can be seen that reducing water flows through these 

energy-intensive steps reduces the amount of electricity that is required.  If municipal 

water use and wastewater flows are reduced by 10%, the state’s demand for electricity 

would go down by 320 to 490 million kWh at the water/wastewater sectors alone.  In 

addition, if the residential sector reduces its use of heated water by a third, then that 

would save approximately 1 to 3 billion kWh of electricity annually [53].  Reducing 

energy demand also reduces demand for cooling water at power plants:  reducing overall 

electricity generation in Texas by 10% could reduce water consumption by as much as 15 

billion gallons (56.8 million m3) of water per year, depending on which power plants 

reduce their output to accommodate the lower demand.  

In addition to increased water efficiency, water reuse is an option for saving water 

and energy.  Some water uses, such as landscape irrigation and toilet flushing, do not 

require water to be treated to drinking water standards.  One alternative to watering lawns 

and flushing toilets with drinking water is using reclaimed water.  Reclaimed water is 

effluent from a wastewater treatment plant, treated with a process like that shown in 

Figure 2.5 with additional tertiary filtration before reuse.  Though reclaimed water is not 

necessarily safe for drinking, additional filtration removes contaminants that pose threats 

to human health during unintended exposure [63].  While this additional wastewater 

treatment requires approximately 120 kWh/106 gal (0.032 kWh/m3) for tertiary filtration, 

use of reclaimed water saves approximately 1,400 to 1,800 kWh/106 gal (0.37 to 0.48 
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kWh/m3) needed for collecting, treating, disinfecting, and distributing drinking water for 

non-potable uses [43]. 

In addition to saving energy, water reuse can augment existing water supplies and 

is generally a more cost-effective option than acquiring new water supplies [64].  Varying 

levels of additional treatment are necessary, depending on the water reuse application.   

Reclaimed water can also be used to artificially recharge groundwater aquifers 

through surface spreading and direct injection.  Surface spreading – applying reclaimed 

water to the land surface to promote water seepage and percolation into the aquifer – 

requires little to no additional treatment or energy due to the natural filtration of soil.  

Direct injection – using wells to introduce reclaimed water into the aquifer water table – 

however, requires additional treatment beyond advanced wastewater treatment, usually 

energy-intensive membrane water treatment to remove potential pathogens [63]. 

Reclaimed water can also be reused to supplement public drinking water supply.  

Following advanced wastewater treatment, reclaimed water is treated using membranes 

or other advanced technology to remove pathogens and trace contaminants and is then 

added to an existing surface water source, such as a reservoir, or fed directly to a water 

treatment plant.  Though this type of water reuse has sometimes ignited adverse public 

perception regarding quality – the “toilet-to-tap” idea – reclaimed water has a higher 

quality after membrane treatment than many raw water sources [63].  In fact, drinking 

water sources for over 26 million people in the United States contain between 5 and 

100% treated wastewater effluent from upstream discharge during low flow periods [64].  

Some water-strained societies also use reclaimed water as a public supply; in Singapore, 

reclaimed water exceeds health requirements of the World Health Organization after 

advanced membrane treatment [65].   
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Water reuse conserves water and, in some applications, conserves energy by not 

treating water for non-potable uses to drinking water standards.  In other applications, 

additional energy-intensive treatment, such as membrane filtration, is necessary to protect 

human health during water reuse, requiring up to 4,000 kWh/106 gal (1.1 kWh/m3) [44].  

Yet this energy investment for water reuse is still less than the energy needed for 

seawater desalination at 9,700 to 16,500 kWh/106 gal (2.6 to 4.4 kWh/m3) [44]. 
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Chapter 5:  Policy Discussion 

As Texas confronts the challenges posed by climate change, decisions about how 

to supply energy and water to the state’s growing population should no longer be made in 

isolation from each other.  The challenges would benefit from recognizing the deep inter-

connections and trade-offs involved in deciding how to meet power and water needs in a 

more resource-constrained 21st century. 

CARBON, WATER, AND ENERGY:  TENSIONS AND POLICY TRADEOFFS 

Because energy and water are inextricably linked, limits or increasing demands on 

one resource can affect the other.  Furthermore, because of the power sector’s carbon 

emissions, increasing the energy efficiency of electric power generation both lowers these 

emissions and reduces water consumption. Since carbon emissions in part drive climate 

change, which impacts the hydrological cycle, it is another linkage between energy and 

water.  Implementation of next generation power plant technologies such as ultra-

supercritical coal and IGCC plants (as well as combined-cycle natural gas technology) 

has the potential to increase energy efficiencies by 25 to 50% over those for traditional 

pulverized coal plants with pollution controls.  Consequently, the carbon emissions and 

water use per MWh of generated electricity would go down.   

Increased efficiency in water usage also can play a role in reducing carbon 

emissions.  Providing water for domestic, agricultural, and industrial consumption 

requires energy, which emits carbon.  Traditionally, lowering water usage simultaneously 

lowers energy consumption, which lowers carbon emissions (though such reductions 

have always been overwhelmed by overall growth in the usage of both water and energy).  

For example, over the last 50 years, the water efficiency of power production has steadily 
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increased while at the same time both electric power production and the water used for 

power production has steadily increased.  

Despite the synergies of conservation, we are entering an era in which public 

policies designed to reduce water use for energy might lead to increases in carbon 

emissions.  Conversely, policies to reduce carbon emissions might increase water use.  

And, energy policies, such as promotion of alternative biofuels for transportation have 

competing effects on water use.   

Moving forward, these interrelationships must be identified and understood before 

implementing public policy proscriptions that benefit one component of this complicated 

carbon-water-energy relationship while accidentally undermining another. 

ENERGY POLICIES AND WATER IMPACTS 

Analysis of current long-term priorities in U.S. energy policy suggests a mixed 

outlook for future impacts of the energy sector on water resources.  The Energy Policy 

Act of 2005 (EPACT 2005) and the Energy Independence and Security Act of 2007 

(EISA 2007) both prioritized development of domestic sources of energy, including 

renewable power, nuclear power, and unconventional transportation fuels. 

Because the electric power sector is responsible for the largest withdrawals of 

water in the United States, changes to the power sector can have a significant impact on 

the availability of water resources.  Specifically, increasing the market penetration of 

renewable technologies such as solar PV and wind turbines will lower the use of water by 

the power sector because those technologies do not require cooling.  CSP systems are 

more compatible for large-scale, centralized power generation than solar PV systems and 

they currently are considerably lower in cost per unit of electric power.  The thermal 

conversion of radiant energy first to steam and then to electricity via a steam turbine, 
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however, can require cooling water at rates (gallons per kWh) higher than coal and 

nuclear power plants if using pure wet cooling towers.  However, air- and hybrid cooling 

systems for CSP could be implemented in Texas. 

The positive water effects of renewable power might also possibly be offset by 

projected increases in nuclear power installations driven by carbon limits.  Nuclear power 

is the most water-intensive form of conventional power generation, and air-cooling is 

very unlikely to ever be used for nuclear power plants.  Furthermore, the economic 

environment that is conducive to renewable sources, namely high prices for carbon 

emissions and natural gas, is also good for nuclear power.  Thus, it is possible that these 

forms of power will grow in tandem.  Consequently, the net effect on water resources 

from future changes in the electric power sector due to carbon control policies are 

difficult to predict. 

WATER POLICIES AND CARBON IMPACTS 

Although the impact of long-term energy policies on water consumption is not 

clear, some water policies under consideration might have detrimental impacts on carbon 

emissions.  These policies include: 1) a push for new water supply from distant, low-

quality sources, and 2) stricter treatment standards for water and wastewater.   

Some communities might turn to desalination to meet new water demand.  

Desalination of seawater is a drought-resistant water supply; however, with current 

technologies this stability comes with a large energy cost.  In Texas, desalination of 

brackish water is already underway or is being implemented as a portion of the public 

water supplies for the cities of San Antonio, El Paso, and Lubbock. 

Finally, more stringent treatment standards for drinking water quality and 

wastewater might be added to federal regulations, in particular to remediate the presence 
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of pharmaceuticals and other contaminants which are currently unregulated.  Water 

treatment to remove low concentration pollutants is typically an energy-intensive process.  

Thus, raising the treatment standards leads to increased energy consumption by water and 

wastewater treatment plants, which yields nominally increased carbon emissions. 

CARBON POLICIES AND WATER IMPACTS 

Electric power companies generally agree that implementation of a national cap-

and-trade program or a carbon tax is inevitable in the United States in the near future.  

Although some outcomes from implementation of  new carbon policies will reduce water 

usage (such as greater penetration of wind power, and deployment of solar PV 

generation), at least for the first few decades it is possible these water savings will be 

counteracted by increases in water consumption related to carbon capture, deployment of 

CSP and increased nuclear generation.  As noted before, carbon policies will favor 

expansion of existing nuclear power installations as well as the permitting and 

construction of new ones.  Because nuclear power plants are water-intensive, an increase 

in the capacity of nuclear plants will likely lead to greater water use by the power sector. 

CCS will also have direct impacts on water withdrawal and consumption by the 

electric power industry.  If carbon capture is implemented at a large-scale through 

retrofitting existing fossil-fueled power plants, the water demands by the power sector 

could increase dramatically.  Post-combustion carbon capture systems based on amines 

reduce net power plant efficiencies, possibly by as much as 25 to 30%, such that in 

making the same amount of electricity available for the grid, more gross power and heat 

must be generated, thus increasing the amount of water used proportionally.  In this case, 

it is possible additional power plant capacity would be built to make up for lost capacity.  

If implementation of CCS leads to construction of new power plants, they might be based 
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on more energy efficient power plant technologies such as supercritical coal and IGCC 

plants, all of which require less water than a typical pulverized coal power plant.  For 

IGCC plants based on GE Radiant-Convective (452 gal/MWh (1.7 m3/MWh)), GE-

Quench (510 gal/MWh (1.9 m3/MWh)), Conoco-Phillips (433 gal/MWh (1.6 m3/MWh)) 

or Shell (443 gal/MWh (1.7 m3/MWh)) gasifiers, the water use is substantially less per 

unit of produced electricity than that of a typical pulverized coal power plant [66]. 

An additional 10 to 20% more water is required for adding carbon capture to these 

IGCC reference plants, which is small relative to that for pulverized coal plants [67].  As 

a result, an IGCC plant with carbon capture has a water usage one-third less than a 

traditional pulverized coal plant without capture [26].  If climate change-driven public 

policy causes new-build power plants to be a mix of new power plant designs such as 

IGCC that have both higher water and energy efficiencies, then the effect on water 

resources will be positive, even with carbon capture. 

CLIMATE CHANGE AND THE ENERGY-WATER NEXUS 

 Climate change might act as a forcing function that will strain and, in some ways, 

distort the way energy and water resources are related.  Specifically, greenhouse gas 

(GHG) emissions from use of fossil fuel energy use cause climate change [68].  

Unchecked, climate change might affect the hydrological cycle in ways that pose serious 

concerns for the reliability of water supplies in the future [68].  Given the spatial 

resolution and uncertainty of current climate modeling simulations, the future for 

temperature and precipitation levels are hard to predict at local or even regional scales.  

Current climate models do provide a strong sense that, in Texas, higher temperatures 

could induce several consequences, including heat waves, turning some snowfall into 

rainfall and moving the snowmelt season.  In addition, predicted increases in the 
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intermittency and intensity of precipitation would affect water quality and increase the 

risk of both floods and droughts [68].  These episodes would require investments of 

energy to store and respond to water fluctuations. 
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SECTION 2:  ENERGY-WATER NEXUS CASE STUDIES 

Chapter 6:  Water Conservation and Reuse in Texas 

BACKGROUND 

The nexus of energy and water presents opportunities for effective management 

and use of both energy and water through various methods; water conservation and water 

reuse and their effects on the energy-water nexus are considered in this chapter.   

Water Conservation 

Delivering potable water to a household or commercial tap requires energy for 

collecting and conveying the original source water, treating and distributing water to 

households and commercial businesses, and heating potable water, depending on end use.  

After end use, some of that water requires additional energy for conveying and treating as 

wastewater.  Thus, conserving water saves energy consumption in the water and 

potentially wastewater sectors.  For example, for San Diego, CA, it has been estimated 

that running a hot water faucet for 5 minutes uses as much energy as burning a 60 W 

incandescent light bulb for 14 hours [69]. 

As a result, in some cases water conservation can be a more effective means of 

reducing energy consumption than some programs that target only energy conservation.  

Based on research by the California Energy Commission, water conservation and 

efficiency practices can yield 95% of the amount of energy savings achieved by 

traditional energy efficiency measures at 58% of the cost [44, 70].  That is, it is possible 

water conservation and efficiency achieves nearly the same goal of reduced energy 

consumption at a fraction of the cost.  Some traditional energy efficiency measures focus 

on reducing energy end use, such as consumer products and appliances bearing the 
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EnergyStar rating from the EPA and the Department of Energy.  Consequently, this 

relationship yields an opportunity to make the electrical and water systems more resilient.   

Two EnergyStar-eligible consumer appliances in particular can conserve both 

energy and water and still achieve intended results:  dishwashers and clothes washers.  

Dishwashers and clothes washers account for approximately 2% and 25% of indoor water 

use in the United States, on average, as shown in Figure 2.4.  As of August 11, 2009, 

EnergyStar dishwashers are required to use less than 324 kWh/yr and less than 5.8 

gallons of water per cycle; for comparison, energy use in standard dishwashers ranges 

from 249 to 460 kWh/yr [71, 72].  EnergyStar ratings for clothes washers are based on 

two factors:  modified energy factor (MEF), defined as capacity of the clothes container 

divided by the sum of energy consumption for mechanical action, water heating, and 

removing remaining moisture per cycle, measured as cubic feet per kWh per cycle; and 

water factor (WF), defined as weighted per-cycle water consumption divided by capacity, 

measured as gallons per cycle per cubic feet [73].  Higher MEF indicates higher energy 

efficiency, while lower WF indicates higher water efficiency.  As of July 1, 2009, 

EnergyStar clothes washers must have an MEF greater than or equal to 1.8 and a WF less 

than or equal to 7.5 [73]. 

Effective April 1, 2009, the EPA has enacted an efficiency program focused on 

water – the WaterSense label.[74].  Consumer products bearing the WaterSense label, 

such as high-efficiency toilets, faucets and fixtures, and irrigation equipment, must be 

independently certified and use approximately 20% less water than their average 

counterparts, while still maintaining performance standards [74, 75].  Since saving water 

also saves energy, the EPA estimates that if 1% of American homes were retrofitted with 

WaterSense fixtures, the United States would save 100 million kWh of electricity 
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annually; similarly, replacing 1% of inefficient toilets with WaterSense models would 

save 38 million kWh annually [76]. 

Water Reuse 

Reuse of water is divided into two broad categories:  use of greywater and use of 

reclaimed water.  Greywater is composed of household wastewater generated from baths, 

showers, hand washing sinks, dishwashers, and clothes washers; wastewater from kitchen 

sinks is not consistently included due to its high levels of organic and physical 

contaminants [77-81].  Kitchen sink wastewater content can vary widely due to consumer 

waste handling and meal preparation and use of garbage disposals, adding a layer of 

complexity to water reuse analysis.  Water from toilets, denoted as blackwater, is 

expressly excluded from greywater.   

Since greywater is untreated, the Texas Administrative Code denotes appropriate 

residential greywater uses as foundation watering, gardening, composting, and private 

landscaping; other uses are prohibited due to contaminant levels usually found in 

greywater [81].  Since greywater is not treated and is used locally, energy consumption 

during greywater use is minimal.  Reclaimed water, or treated wastewater effluent, on the 

other hand, is required to be treated according to wastewater permit guidelines under the 

Texas Administrative Code [81].  Treating wastewater to produce reclaimed water, along 

with the subsequent distribution to reclaimed water customers, requires an energy 

investment for such water reuse. 

Because so much of water use in the residential sector is not for drinking, as 

shown in Figure 2.4, it is possible to use greywater or reclaimed water instead of the 

highest standard drinking water, which opens up the potential for energy savings in the 

water sector by avoiding some treatment. 
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Large-scale water reuse deploys reclaimed water in many different areas, 

including urban, industrial, agricultural, and environmental and recreational settings, as 

well as groundwater recharge and augmentation of potable water supplies [81].  Due to 

the broad range of applications for reclaimed water use, performing cost-benefit analyses 

for water reuse projects becomes difficult with the non-monetary nature of water security 

and reliability benefits, leaving many economic analyses incomplete [82, 83].  Different 

reclaimed water use applications also require different levels of reclaimed water quality.  

For example, landscape irrigation at public schools requires reclaimed water of higher 

quality than for recirculating in an industrial cooling tower due to the likelihood of 

human contact on public school land. 

The Texas Administrative Code outlines provisions for the acceptable use of 

reclaimed water in Texas.  Under this code, reclaimed water is divided into two types:  

Type I – reclaimed water use for residential irrigation, urban irrigation, fire protection, 

irrigating food crops, irrigating dairy pasture, replenishing impoundments where wading 

or fishing may take place, and toilet flushing; and Type II – reclaimed water use for 

irrigation of restricted-access land, irrigating food crops without food contact, 

replenishing impoundments where no human contact will take place, soil compaction and 

dust control, cooling tower makeup, and non-potable wastewater treatment plant use [81].  

In short, human contact is likely with Type I reclaimed water use and human contact is 

unlikely with Type II reclaimed water use.  As a result, treatment standards are stricter 

for Type I versus Type II reclaimed water [81]. 

Achieving Type I or Type II reclaimed water quality standards requires 

wastewater treatment technologies beyond traditional activated sludge treatment.  Water 

quality maximum values for Type I reclaimed water are 5-day biochemical oxygen 

demand (BOD5) at 5 mg/L, turbidity at 3 NTU, and fecal coliform at 20 CFU / 100 mL; 
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Type II maximum values are BOD5 at 20 mg/L and fecal coliform at 200 CFU / 100 mL 

[81].  Wastewater treatment technologies to generate Type I reclaimed water include 1) 

using activated sludge followed by granular media filtration and carbon adsorption, 2) 

activated sludge and nitrification/denitrification followed by precipitation by metal salts, 

or 3) biological nitrogen and phosphorus removal followed by filtration [84].  Generating 

Type II reclaimed water is possible with activated sludge treatment followed by filtration 

[84].  Newer wastewater treatment technologies, such as membrane bioreactors might 

also be effective methods of treating reclaimed water, especially in small-scale reclaimed 

water systems or distributed reuse projects.  Energy is embedded into reclaimed water use 

due to these treatment requirements.   

TEXAS AS A CASE STUDY 

Based on projections from the TWDB, the population of Texas will nearly double 

to approximately 46 million people by 2060 [85].  Additionally, TWDB predicts that 

without new water supply projects, water demand might exceed supply as early as 2010 

with an estimated 1.2 trillion gal (4.6 billion m3) deficit [85].  Increasing population with 

urban centers present throughout the state, coupled with existing strain on energy and 

water resources, makes Texas a useful case study for water conservation and reuse [86].  

While water conservation is not exclusive to developed cities, water reuse depends on 

existing wastewater treatment facilities and distribution systems to deliver reclaimed 

water for reuse.  Reuse of greywater does not depend on distribution systems, but is also 

not readily measurable like reclaimed water use.  

DATA AND ASSUMPTIONS 

Modeling the implementation of substantial water conservation and reuse 

scenarios in Texas was completed using the following data: 
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• Water Conservation Implementation Task Force (WCITF) Targets and Goals for 

Per-Capita Water Use [87] – Standards for per-capita water use are among the 

goals and targets established by the Texas WCITF.  Currently, the goal for per-

capita water use is set at 140 gallons per capita per day (gpcd) (0.53 m3/person/d). 

• TWDB Water Use Summary Estimates [88] – These data reflect water use 

estimates by sector (municipal, manufacturing, mining, steam electric, irrigation, 

and livestock) for each county. 

• U.S. Census Bureau Population Estimates [89] – These data are intercessional 

population estimates based on the 2000 Census and population growth rates for 

each county. 

• Water Reuse Percentage [90] – TWDB expects that water reuse will provide 12% 

of total water demand by an unspecified year in the future.  Thus, reuse providing 

12% of water demand was modeled in this case study. 

• Energy for Wastewater Treatment [43, 57, 58, 91]  – Energy for modifications to 

existing Texas wastewater treatment plants was based on data from the Electric 

Power Research Institute (EPRI) regarding wastewater treatment operations and 

the TCEQ and EPA regarding Texas wastewater treatment plants. 

• TWDB Water Reuse Database [92] – These self-reported data quantify water 

reuse projects in Texas for 2002. 

 

Due to lack of data, no assumptions were made regarding source of hot water 

heating as electricity versus natural gas.  Assumptions for this case study include the 

following: 

• Greywater use and rainwater harvesting is not included in analysis – Potential 

exists for substantial greywater use and rainwater harvesting in Texas, which 
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could offset water demand.  Feasibility of rainwater harvesting as a water supply 

decreases from east to west across the geography of Texas.  The TWDB estimates 

that if 10% of all roof area in Texas were used for rainwater harvesting, 

approximately 38 billion gallons (144 million m3) of water could be collected 

annually [93].  This analysis does not focus on greywater or rainwater harvesting 

since these options are not readily measureable and have minimal energy 

requirements.  Greywater use and rainwater harvesting reduce water demand, thus 

contributing to the energy-water nexus, yet such analysis is beyond the scope of 

this case study.   

• Water reuse is for non-potable purposes – While planned direct and indirect 

potable reuse is an option for water reuse, no such projects were reported in Texas 

in 2002.  Expanding reclaimed water use is assumed to supply non-potable 

demand. 

• Average energy consumption for reclaimed water distribution – Energy for water 

distribution is not directly measured in Texas.  Likewise, energy for distributing 

reclaimed water is not directly measured.  Distribution of reclaimed water is 

assumed to consume 1,200 kWh/106 gal (0.32 kWh/m3), a national average value 

for water distribution [43]. 

METHODOLOGY 

The methodology for this analysis was divided into water conservation and water 

reuse, aiming to quantify potential energy savings from implementation of water saving 

policies.  In the case of water reuse, where reclaimed water is used is just as important as 

the quantity that is saved, integrating geographic resolution into the analysis. 
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Water Conservation  

To analyze the potential energy savings from water conservation practices, 

TWDB municipal water use survey estimates from 2006 – the most recent year of data 

available – were used [88].  Employing municipal water use data by county from the 

2006 water use survey, two water use calculations were compared to the benchmark of 

survey data, each for the year 2006: 

• Benchmark Municipal Water Use, indicating the quantity of municipal water used 

in all 254 Texas counties as reported in TWDB water use survey data [88]. 

• Water Conservation Water Use, calculated as the quantity of municipal water 

used based on 2006 population by county with each person using 140 gpcd (0.53 

m3/person/d), a goal set by WCITF.  This calculation is shown below in Equation 

6.1 for individual counties.   

• Aggregate Water Use, calculated as the lower quantity of municipal water, by 

county, between the Benchmark Municipal Water Use and Water Conservation 

Water Use calculations, shown in Equation 6.2 for individual counties.  Since 

municipal water use was higher in some counties under the Water Conservation 

Water Use calculation, this Aggregate Water Use calculation reflects water 

conservation potential, as well as conservation practices currently implemented. 

 

County municipal water use data were used as a benchmark for water use in 2006, 

represented as  [88].  These data were then compared to water use calculations from 

implementation of the WCITF targets for per capita water use, shown in Equation 6.1. 

365  (6.1) 
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In Equation 6.1,  represents the water conservation guideline (140 gpcd, 0.53 

m3/person∙d),  represents the annual water conservation water use for an individual 

county in units consistent with , and  represents population by county. 

Per capita water use of 140 gpcd (0.53 m3/person/d) is an aggressive, yet 

attainable target.  Current usage varies from 125 to 275 gpcd (0.47 to 1.0 m3/person/d) for 

the 40 largest Texas cities; selected cities are shown in Table 6.1 [85].  

In 95 of the 254 Texas counties, water use increased between the benchmark, 

, and the Water Conservation Water Use calculation, .  With the exception of 

three counties (Galveston, Brazoria, and Harris counties),  is less than  in 

counties with populations less than 140,000 people.  These less-populous, typically rural 

counties are more likely than metropolitan areas to use groundwater from private wells 

for drinking water supply, which is not measured by TWDB.  Thus municipal water use 

data for these counties might misrepresent countywide water use.  Since Galveston, 

Brazoria, and Harris counties have more metropolitan areas,  is likely less than  

due to existing water conservation practices in Houston and surrounding areas. 

To account for the 95 counties with municipal water use less than Water 

Conservation Water Use, Aggregate Water Use, , was calculated as the minimum of 

municipal water use, , and Water Conservation Water Use, , as shown in 

Equation 6.2. 

,  (6.2) 

This Aggregate Water Use calculation incorporates existing water conservation 

practices and private well use in the 95 counties where  was less than  with 

potential improvements to water conservation policies in the remaining 159 counties.  
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Using the lesser of  and , these estimates include the full potential of water 

conservation in Texas counties. 

Table 6.1: Per capita water use, as reported by cities to TWDB, varies widely for major 
Texas cities [85].  Since per capita water use data are self reported by cities, 
methods of calculating gpcd vary and values might not be comparable 
between cities. 

City 2003 Per Capita Water Use
gpcd 

(m3/person/d) 

Amarillo 241 
(0.91) 

Dallas 238 
(0.90) 

Abilene 232 
(0.88) 

Midland 219 
(0.83) 

Odessa 211 
(0.80) 

Lubbock 191 
(0.72) 

Austin 177 
(0.67) 

Fort Worth 177 
(0.67) 

El Paso 169 
(0.64) 

Houston 164 
(0.62) 

Corpus Christi 150 
(0.57) 

Bryan 144 
(0.55) 

San Antonio 142 
(0.54) 

Comparing the results for the Water Conservation Water Use calculation, , 

using Equation 6.1 with 2006 municipal water use, implementing water conservation 
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goals of 140 gpcd (0.53 m3/person/d) saves approximately 210 billion gallons (795 

million m3) of water annually.  The comparison between the Aggregate Water Use 

calculation, , using Equation 6.2 and 2006 municipal water use shows that 

recognizing current water conservation practices and potential savings by using 140 gpcd 

(0.53 m3/person/d) saves approximately 240 billion gallons (908 million m3) annually.  

Thus, continuing current water conservation practices (especially in counties where 

Water Conservation Water Use, , exceeded 2006 Municipal Water Use, ) and 

achieving the goal of a maximum of 140 gpcd (0.53 m3/person/d) statewide leads to 

significant water savings. 

To estimate energy savings based on water conservation, national average values 

of energy for water collection, treatment, and distribution were used.  Texas does not 

directly measure energy consumption for water collection and conveyance, treatment, or 

distribution.  As a result, the water savings calculated for the Aggregate Water Use 

calculation incorporated a range of energy for water collection, treatment, and 

distribution of 1,400 to 1,800 kWh/106 gal (0.37 to 0.48 kWh/m3) (ranges for surface 

water to groundwater) to estimate energy savings [43].  Energy for wastewater treatment 

of water conserved indoors, ranging from 1,500 to 1,600 kWh/106 gal (0.40 to 0.42 

kWh/m3) on average in Texas, was also included in our energy calculation as an upper 

bound of potential energy savings due to water conservation [43, 57, 58, 91].  These 

energy calculations are shown in Equations 6.3 and 6.4 for outdoor and indoor water 

conservation,  and , respectively. 

10  (6.3) 

10  (6.4) 
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In Equations 6.3 and 6.4,  represents energy for water treatment, 1,400 to 1,800 

kWh/106 gal (0.37 to 0.48 kWh/m3), and  represents energy for wastewater 

treatment, 1,500 to 1,600 kWh/106 gal (0.40 to 0.42 kWh/m3). 

Water Reuse  

TWDB expects that water reuse will constitute 12% of total water demand in the 

future, yet data regarding water reuse are currently self-reported, with the most recent 

data available measuring 2002 water reuse [90, 92].  As a result, water reuse percentages 

might under-represent the degree of water reuse in practice in Texas.  Prior to making 

policy decisions based on the current level of water reuse, Texas might consider 

standardizing reporting of water reuse practices, both in the quantities of reclaimed water 

employed and the end use of said water.   

Among the counties reporting water reuse data, only 7 of 86 counties reporting – 

Aransas, Bexar, Collin, Ector, Midland, Potter, and Tom Green counties – met or 

exceeded the goal of water reuse constituting 12% of total water demand.  Entities 

reporting water reuse data are also free, yet not required, to report the end use sector of 

reclaimed water.  Nearly 84% of entities reporting water reuse data elected not to disclose 

the end use of reclaimed water; the remaining reclaimed water use was designated for 

non-potable, mostly Type II reclaimed water uses, as shown in Figure 6.1.   

Based on 2006 water use survey data, achieving the goal of water reuse 

constituting 12% of total water demand would reuse 570 billion gallons (2.2 billion m3) 

annually.  Water reuse of this magnitude is significant – greater than the water savings 

estimated under the Water Conservation Water Use or Aggregate Water Use scenarios – 

and can dramatically reduce potable water demand for non-potable uses, such as 

landscape and agricultural irrigation and industrial cooling towers, among others.   
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Figure 6.1: Though reclaimed water use in Texas is largely for unspecified purposes 
(83.5%), all specified reclaimed water use (16.5% shown here) is for non-
potable purposes, mainly irrigation and wastewater treatment plant 
operations. 

Since water reuse requires an energy investment for additional treatment beyond 

standard wastewater treatment, reclaimed water use from wastewater treatment plants 

that require the least amount of additional treatment were analyzed.  The model for 

additional treatment in Texas wastewater treatment plants estimates the energy 

investment necessary to produce Type I reclaimed water and distribute it to homes.  

While wastewater treatment plants could produce either Type I or Type II reclaimed 

water, the Texas Administrative Code requires careful monitoring of Type II reclaimed 

water to minimize human contact, thus widespread use of Type II reclaimed water is less 

likely.  Energy investments were modeled for Type I reclaimed water as shown in Table 

6.2; Type II energy investments are also shown for completeness.   
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Table 6.2: Additional treatment, and therefore additional energy, is necessary to 
produce Type I and Type II reclaimed water for water reuse projects.  Our 
analysis models wastewater treatment plant upgrades to produce Type I 
reclaimed water. 

Existing 
Wastewater 
Treatment 
Technology 

Upgrades to Produce Reclaimed 
Water 

Energy Investment, , 
kWh/106 gal† 
(kWh/m3) [43] 

Reclaimed 
Water 

Distribution 
kWh/106 gal 

(kWh/m3) [43]Type I Type II Type I Type II 

Trickling 
Filter 

Complete 
upgrade to 
Advanced 
Treatment with 
Nitrification 

Upgrade to 
activated sludge 
with tertiary 
filtration 

890-1,100 
(0.24-0.30) 

470-550 
(0.12-0.14) 

1,200 
(0.32) 

Activated 
Sludge 

Complete 
upgrade to 
Advanced 
Treatment with 
Nitrification 

Tertiary filter 
installation 

530-720 
(0.14-0.19) 

120 
(0.032) 

1,200 
(0.32) 

Advanced 
Treatment 
without 
Nitrification 

Complete 
upgrade to 
Advanced 
Treatment with 
Nitrification 

Tertiary filter 
installation 

350-380 
(0.092-0.10)

120 
(0.032) 

1,200 
(0.32) 

Advanced 
Treatment 
with 
Nitrification 

Tertiary filter 
installation* None 120 

(0.032) 0 1,200 
(0.32) 

†Ranges are due to energy economies of scale observed in larger wastewater treatment plants.   
*Tertiary filter installation modeled only if no filter was reported on Clean Watersheds Needs Survey [91]. 
 

Energy savings from water reuse, , was calculated as the difference 

between energy savings for potable water collection, treatment, and distribution and 

energy investment to produce reclaimed water, as shown in Equation 6.5 with the index  

designating individual wastewater treatment plants.   

365 , ,

,

 (6.5) 
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In Equation 6.5,  represents wastewater treatment flow rate in mgd (m3/d) and 

 represents energy investment for Type I reclaimed water in kWh/106 gal (kWh/m3). 

Depending on the current technology utilized by wastewater treatment plants, 

water reuse might require more energy than it saves.  That is, the energy investment for 

producing reclaimed water plus reclaimed water distribution might exceed 1,400 to 1,800 

kWh/106 gal (0.37 to 0.48 kWh/m3) for collection, treatment, and distribution of potable 

water, making the term  in Equation 5 negative.  When the term  

is negative, water reuse becomes a net energy consumer.  

RESULTS 

Water Conservation  

Implementation of a policy such as the Aggregate Water Use calculation 

represents a potential savings of 240 billion gallons (908 million m3) annually, a 17% 

decrease from estimated municipal water use in 2006.  This water conservation also saves 

energy, which varies depending on the location of the conservation (i.e., indoor versus 

outdoor water use, see Figure 2.4).  If this Aggregate Water Use scenario were applied 

only to outdoor water use, as shown in Equation 6.3, the associated energy savings is for 

the source water collection and conveyance, treatment, and distribution.  For conservation 

of indoor water use, as shown in Equation 6.4, the associated energy savings also include 

energy for wastewater conveyance and treatment, in addition to energy needed for 

potable water delivery.  Depending on the application of indoor water use, additional 

energy might be embedded when conserving hot water due to the energy consumption of 

natural gas or electric water heaters. 

Energy for the processes associated with water and wastewater treatment are not 

directly measured in Texas.  As a result, national average values of energy for source 
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water collection and conveyance, treatment, and distribution, and wastewater conveyance 

and treatment must be used to estimate state-wide energy savings associated with water 

conservation [43].  Using these values in Equation 6.3, implementation of the Aggregate 

Water Use calculation for outdoor water conservation saves an estimated 330 to 430 

million kWh annually; for indoor water conservation in Equation 6.4, energy savings 

total 670 to 800 million kWh annually.  With Texas overall electricity generation of 400 

billion kWh/yr, these energy savings due to water conservation constitute less than 0.2% 

of annual generation. 

Water Reuse  

Water reuse saves water, but requires an additional energy investment.  An 

estimated 570 billion gallons (2.2 billion m3) of potable water annually could be saved 

through implementation of water reuse projects constituting 12% of total water demand.  

Since both Type I and Type II reclaimed water require treatment beyond conventional 

wastewater treatment, additional energy is required for treatment at wastewater treatment 

plants in order to save energy for treating potable water for non-potable uses.  Reported 

water reuse applications in 2002 (see Figure 6.2) generally utilize Type II reclaimed 

water with human contact unlikely, depending on reclaimed water management (i.e., 

accessibility of irrigated land, type of industrial use, etc.).  However, widespread water 

reuse requires distribution networks (commonly known as purple pipe) where leaks can 

lead to possible human contact, thus model results presented here represent treatment of 

wastewater effluent to produce Type I reclaimed water. 

Since energy for wastewater treatment processes is not directly measured in 

Texas, energy input for reclaimed water treatment must be estimated from national 

average values [43].  Treating wastewater effluent to Type I reclaimed water standards 
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generally requires operation of nitrification/denitrification and tertiary filtration processes 

[84].  Energy investments ranging from installation of filtration processes to wastewater 

treatment plant upgrades, shown in Table 6.2, total an estimated 730 million kWh 

annually, accounting for reclaimed water distribution via pipeline networks.  This 

investment, however, saves energy for potable water treatment and distribution, totaling 

800 to 1,040 million kWh annually.  The net result of implementing water reuse as 12% 

of total water demand is energy savings of 73 to 310 million kWh – less than 0.1% of 

statewide electricity generation – annually.   

These energy savings estimates from water reuse are based on treatment of 

reclaimed water at wastewater treatment plants with high existing levels of treatment – 

advanced treatment with or without nitrification.  These wastewater treatment plants, 

treating reclaimed water flows that sum to 12% of total statewide water use, are shown in 

Figure 6.2; the dots represent wastewater facilities where water reuse requires the least 

amount of additional energy investment.  These 309 wastewater treatment plants (of over 

1,700 statewide) have potential to treat reclaimed water for water reuse constituting 12% 

of total Texas water use with minimal energy investment.  

The wastewater treatment plants shown in Figure 6.2 were modeled for water 

reuse due to the minimal additional energy investment necessary to produce Type I 

reclaimed water since these facilities currently use advanced treatment with and without 

nitrification.  Implementing water reuse in communities with trickling filter or activated 

sludge wastewater treatment plants requires energy-intensive treatment upgrades.  In 

these wastewater facilities with lower levels of existing treatment, water reuse can 

consume more energy than it saves.  As a result, where water is reused becomes just as 

important as how much is reused.  Without accounting for energy investments to produce 

reclaimed water, policies that increase water reuse might also accidentally increase 
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energy use, exacerbating the energy-water nexus and potentially decreasing resiliency of 

both the energy and water sectors. 

 

 

Figure 6.2: To minimize energy investment for reclaimed water treatment, water reuse 
as 12% of total water demand was modeled for the wastewater treatment 
plants shown that require minimal additional energy for treatment.  

POLICY IMPLICATIONS 

Water conservation and reuse practices can potentially save 240 and 570 billion 

gallons (0.91 and 2.2 billion m3) of water annually, respectively, in Texas.  These water 

savings estimates represent significant reductions in demand for water from existing 

water supplies.  Such water conservation and reuse practices might increase as water 

planners secure additional supplies, since TWDB estimates that water demand could 

exceed current supplies as early as 2010 [85].  In context of drought, contingency plans 
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from wholesale and retail water suppliers include measures to reduce water use when 

water supplies are strained, and metropolitan areas in Texas that have also implemented 

staged water use restrictions; reuse and conservation might be another policy lever [94].  

For many non-potable uses of water, reclaimed water might be considered a water supply 

with sufficient water reuse treatment and distribution.   

Saving water through water conservation and reuse might also save electricity in 

Texas, though the total is less than 0.2% of total generation.  These energy savings might 

also avoid emissions of precursors to smog.  Through the estimated 330 to 859 million 

kWh annual energy savings possible through implementation of water conservation 

practices, Texas could avoid 0.4 to 1 billion lb (0.18 to 0.45 billion kg) of carbon dioxide 

(CO2), 330,000 to 800,000 lb (150,000 to 360,000 kg) of sulfur dioxide (SO2), and 9,900 

to 24,000 lb (4,500 to 11,000 kg) of nitrogen oxides (NOx) each year from natural gas-

fired power plants, on average [95].  Incorporating water reuse as 12% of total water 

demand by producing reclaimed water at wastewater treatment plants requiring the least 

amount of additional treatment will decrease energy consumption for the water and 

wastewater sectors by an estimated 73 to 310 million kWh annually.  As a result, net air 

emissions savings total 0.1 to 0.4 billion lb (45 to 181 million kg) of CO2, 73,000 to 

310,000 lb (33,000 to 140,000 kg) of SO2, and 2,200 to 9,400 lb (1,000 to 4,300 lb) of 

NOx [95].  Due to the air emissions embedded in water and wastewater treatment, water 

conservation and water reuse can serve as strategies for reducing emissions.  As a result, 

increased water efficiency through effective water supply planning and management 

could be included with policies dictating energy efficiency measures.   

Though the energy savings from this water conservation and water reuse analysis 

are not sizeable in relation to total Texas generation – less than 0.2% –the results suggest 

that analysis of geography and existing facilities and infrastructure is important for 
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sustainable water policy.  While water reuse policies might appear sensible at first glance, 

treating wastewater effluent to produce reclaimed water might consume more energy than 

it saves, especially when local water sources are available.  When water supplies dwindle 

and local sources are not available, a benchmark of seawater or brackish groundwater 

desalination might become necessary for future water reuse analyses.  Such 

considerations depend on quality, quantity, and proximity of water resources. 

While the water, energy, and air emissions savings estimates from water 

conservation and reuse practices indicate opportunities for sustainable resource 

management, this analysis is hindered by lack of data.  Directly measuring energy 

consumption for source water collection and conveyance, treatment, and distribution, and 

wastewater conveyance and treatment in Texas would provide a basis for more accurate 

estimates of potential water, energy, and air emissions savings.  Additionally, 

standardizing the reporting of water reuse quantities might increase the number of cities 

reporting and the usefulness of those data, even if the data continue to be reported 

voluntarily.  Reliable results hinge on reliable data.   

CONCLUSIONS 

Implementing water conservation and reuse practices can save both water and 

energy.  By combining current water conservation practices with the water conservation 

goal of 140 gpcd (0.53 m3/person/d), Texas could save an estimated 240 billion gallons 

(908 million m3) of water annually, translating to energy savings of 330 to 800 million 

kWh annually.  This range of energy savings reflects the uncertainty associated with the 

point of water conservation, with only outdoor water conservation on the low end to only 

indoor water conservation on the high end.  Implementing water reuse projects as 12% of 

total water demand could save an estimated 570 billion gallons (2.2 billion m3) of potable 
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water annually.  Water reuse as reclaimed water requires additional energy investment to 

ensure adequate water quality, but saves energy needed to treat water to potable standards 

for use in non-potable applications.  As a result, the net energy savings of incorporating 

water reuse as 12% of total water demand ranges from 93 to 330 million kWh annually.   

Incorporating water conservation and reuse into Texas water resources planning 

and management might help reduce strain on existing water supplies by saving water and 

reducing potable water use for non-potable applications.  Since TWDB predicts water 

demand may exceed supply as early as 2010 without new water supply projects, 

implementing water conservation and reuse practices could become a priority for many 

Texas cities sooner rather than later.  Conservation and reuse water management 

strategies can stretch existing water supplies, potentially delaying the need for securing 

new water sources to meet growing water demands, and save energy, thus reducing 

emissions statewide.  Sustainable management of both energy and water supplies, based 

on accurate data, becomes important in a resource-constrained world. 
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Chapter 7:  A River Basin-Based Model of Advanced Power Plant 
Cooling Technologies for Mitigating Water Management Challenges 

BACKGROUND 

Rights to surface water generally fall under state government jurisdiction in the 

United States, with different states following riparian, prior appropriation, or a hybrid 

system of water law [96].  Riparian rights allow landowners to use water adjacent to their 

property, while the prior appropriation doctrine assigns water rights based on the “first in 

time, first in right” principle.  Hybrid water rights systems operate with a mix of riparian 

and prior appropriation rights [96-99].  Groundwater is usually managed independently of 

surface water [96]. 

Texas uses a hybrid system of managing surface water, with domestic and 

livestock riparian rights taking priority over prior appropriation rights for municipal, 

industrial, irrigation, mining, hydroelectric power, navigation, or recreational uses [97-

99].  After domestic and livestock riparian rights, prior appropriation rights to divert (and 

store, in some cases) water are assigned priority dates based on the date of permit 

application with the earliest priority dates having the most seniority.  For example, an 

industrial water right holder with a priority date of February 24, 1926 is senior to a 

municipal water right holder with a priority date of August 13, 1952, regardless of their 

locations in the river basin.  Type of use for prior appropriation water rights does not 

factor into the priority system, except in the Middle and Lower Rio Grande basin where 

water use determines priority [98]. 

Priority for prior appropriation rights becomes important during times of water 

shortage, since rights to water do not guarantee availability.  That is, the legal availability 

of water can exceed physical availability.  Because this priority is established by date – 

not by type of use – some critical needs might go unfulfilled.  Depending on location in 
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the watershed and return flows, junior water rights holders can find themselves without 

enough water to meet their diversions because of the need to fulfill upstream or 

downstream senior water rights.  During extreme water shortages, senior water rights 

holders might also have to decrease or discontinue water diversions in order to fulfill 

domestic and livestock riparian water rights [98].  As a result, location and priority of 

water rights holders becomes important for water resources planning and management. 

Senate Bill 2 during the 77th Texas Legislature in 2001 created the Texas 

Instream Flow Program (TIFP) to determine appropriate instream flows to “maintain a 

proper ecological environment” [100, 101].  Under this program, the Texas Commission 

on Environmental Quality (TCEQ), Texas Parks and Wildlife Department (TPWD), and 

Texas Water Development Board (TWDB) conduct studies to determine appropriate 

instream flows.  These instream flows affect riparian and prior appropriation water rights 

holders by designating quantity and timing of stream flow to support aquatic 

environments, likely decreasing the amount of water available for diversion. 

Power plants are water rights holders of particular interest because of the risk that 

water shortages can induce vulnerabilities to the power system.  Due to the complexities 

of the energy-water nexus in Texas, instream flow requirements might reduce the amount 

of water available for power plant cooling during electricity generation.  Water scarcity, 

which is more likely in the summer, coincides with peak electricity demand for air 

conditioning, which exacerbates this vulnerability.  However, alternative cooling 

technologies can be implemented to uphold instream flow requirements while serving 

existing water uses.  Thus, while power plants are presently a big contributor to the risks 

of water scarcity, they also represent an opportunity, through the inclusion of advanced 

low-water cooling technologies, to make water rights available.  By current knowledge, 

this customized model is the first of its kind to simulate implementation of alternative 
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power plants cooling technologies for mitigating water management challenges on a river 

basin scale. 

TEXAS AS A CASE STUDY 

The hybrid system of water rights in Texas constitutes a complex management 

practice influenced by Spanish and Mexican law and English common law, in addition to 

policies from the Texas Legislature [99].  This system makes Texas an appropriate setting 

for this case study because the results might be applicable to other states or countries with 

similar water management practices.  Additionally, annual precipitation, and thus surface 

water availability, decreases from nearly 130 cm in the east to less than 25 cm in the 

west, making Texas a suitable proxy for climate variation in the continental United States 

[102].  In the Texas Water Availability Model (WAM), the full execution of water rights 

scenario simulates each perpetual water rights holder diverting the entire permitted 

volume of water with zero return flow.  The Water Rights Analysis Package (WRAP) 

developed at the Texas Water Resources Institute [103] uses actual permitted diversions 

from the WAM with input files of naturalized streamflow to model conditions over a 

historical time period, 1940 to 1998.  TCEQ uses the full execution WAM to determine 

water availability for new perpetual rights [104].  Generally TCEQ issues permits when 

75% of the proposed water diversion is available 75% of the time; permits for municipal 

water users are issued when 100% of the proposed water diversion is available 100% of 

the time, unless backup water rights are secured [98]. 

Given the complexity of water rights, availability, and priority, the Brazos River 

basin, including the San Jacinto – Brazos coastal basin, shown in Figure 7.1, was chosen 

for this analysis [105].  In this case study, the Brazos and San Jacinto – Brazos coastal 

basins are collectively referred to as the Brazos River basin.  Additional analysis of the 
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Sabine River basin, shown in Figure 7.1, was completed and is presented briefly later; 

these results focus on the Brazos River basin.  These river basins are currently being 

studied under the TIFP for implementation of instream flow requirements, which 

constitute the naturalized streamflow [100, 101, 105].  Such instream flow requirements 

mandate minimum water flow to remain in the waterway for sustaining aquatic 

ecosystems.  The Brazos River basin contains the longest section of river in Texas and 

serves major cities, including Lubbock, Waco, Temple, Freeport, and Galveston, along 

with many other industrial and agricultural water users, representing large diversity in 

water use and management. 

 

  

Figure 7.1: The Brazos River basin and San Jacinto – Brazos coastal basin (left) [106] 
transverse the state of Texas, beginning in the west and emptying into the 
Gulf of Mexico.  The Sabine River basin (right) is located within the eastern 
half of Texas. 

DATA STRUCTURE  

The structure of the full execution scenario of the WAM from TCEQ is such that 

return flows for all water rights holders are zero.  That is, each water rights holder diverts 
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the full volume allocated by a permit with no return flow.  Additionally, the full 

execution scenario includes only perpetual water rights; term water rights that expire after 

a predetermined date are not included in the full execution WAM [104].  Despite the 

interconnectedness of surface water and groundwater, the WAM considers only surface 

water diversions due to the difference between surface water and groundwater law in 

Texas, thus this analysis is based on the isolated consideration of surface water. 

Major challenges arise when analyzing water rights for river basins in Texas with 

the WAM data files.  There is no uniformity between the data given for different river 

basins.  For example, the Brazos River basin code includes information that was left out 

of the Sabine River basin, while comments in the Sabine River basin WAM are more 

descriptive, as shown in the sample water rights below.  

Sample water right code from the Brazos WAM: 
WR4146P1  35000.   MUN119811005   1   2  0.0000       
P4146_1   P414614146001     BRAZOS RIVER AUTHORITY         
S FRK DBL MTN FRK BRAZOS RIVER                9568000000  
DMAS09       1 WSALANHN 115937.       0 

Sample water right code from the Sabine WAM: 
** City of Longview, return flow at WW3945. 
WRE4759B     730     MUN19350424       2          WW3945  
60504759301 475964759301     WS R4759     183  1.0098  
0.6889       0 

In the Brazos example above, WR4146P1 is the water right number, 35000 is 

the annual diversion for this particular water right in acre-feet per year (ac-ft/yr), MUN 

designates municipal use, and 19811005 is the priority date of October 5, 1981; the 

remaining information is additional data provided with the WAM file giving more detail 

about the water right.  Similarly, the example for the Sabine River basin is a municipal 

(MUN) water right number WRE4759B with 730 ac-ft/yr permitted diversion and a 

priority of April 24, 1935 (19350424).  The sample Brazos WAM water right shows 
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that this particular water right, WR4146P1, is owned by the Brazos River Authority and 

is located on the south fork of the Double Mountain fork of the Brazos River, based on 

the additional information provided with the water right.  The sample Sabine WAM water 

right shows that water right WRE4759B is owned by the City of Longview and flow is 

returned, when modeled, at a point WW3945 downstream.  Such inconsistencies amongst 

WAM data make standardizing river basin analysis difficult.  Furthermore, little if any 

additional details are provided with the WAM for some Texas river basins, making 

identification of a single water right as a specific power plant, for example, time-

consuming, cumbersome, and susceptible to error. 

Previous research on water diversion and consumption for power generation in 

Texas shows that such data are not consistently collected and reported by state and 

federal agencies, including the TWDB, TCEQ, and EIA [27].  These data gaps and 

inconsistencies also limit this analysis of alternative cooling technologies for power 

generation by introducing uncertainty into the measure of current water diversions. 

METHODOLOGY 

Analysis of the full execution of water rights in the Brazos River basin was 

completed by integrating multiple data sets and the previous discussion of thermoelectric 

cooling technologies [86] with two different analytical platforms, as shown in Figure 7.2:  

the Water Rights Analysis Package (WRAP) from the Texas Water Resources Institute 

[103], and ArcGIS software from ESRI.  WRAP simulates each perpetual water rights 

diversion from the WAM for the period of record, which spans 1940 to 1997 for the 

Brazos River basin [103, 107].  The WRAP Display Tool for ArcGIS, developed at the 

Center for Research in Water Resources, displays the WRAP output spatially [108, 109].   
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Figure 7.2: Modeling the implementation of alternative cooling technologies at power 
plants required compilation of power plant operating data from the EIA and 
TCEQ with the previous discussion of cooling technologies [86] to modify 
input files for the WAM [104].  WRAP [103] was then used to simulate 
streamflow, and volume reliability results were displayed spatially using 
GIS [108, 109]. 

Data Compilation 

Diversion, storage, and existing instream flow water rights were sorted by priority 

date to examine seniority in the Brazos River basin.  Within the WAM, these priority 

dates are given as YYYYMMDD (i.e., 19260224 for February 24, 1926).  Totals for the 

existing water rights are shown in Table 7.1.  Data compilation required consideration of 

each water right individually, as the WAM input data lack uniformity and require 

interpretation, as discussed previously.  This complexity becomes important when 

isolating water rights for individual power plants, for example, amongst thousands of 

other water users.   
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Table 7.1: Rights for water diversion and storage in the Brazos River basin show the 
largest diversions for municipal and industrial uses.  In the Water 
Availability Model (WAM), power generation is contained within industrial 
water use [104]. 

 Sabine River Basin Brazos River Basin 

Water Rights 
Type 

Number 
of Water 

Rights 
Issued 

Annual 
Diversion

(106 m3) 

Storage 
Capacity

(106 m3) 

Number 
of Water 

Rights 
Issued 

Annual 
Diversion

(106 m3) 

Storage 
Capacity 

(106 m3) 

Hydropower 1 81 5,490 1 4 894

Industrial 
(non-power generation) 48 1,140 5,580 102 645 261

Power Generation 7 70 224 17 210 406

Irrigation 82 180 5,540 1,049 326 109

Mining 9 2 1 56 120 108

Municipal 43 1,650* 7,670 207 1,650 6,140

Recreation 105 1 106 - - -

Domestic & 
Livestock - - - 41 3 412

*Interbasin transfer to the Neches and Trinity River basins account for nearly 30% of municipal water 
rights in the Sabine River basin  

Once all the prior appropriation water rights were sorted based on priority date, 

industrial water rights were examined further since thermoelectric power generation 

water rights are contained as a subset of industrial water rights.  Of the nine 

thermoelectric power plants with water rights from the Brazos River basin considered in 

this case study, five use open-loop cooling with generation capacities totaling 3.1 GW, as 

shown in Table 7.2.  Open-loop cooling diverts large volumes of water, but consumes 

small volumes through evaporation [27].  The remaining power plants in both river basins 

use closed-loop cooling towers or cooling reservoirs for cooling.  Closed-loop cooling 

towers divert much smaller volumes of water compared to open-loop cooling, but 

consume larger volumes of water through evaporation.  Cooling reservoirs impound 
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water for recirculating cooling using stored water.  Note that other power plants are 

present in the Brazos River basin, yet only those explicitly referenced in the WAM and 

are analyzed here [104, 110].  Those Brazos power plants not analyzed here include 

facilities with zero net generation, and those using groundwater, reclaimed water, or 

unreported water sources for cooling, which would not appear in the WAM. 

Adjustment for Alternative Cooling Technology 

One possibility for upholding instream flow requirements and reducing water 

diversions from the Brazos River basin is changing cooling technologies at 

thermoelectric power plants.  To model changes in cooling technologies, three alternative 

cooling scenarios were completed, referred to here as Cases 1 through 3. 

Case 1:  No open-loop cooling.  Case 1 represents converting open-loop systems 

to closed-loop cooling tower technologies.  For the power plants with open-loop cooling, 

this scenario is modeled as power generation water diversions at volumes (per MWh 

generated) equal to those at power plants with cooling towers burning similar fuels, using 

Equation 7.1 below. 

 (7.1) 

In Equation 7.1,  represents the Case 1 annual water diversion;  is a ratio of 

diversion over consumption for cooling towers, here 0.80 [86];  represents water 

consumption for power generation; and  represents net generation at the power plant of 

interest.  Water consumption for power generation, , was determined as a function of 

fuel, cooling technology, and river basin to incorporate climatic variability that is absent 

from national average values of water for power generation. 

Case 2:  50% reduction in Case 1 water diversions.  Case 2 represents 

implementation of hybrid wet-dry cooling technologies at all power plants in the basin.  
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Such technologies combine wet cooling using cooling towers with dry cooling using air-

cooled condensers and can range in operations from completely wet to completely dry.  

This scenario is modeled as power generation water diversions at 50% of Case 1 

diversions; that is, operating as 50% wet and 50% dry [86]. 

Case 3:  90% reduction in Case 1 water diversions.  Case 3 represents 

implementation of dry cooling technologies using air-cooled condensers at all power 

plants in the basin.  While air-cooled condensers do not use water during cooling 

operations, other power plant operations still require water, such as boiler make-up water 

and sinks and toilet water, for example.  Based on data for different fuel technologies, 

these other water uses constitute 3 to 12% of closed-loop water diversions [13, 111].  

This scenario is modeled as power generation water diversions at 10% of the Case 1 

diversions as a conservative estimate. 

Each of these scenarios provides an assessment of reducing water diversions for 

thermoelectric power plant cooling.  Actual water diversion reductions will vary with the 

cooling technology implemented.  Additionally, due to seasonality of flow, many power 

plants use cooling reservoirs to store diverted water until it is needed.  Feasibility of 

upholding instream flow requirements with reduced power plant diversions depends on 

the quantity and location of such flows as determined by TCEQ, TPWD, and TWDB.   

WRAP Model and Spatial Analysis 

The three scenarios representing changes in power plant cooling technology were 

incorporated into the full execution WAM for the Brazos River basin, adapting the WAM 

files as input into the WRAP model.  Results from the WRAP model quantify the effect 

of such cooling technology changes with historical weather data.  WRAP output was then 

displayed spatially using ArcGIS software [109].  
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Table 7.2: Seven power plants with water diversion rights are explicitly referenced in the Sabine River basin full execution 
WAM and nine power plants with water diversion rights are explicitly referenced in the Brazos River basin full 
execution WAM [27, 104]. 

Sa
bi

ne
 R

iv
er

 b
as

in
 Harrison County Power 

Project NG 570 0.22 Cooling Tower 5,530 5,530 2,760 553 

Not listed N/A N/A N/A N/A 12.3 12.3 6.2 1.2 
Knox Lee Power Plant NG 1,002 0.12 Open-Loop 4,930 757 379 75.3 
Martin Lake LIG 2,380 0.85 Open-Loop 30,800 29,500 14,800 2,950 
Pirkey LIG 721 0.71 Open-Loop 13,600 7,460 3,730 745 
Eastman Cogeneration 
Facility NG 468 0.52 Cooling Tower 14,800 14,800 7,400 1,480 

Notes: CF = capacity factor (calculated from rated capacity and net generation in 2006) 
NG = natural gas 
LIG = lignite 
NUC = nuclear 
SUB = subbituminous coal 
N/A = not available 

      Full Execution Water Diversion 
 Power Plant Fuel Capacity 

(MW) CF Cooling Type Current
(103 m3)

Case 1
(103 m3)

Case 2
(103 m3)

Case 3
(103 m3)

B
ra

zo
s R

iv
er

 b
as

in
 R W Miller NG 604 0.14 Open-Loop 47,900 2,660 1,330 265 

Comanche Peak NUC 2,430 0.93 Cooling Reservoir 28,600 28,600 14,300 2,860 
Tradinghouse NG 1,380 0.04 Open-Loop 33,300 1,820 910 183 
Lake Creek NG 322 0.04 Open-Loop 12,300 349 175 34.5 
Sandow Station LIG 363 0.78 Open-Loop 17,300 5,710 2,860 571 
Limestone LIG 1,706 0.85 Cooling Tower 16,300 16,300 8,140 1,630 
Gibbons Creek SUB 454 0.91 Open-Loop 12,000 8,970 4,480 897 
W A Parrish SUB 3,969 0.58 Cooling Tower 42,300 42,300 21,200 4,230 
City of Bryan NG 138 0.10 Cooling Tower 105 105 53 11.1 
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RESULTS 

Brazos River Basin 

Of the total 2,960 million m3 diverted from the Brazos River annually, 210 

million m3 are water rights held by thermoelectric power plants.  By implementing 

alternative cooling technologies at these plants, water diversion could be reduced by as 

much as 103 to 200 million m3 per year as shown in Table 7.3.  Figure 7.3 shows power 

generation water rights among the other water rights in current priority order for Cases 1 

through 3 of implementing alternative cooling technologies.  The annual diversion for 

power generation decreases substantially for Cases 1 through 3.  As seen in Figure 7.3, 

some of the thermoelectric power plants are permitted to divert water ahead of many 

municipal and other water users based on priority.  Implementing these alternative 

cooling technologies, could become significant to those water right holders with priority 

junior to the power plants in times of severe drought.  As seen from the 1957 drought 

line, which represents the sum of annual diversions for all current water rights for the last 

year of the drought of record in Texas, water right holders with low priority might not 

have access to water in serious drought conditions.  Additionally, many of the water 

rights holders to the right of the drought line in Figure 7.3 – likely unable to divert water 

during severe drought conditions – are municipal water users.  By decreasing water 

diversions for thermoelectric power generation in the Brazos River basin, these municipal 

water users with junior priority are more likely to have water available during drought 

conditions, as shown in Case 3 of Figure 7.3 where all water diversions are to the left of 

the drought line. 
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Table 7.3: Alternative power generation cooling scenarios yield large water volume 
savings annually in the Brazos River basin. 

Alternative Cooling 
Scenario 

Annual Water 
Diversion Savings

(million m3) 

Human 
Equivalent* 

Case 1:  No open-loop 
cooling 103 534,000 

Case 2:  50% reduction 
in Case 1 diversions 157 810,000 

Case 3:  90% reduction 
in Case 1 diversions 200 1,030,000 

*Calculated as number of people using 0.53 m3 per day for 1 year. 

 

Figure 7.3: Water diversion for power generation in the Brazos River basin decreases 
substantially due to the incorporation of advanced cooling technologies, 
improving the likelihood for junior municipal water rights to be fulfilled.  
Areas in the figure to the right of the 1957 drought line, representing the 
sum of current water diversions for the last year of the drought of record, are 
instances where legal availability of water exceeds physical availability. 
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Volume reliability, defined as the percentage of total demand that is actually 

supplied over the time period of interest, is used as a measure of the likelihood that water 

will be available over historic weather observations.  The current average volume 

reliability of water rights in the Brazos River basin is 63.6%, indicating that many 

existing rights fall below the guideline for granting new water rights of 75% of the water 

diversion available 75% of the time, as shown in the spatial analysis in Figure 7.4 [98].  

Of the 1,276 non-zero water right diversions, 755 fall below this 75% volume reliability.  

Implementing alternative cooling technologies, as was modeled in Cases 1 through 3, 

could increase volume reliability for the Brazos River basin by approximately 1%; 

volume reliability for individual rights increases by over 10% for five rights holders.   

 

Figure 7.4: Volume reliability improves slightly for the Brazos River basin when power 
plants use dry cooling (Case 3), yet a substantial number of water rights 
holders still observe reliability less than 75%. 
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Sabine River Basin 

An auxiliary study of alternative cooling technologies at power plants in the 

Sabine River basin was also completed.  These results are a supplement to the Brazos 

River basin analysis since the Sabine River basin is in a wet area of east Texas and results 

show less susceptibility to drought conditions.  The Sabine River basin serves cities such 

as Longview, Carthage, and Dallas (via interbasin transfer) and feeds the industrial 

corridor of Texas, with many other municipal and thermoelectric power plant water rights 

of varying priority dates.  Total water diversions and storage volumes by type are given 

in Table 7.1. 

Based on priority date, water diversion rights totaling 5.32 million m3 are fulfilled 

before any water for thermoelectric power generation is diverted in the Sabine River 

basin.  Additionally, the single largest power generation water diversion right – annual 

diversion of 30.8 million m3 – has a priority date of 19710719, much later than many 

municipal water rights with priority years ranging from 1915 to 1970.  Thus, municipal 

water users generally do not need to compete with power generation water users in the 

Sabine River basin.  Power generation water rights modeled in the Sabine River basin are 

shown in Table 7.2. 

As shown in Table 7.4 and Figure 7.5, annual water diversions for power 

generation in the Sabine River basin decrease for Cases 1 through 3 compared to current 

water diversions.  Decreasing power generation water diversions also decreases total 

water diversions slightly, however total diversion is dominated by municipal and 

industrial water uses.  The drought line represents the sum of annual diversion for all 

current water rights, simulated for the year 1957 – the last year of the drought of record in 

Texas.  Water right holders in the Sabine River basin would not be affected dramatically 



 92

by such drought conditions due to the high average rainfall of 100 to 130 cm/yr in the 

basin area [102]. 

Table 7.4: Alternative power generation cooling scenarios yield large water volume 
savings annually in the Sabine River basin. 

Alternative Cooling 
Scenario 

Annual Water 
Diversion Savings

(million m3) 

Human 
Equivalent* 

Case 1:  No open-loop 
cooling 11.6 60,000 

Case 2:  50% reduction 
in Case 1 diversions 34.8 181,000 

Case 3:  90% reduction 
in Case 1 diversions 62.7 324,000 

*Calculated as number of people using 0.53 m3 per day for 1 year. 

Figure 7.6 shows the volume reliability of water rights in the Sabine River basin 

for the Case 3 full execution WAM.  Volume reliability is defined as the percentage of 

total demand that is actually supplied over the time period of interest, here the period of 

the Sabine WAM record of 1940 to 1998 [108].  The alternative cooling scenarios in 

Cases 1 through 3 improve volume reliability for 18 water rights up to 6%.  Despite this 

increase, some water rights are below 75% volume reliability, thus new permit 

applications may not be approved in some areas in the Sabine River basin.  Only 22 of 

the total 163 non-zero current water rights diversions in the Sabine River basin fall below 

75% volume reliability.  Note that volume reliability is undefined for water rights holders 

with zero diversion allocation.  
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Figure 7.5: Water diversion for power generation in the Sabine River basin decreases in 
Cases 1 through 3 compared to current diversion rights.  All water rights fall 
to the left of the 1957 drought line, representing total water diversions 
during the last year of the drought of record.  

Water diversion savings for the three alternative cooling scenarios are shown in 

Table 7.4.  Significant water diversion savings of 11.6 to 62.7 million m3 per year are 

possible through implementation of these alternative thermoelectric power plant cooling 

technologies.  Additional water diversion savings might be possible through municipal, 

industrial, and irrigation water conservation.  The Sabine River basin has many water 

rights with high volume reliability, thus percent volume reliability does not increase 

dramatically through implementation of alternative cooling technologies. 
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Figure 7.6: Volume reliability improves slightly for the Sabine River basin as modeled 
in Case 3, yet some water rights holders still observe volume reliability less 
than 75%. 

POLICY IMPLICATIONS 

This analysis integrated spatially-resolved data on water rights with updated 

estimation of water needs for advanced cooling technologies.  Results show that less 

water intensive power plant cooling technologies reduce water diversions from the 

Brazos River basin and improve reliability for some rights; however, implementation of 

these technologies still leaves some water rights with less than 75% volume reliability.  

These cooling technologies reduce fresh water diversions in the Brazos River basin by 

103 to 200 million m3 annually under the full execution of water rights scenario.  These 
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volumes of water are potentially available for other water users in the Brazos River basin, 

including instream flows for aquatic ecosystems and junior municipal water rights 

holders.  Implementation of dry cooling technologies has the most sizeable effect; 

nonetheless, changing open-loop cooling power plants to closed-loop cooling towers is a 

more achievable and less costly objective that could result in significant reductions in 

water diversions.    

Use of volume reliability becomes a less-than-useful indicator of water 

availability when compared to the volume of water saved in Cases 1 through 3, as shown 

in Tables 7.3 and 7.4.  For example, Case 3 model results show water savings equivalent 

to the municipal use of over 1 million people, yet volume reliability only increases by 

1%.  Thus, these results suggest that using volume reliability as a metric for water 

availability overlooks tremendous water savings potential.  On the other hand, a metric 

that only considers water volumes does not account for the seasonality of the hydrologic 

cycle or extreme events, such as droughts and floods.  Volume reliability is used by 

TCEQ to assess new water rights permit applicants – 75% of the water 75% of the time 

for non-municipal water uses – and this policy might prove antiquated when considering 

innovating energy and water management strategies, such as alternative cooling for 

thermoelectric power plants. 

The full execution of water rights scenario analyzed here, while used by the 

TCEQ to evaluate applications for new water rights, is not indicative of current or normal 

water use patterns.  This extreme, “worst-case” scenario is based on two major 

assumptions:  all water rights are exercised to the full allocation and return flows are zero 

[107].  Actual water diversions are smaller, with associated return flows, for each of the 

power plants analyzed in this case study.  
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Instream flows represent additional water uses within the Brazos River basin.  

Incorporation of these new requirements raises the question:  Will instream flow 

programs complicate water resources management? [112].  Additional studies are 

necessary, yet “very little water remains available in Texas for appropriation to new 

users” [98].  As a result, water conservation through less water intensive thermoelectric 

power plant cooling might be necessary to ensure water is available to uphold instream 

flow requirements and mitigate water scarcity.  Additional conservation by municipal, 

industrial, and irrigation water users might be necessary to ensure available instream 

flows, especially in water-stressed regions and during drought and other times of water 

scarcity. 

Implementing alternative power plant cooling technologies is possible through 

numerous federal and state policy levers.  Phasing out open-loop cooling, as shown in 

Case 1, was proposed in California in 2006, by denying leases for new power plants 

using open-loop or once-through cooling. [113]  Decisions in the U.S. Supreme Court in 

Entergy Corp. v. Riverkeeper, Inc. in 2009, upheld EPA policy that cost-benefit analysis 

could be used to determine appropriate cooling technology while not outlawing open-

loop cooling [114].  Implementation of widespread hybrid wet-dry or dry cooling, as 

shown in Cases 2 and 3, would require significant policy action on the state, perhaps 

federal, level to dramatically reduce water diversion and consumption for thermoelectric 

power generation.  Such hybrid wet-dry and dry cooling technologies are capital 

intensive and would require significant investments and incentives to facilitate adoption.   

Another policy option to ensure surface water availability for instream flows is 

the strategic acquisition of water rights, whereby the state government or appropriate 

agency would essentially purchase excess water rights from existing water rights holders 

in the basin.  Such an option requires both physical and legal water availability to form 
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the market for water rights sales and purchases.  These scenarios of incentivizing 

implementation of alternative cooling technologies compared to strategic acquisition of 

water rights constitute a complex economics analysis not considered here, where the 

capital and operating costs for hybrid wet-dry and dry cooling equipment compare to the 

purchase price for rights to surface water. 

The results of this model methodology of incorporating advanced cooling 

technologies at power plants in the Brazos River basin are limited by the structure of 

surface water availability modeling in Texas.  While TCEQ has WAMs describing 

surface water conditions and TWDB has Groundwater Availability Models (GAMs) 

predicting groundwater conditions, these models are not integrated together to simulate 

the interactions between surface water and groundwater.  Diverse geography in Texas 

causes a wide variety of relationships between groundwater and surface water, ranging 

from spring-fed streams consisting of nearly all groundwater to streams feeding aquifers, 

flowing completely underground at some points.  Complexity and structural differences 

in the WAMs and GAMs makes integrating the two models difficult; consequently, many 

support improving the WAMs and GAMs individually instead of integrating the models 

[115]. 

Climate change might also complicate water resources planning and management.  

Legal water rights are based on fixed patterns of use that are contingent on underlying 

predictability of water availability.  With greater weather variations predicted due to 

climate change, water availability might have more variation than is accounted for in 

current water resources management.  Consequently, adaptive management that observes 

and responds to a changing climate might be necessary for future water resources 

planning and management 
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CONCLUSIONS 

Instream flow requirements and water scarcity present challenges for water 

resources planning and management.  However, the magnitude of these challenges can be 

reduced through implementation of alternative cooling technologies for thermoelectric 

power plants.  In the Sabine River basin, models suggest that switching the four open-

loop thermoelectric power plants to closed-loop cooling would reduce water diversions 

by over 3.06 billion gal (11.6 million m3) annually.  Similarly, implementing hybrid wet-

dry cooling or air-cooling at all thermoelectric power plants in the Sabine River basin 

would reduce water diversions by 9.2 to 14 billion gal (34.8 to 52.7 million m3) each 

year, respectively.  In the Brazos River basin, models suggest annual water diversions can 

be reduced by 27 billion gal (103 million m3) annually by changing the five open-loop 

power plants to closed-loop cooling towers.  Implementing hybrid wet-dry cooling or dry 

cooling at all the thermoelectric power plants in the Brazos River basin would allow 

annual diversion savings up to 41 to 53 billion gal (157 to 200 million m3), respectively. 

While the water diversion savings from alternative power plant cooling are 

substantial, these savings still leave some water rights with less than 75% volume 

reliability, under the full execution WAM scenario.  Since these models do not include 

return flows, these fulfilled water days might be higher in practice, yet the full execution 

WAMs provide an appropriate scenario for future water resources planning.  Under the 

full execution WAM, opportunities exist to reduce water diversion through changes in 

thermoelectric power plant cooling, leaving water available for instream flows, municipal 

users, or other users. 
  



 99

Chapter 8:  Desalination and Long-Haul Water Transfer as a Water 
Supply for Dallas 

BACKGROUND 

Desalination is a water treatment technology that produces potable water from 

brackish groundwater or seawater.  Though many desalination technologies exist, 

including thermal processes such as multi-effect distillation and multi-stage flash, the 

most popular is reverse osmosis [45].  Most reverse osmosis treatment operations utilize a 

staged or cascade layout like that shown in Figure 2.2 to improve recovery – the ratio of 

permeate (product water) to feed water. 

Historically, commercial desalination plants operated using thermal processes in 

locations where energy was plentiful or inexpensive and freshwater was scarce.  For 

example, desalination provides substantial volumes of drinking water in areas of the 

Middle East with abundant energy resources.  Emerging reverse osmosis technology has 

enabled the construction of new and larger desalination plants, yet estimated worldwide 

capacity totals only 15.8 billion gal/d (59.9 million m3/d), or 0.5% of global freshwater 

use [116].  Public resistance to desalination plants in the United States stems from both 

environmental and energy sustainability issues.  Seawater intake structures can harm 

marine wildlife and excessive brackish groundwater withdrawal can contribute to land 

subsidence [117, 118].  Furthermore, the large energy requirement for desalination – over 

10 times as much as traditional surface water treatment – contributes to greenhouse gas 

emissions when using fossil fuel-generated electricity [43, 44].  As an alternative, wind-

generated electricity can be used to power a desalination plant, as has been demonstrated 

in Perth, Australia, which switched from coal to wind power after protests, and produces 

36 million gallons per day (mgd) (136,000 m3/d) of potable water without emissions [4].  
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Sydney Water, the water utility of Sydney, Australia, has also laid plans for wind-

powered desalination [119]. 

Since desalination makes use of water normally considered unusable, many turn 

to desalination as an alternative water resource when existing supplies become strained.  

Due to the abundance of saline ocean water and brackish groundwater, desalination, and 

the subsequent transfer of treated water, can provide a reliable water supply that is 

generally plentiful and resistant to droughts.  This reliability comes with a price – 

desalination is an energy-intensive water treatment technology.  Despite that price, 

historical trends show a near-exponential increase in installed desalination capacity in the 

United States [120]. 

TEXAS AS A CASE STUDY 

Strained water supplies and growing populations often cause cities to pursue 

alternative water sources.  Dallas, Texas, is no exception.  In 2003, the Dallas-Fort Worth 

metropolitan statistical area population totaled 5.6 million people, which has increased 

annually by 2%, on average.   Per capita water use, as reported by the Texas Water 

Development Board (TWDB) from Water Use Survey data, for Dallas and Fort Worth is 

238 and 177 gallons per person per day (0.90 and 0.67 m3/person/d), respectively [55].  

This large water use in the Dallas area – the third largest in Texas based on TWDB 

estimates – and others throughout the state has led water resource planners to pursue 

alternative water supplies for the future, with desalination among those options [121-

123]. 

One drought-resistant water supply option is seawater desalination.  For example, 

the City of Corpus Christi, Texas, is currently evaluating three desalination opportunities 

for incremental water supply; additional water supply was added in 1998 via a 101-mi 



 101

(163-km) long-haul transfer pipeline from Lake Texana [124].  For inland cities, seawater 

desalination must be coupled with long-haul transfer to become a usable water supply.  

This analysis considers such a scenario for Dallas.  In the situation modeled here, 

seawater from the Gulf of Mexico is desalinated near Houston, transferred via pipeline to 

a central distribution point in Dallas, and then distributed to water users, as necessary.  As 

an alternative comparison, a brackish groundwater source was analyzed for desalination 

near Abilene and long-haul transfer to Dallas.  Dallas was selected for this case study as 

an inland population center with potentially increasing water needs.  While a project such 

as this would likely be both capital- and energy-intensive and is not currently being 

considered, this analysis focuses only on the energy aspects of two possible desalination 

and long-haul transfer scenarios and not life-cycle economic costs.  Competing options 

for increasing water supply to Dallas include development of new reservoirs, construction 

of pipelines to connect Dallas to Lake Palestine, fostering relationships with Oklahoma 

Water, and conservation coupled with direct and indirect water reuse [125]. 

DATA AND ASSUMPTIONS 

Analysis of this desalination and long-haul water transfer scenario was completed 

by integrating a variety of geographic, water, and energy datasets with models for energy 

consumption (for pumping, treatment, and conveyance).  ArcGIS software from ESRI 

was used for the spatial analysis and standard fluid mechanics equations were used for 

the pipeline analysis.  To simulate the desalination and long-haul transfer scenario, 

certain data and assumptions are necessary.  This analysis relied on a variety of datasets 

for the simulation, including the following: 

• Global 30 Arc-Second Elevation Dataset [126]  – This 1-km digital elevation 

model (DEM) was used to determine elevation changes between the desalination 
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plants near Houston and Abilene and the centralized distribution point in Dallas.  

The 1-km DEM was appropriate for this analysis to represent topographic 

variability at sufficient scale. 

• Roads/Highways of Texas [127] – This U.S. Department of Transportation dataset 

showing major roads and highways in Texas was used to determine state-owned 

right-of-ways as a possible water pipeline route.   

• Major Texas River Basins [106] – This dataset from the Texas Water 

Development Board was used to analyze which river basins were crossed by the 

long-haul pipeline. 

• Google Earth Latitude and Longitude – Google Earth was used to estimate 

latitude and longitude of the potential desalination plants and centralized 

distribution point. 

• Existing Brackish Groundwater Wells [128] – This dataset from the TWDB was 

used to determine locations and water quality of existing brackish groundwater 

wells near Abilene. 

• Energy for Desalination [44] – Reported ranges of energy for desalination of 

seawater and brackish groundwater were used to determine energy consumption 

for water treatment. 

 

The following assumptions provide the basis for scenario evaluation: 

• Desalination capacity of 20 mgd (75,700 m3/d) – This treatment capacity is 

sufficient for 100,000 people at a mid-range current water use of 200 gallons per 

person per day (0.76 m3/person/d).  This mid-range estimate is based on current 

per capita water use of 238 and 177 gallons per person per day (0.90 and 0.67 
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m3/person/d) in Dallas and Fort Worth, respectively, as calculated by the TWDB 

[55]. 

• Real estate available for desalination – Though demand for coastal property is 

high, this simulation assumes land is available for the seawater desalination 

facility. 

 

While the data described above were generally reported in consistent formats, 

energy analysis is not a built-in function of the elevation capabilities of ArcGIS.  As a 

result, raw elevation data exported to a spreadsheet were used for the pipeline simulation. 

METHODOLOGY 

DEM and Facility Locations 

To begin the desalination with long-haul transfer to Dallas simulation, a 1-km 

DEM was used to represent elevation changes along the water pipeline route.  The DEM 

and all other ArcGIS layers were projected using the NAD 1983 Texas Statewide 

Mapping System projection.  This DEM for the state of Texas was extracted from the 

U.S. Geological Survey 30 arc-second DEM using the raster calculator function in 

ArcGIS 9.3.     

Pipeline Routing 

To simulate the long-haul water pipeline in ArcGIS, routes were drawn between 

the two facility points.  A shortest-distance, straight-line approach was initially 

considered due to the possibility that is would be the lowest energy consumption option, 

but such a pipeline is impractical from a property rights perspective; thus, a straight line 

pipeline was excluded from the final analysis.  If a long-haul project such as this were to 

be implemented, the pipeline would likely follow existing right-of-ways.  Possible routes 
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for the seawater and brackish groundwater long-haul pipelines might follow existing 

right-of-ways of major state roads, shown in Figure 8.1, where easements could be used 

as pipeline routes.  Adding the seawater right-of-way pipeline route shown in Figure 8.1 

to the DEM creates the pipeline route illustrated in Figure 8.2.  The brackish groundwater 

right-of-way pipeline, combined with the DEM, is shown in Figure 8.3. 

 

 

Figure 8.1: Major Texas roads and highways were used to determine the right-of-way 
long-haul pipeline routes such that the routes follow existing easements.  
The brackish groundwater pipeline is shown traveling west to east and the 
seawater pipeline is shown traveling southeast to northwest. 

As additional analysis, a layer for major river basins in Texas was added to the 

DEM and simulated pipelines.  Illustrated in Figure 8.2, the seawater right-of-way 

pipeline begins in the Trinity-San Jacinto basin at the desalination plant, then passes into 

the Trinity and San Jacinto basins, returns to the Trinity basin, and then passes briefly 

into the Brazos basin before returning to the Trinity basin at the distribution point.  The 

brackish groundwater right-of-way pipeline, shown in Figure 8.3, begins in the Brazos 
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basin and then passes into the Colorado basin before returning to the Brazos and ending 

in the Trinity basin.   

 

 

Figure 8.2: The seawater right-of-way long-haul transfer pipeline passes back and forth 
between major river basins:  Trinity-San Jacinto, Trinity, San Jacinto, and 
Brazos, before ending in the Trinity basin. 

While this case study considers two possible pipeline routes, many routes are 

possible between the desalination plants and distribution point.   

Elevation Change Using 3D Analyst 

To determine the elevation change over the route of the right-of-way long-haul 

water pipelines, the 3D Analyst capabilities of ArcGIS were used to measure elevation 

changes along the route.  Following the pipeline routes, the profile graph shown in Figure 

8.4 was generated, providing a snapshot of the elevation cross-section for the seawater 

and brackish groundwater pipelines, respectively.  
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Figure 8.3: The brackish groundwater right-of-way long-haul transfer pipeline begins in 
the Brazos basin and moves into the Colorado, before returning to the 
Brazos and ending in the Trinity basin. 

 

Figure 8.4: Elevation profiles for the seawater and brackish groundwater pipelines show 
a general uphill route for seawater and downhill route for brackish 
groundwater.  Despite these trends, elevation increases along the brackish 
groundwater pipeline are larger than those of the seawater pipeline. 
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The net elevation change between the proposed seawater desalination plant in the 

Houston area and Dallas was measured as 125 m.  Since the elevation decreases between 

the proposed brackish groundwater desalination plant in Abilene and the distribution 

point in Dallas, the net elevation change is negative at -385 m.  Additionally, the 

cumulative elevation was measured as the summation of elevation increases measured in 

the direction of flow.  While it is possible to generate energy during downward flows 

(similar to what is done in California, where water from the Owens Valley generates 

electricity with in-line turbines on its way downhill to Los Angeles) elevation decreases 

in the direction of flow are ignored to provide a high estimate of energy consumption.  

This high energy consumption estimate represents a worst-case scenario, which could be 

used to determine whether in-line turbines or other energy recovery devices are 

necessary.  Complete energy recovery on downhill runs – that is, using only the net 

elevation change between the desalination plant and the distribution point – was used as a 

low estimate of energy consumption.  The net elevation change, cumulative elevation 

change, and pipeline distance from Figure 8.4 are provided in the data shown in Table 

8.1.  These data were then used to calculate energy needed for long-haul water transfer. 

Table 8.1: Pipeline length and cumulative elevation change for the long-haul pipeline 
routes were used to determine total energy consumed for long-haul transfer. 

 
Net Elevation 

Change 
(m) 

Pipeline 
Length 
(km) 

Cumulative Positive 
Elevation Change 

(m) 

Seawater Right-of-Way 
Pipeline 125 434 939 

Brackish Groundwater Right-
of-Way Pipeline -385 325 1,010 
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RESULTS 

To calculate the energy required by the desalination and long-haul transfer 

scenarios discussed above, the desalination treatment and long-haul transfer were 

considered separately.  Seawater desalination requires 9,780 to 16,500 kWh/106 gal, 

while brackish groundwater requires 3,900 to 9,750 kWh/106 gal [44].  For treatment of 

20 mgd (75,700 m3/d), the energy requirements for seawater desalination using reverse 

osmosis total 196 to 330 MWh/d, while brackish groundwater desalination consumes 78 

to 195 MWh/d.  

To calculate the energy requirements for long-haul transfer, both the elevation 

change and pipeline distance were considered.  The power for overcoming the potential 

energy of raising the elevation of the water is: 

∆
∆ ∆  (8.1) 

 

In Equation 8.1, ∆
∆

 is the change in potential energy per time,  is the fluid 

density,  is the flow rate,  is acceleration due to gravity, and ∆  is the net or 

cumulative change in height.  For the flow rate of 20 mgd (75,700 m3/d), overcoming net 

elevation changes in the seawater pipeline (a low estimate of energy consumption for 

elevation changes, assuming complete energy recovery on downhill runs) requires 

approximately 26 MWh/d, while overcoming cumulative elevation changes (a high 

estimate of energy consumption for elevation changes with no energy recovery on 

downhill runs) requires 193 MWh/d for right-of-way water transfer.  Since the brackish 

groundwater pipeline net elevation change is negative, no energy is required to overcome 

net elevation changes; power generation might be possible, depending on sharp elevation 

increases along the route, but zero is used here as an approximation.  For cumulative 
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elevation changes, the brackish groundwater long-haul transfer requires 208 MWh/d.  

Note that while the net elevation change of the brackish groundwater scenario is negative, 

the cumulative elevation change of the downhill brackish groundwater pipeline is greater 

than that of the uphill seawater pipeline.  Thus, these scenarios illustrate that a pipeline 

with an overall downhill route does not necessarily require less energy than an uphill 

route due to cumulative elevation changes along the pipeline. 

Additional energy is required to overcome friction within the pipeline.  For 

turbulent flow in the pipeline, the Darcy-Weisbach equation can be used to estimate head 

loss due to friction:   

2
∆

 (8.2) 

 

In Equation 8.2,  is the head loss due to friction,  is the friction factor, ∆  is 

the pipe length,  is the average fluid velocity, and  is the inside pipe diameter.  The 

friction factor  was estimated using a Moody diagram [129].  Using the head loss 

calculated from the parameters in Table 8.2 and Equation 8.2, the additional energy 

requirement to overcome pipe friction is 1.3 MWh/d and 1.0 MWh/d for seawater and 

brackish groundwater right-of-way transfer, respectively.  

Factoring in high flow pump efficiencies of 65% and additional distribution from 

the centralized point in Dallas to consumer homes, estimated total energy consumption is 

261 to 653 MWh/d for seawater desalination and 423 to 540 MWh/d for brackish 

groundwater desalination, both with right-of-way transfer [130].  Additional energy for 

concentrate disposal is not explicitly considered here.  Energy requirements for the two 

water supply options are shown in Table 8.3, showing energy for treatment and 

distribution with long-haul transfer for desalination. 
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Table 8.2: Estimated and measured parameters for calculations in the long-haul transfer 
pipeline were used to determine energy consumption of water transfer. 

Parameter Value Units 

Acceleration due to gravity,  9.81 m/s2 

Density,  997.08 kg/m3 

Flow rate,  20 
(0.8763) 

mgd 
(m3/s) 

Friction factor,  [129] 0.0115 unitless 

Height,  ∆  See 
Table 8.1 m 

Length, ∆  See 
Table 8.1 m 

Pipe diameter,  3.66 m 

Temperature,  25.3 °C 

Velocity,  0.305 m/s 

Viscosity,  8.94E-04 kg/m·s 

 

Table 8.3: A comparison of the energy consumption for the cases with conventional 
surface water treatment shows a much larger energy requirement for 
desalination and long-haul transfer [43]. 

 Treatment
(MWh/d) 

Long-
Haul 

Transfer
(MWh/d) 

Distribution 
(MWh/d) 

Total 
(MWh/d)

Seawater Desalination + 
Long-Haul Transfer 196-330 41.4-299 24.1 261-653 

Brackish Groundwater 
Desalination + Long-
Haul Transfer 

78-195 321 24.1 423-540 

Conventional Surface 
Water 4.4 0 24.1 28.5 
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Based on estimated energy consumption totals compared to conventional local 

surface water treatment, desalination is 9 to 23 times as energy-intensive as conventional 

water treatment from local surface sources.  Note that here conventional local surface 

water treatment is based on national average values of energy consumption for water 

treatment and distribution.  Energy consumption data for water collection, treatment, and 

distribution are not directly measured and reported in Texas, so this comparison to 

national average values of energy consumption serves as the baseline for this analysis.   

IMPLICATIONS 

The desalination and long-haul transfer simulation presented above represents a 

highly energy-intensive water supply for Dallas.  For the 100,000 people served by this 

scenario, the energy requirements total approximately 2.61 to 6.53 kWh per person per 

day.  On average, Texans used 39.1 kWh of electricity per person per day in 2008 [131, 

132].  Implementation of this desalination and long-haul transfer project causes a 7% to 

17% average increase in daily energy consumption per person that uses the desalinated 

water.   

Additional electricity generation releases additional air emissions, depending on 

the fuel source for power generation.  For coal and natural gas, which generate much of 

the electricity consumed in Texas, the daily air emissions for 653 MWh, the high estimate 

of a desalination and long-haul transfer scenario, are shown in Table 8.4. 

Thermoelectric power generation using coal or natural gas combined-cycle power 

plants also requires water for cooling.  Generation of 653 MWh would withdraw 150,000 

and 359,000 gal and consume 118,000 and 313,000 gal for natural gas combined-cycle 

and coal power generation, respectively, both using cooling towers [16, 86].  While 

nuclear power would not directly produce air emissions like coal and natural gas, 
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generation of 653 MWh with nuclear power would withdraw 620,000 gal and consume 

470,000 gal using cooling towers [16, 86].  For seawater desalination (with 50% 

recovery) and long-haul transfer, total water withdrawals for desalination and power 

generation could reach 40.6 million gal (154,000 m3) for delivery of 20 million gal 

(75,700 m3) of desalinated water.  Similarly, brackish groundwater desalination (with 

90% recovery) and long-haul transfer could total 22.8 million gal (86,500 m3) of water 

withdrawn to deliver 20 million gal (75,700 m3) of desalinated water.  This feedback loop 

of alternative water supplies requiring additional energy, which requires water for power 

generation, might become increasingly more important as water managers seek the next 

increment of water supply.  

Table 8.4: Daily air emissions from electricity generation of 653 MWh using coal and 
natural gas show the desalination and long-haul transfer scenario to produce 
large quantities of greenhouse gases (CO2) and criteria pollutants (SO2 and 
NOx) compared to conventional surface water treatment [95]. 

 Desalination with Long-Haul 
Transfer and Distribution 

Conventional Surface Water 
Treatment with Distribution 

 Coal Natural Gas Coal Natural Gas 

CO2 (kg/d) 679,000 340,000 25,100 12,500 

SO2 (kg/d) 2,020 296 74 11 

NOx (kg/d) 1,480 8.9 55 0.3 

 

While a desalination and long-haul transfer project would provide a plentiful 

source of water for Dallas, additional electricity consumption and increased air emissions 

are tradeoffs for securing water.  Notably, if nuclear, wind, or solar power were used, the 

emissions would be zero.   
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Analysis of the elevation profiles of the seawater and brackish groundwater long-

haul pipelines shows that cumulative elevation changes along the route are important for 

energy consumption for pumping.  While the brackish groundwater pipeline has a general 

downhill trend, the cumulative elevation changes along the route are greater than that of 

the uphill seawater pipeline.  Thus, one cannot assume that downhill long-haul water 

transfer consumes less energy than uphill transfer, depending on whether energy capture 

via in-line turbines is deployed.  Elevation analysis becomes necessary to evaluate energy 

consumption from moving water long distances. 

Additional reliability concerns might arise in response to a desalination and long-

haul water transfer scenario.  While reverse osmosis technology is reliable, external 

factors can affect the consistency of the seawater supply.  The selected location of the 

seawater desalination plant is close to Trinity Bay as a source of seawater.  Though a 

location near the shore minimizes raw seawater pumping distance, such a location is also 

susceptible to inclement weather during hurricane season.  Additionally, recreational and 

commercial activity in Trinity Bay may degrade influent water quality by increasing 

suspended sediment, as was observed during pilot-scale testing for a seawater 

desalination plant in Brownsville, Texas [123].  Discharge of seawater reverse osmosis 

concentrate can also harm marine life due to elevated levels of salinity [118]. 

Multiple factors regarding human behavior figure into such an alternative water 

supply option as desalination and long-haul water transfer.  Quantity of water 

consumption is not constant and might increase or decrease over time.  Additionally, 

lower cost options such as conservation and redistribution to high-valued water 

applications might replace or reduce pursuit of new water supplies [46]. 

Another option for providing the next increment of water supply is 

implementation of desalination in coastal communities in Texas, eliminating the need for 
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long-haul water transfer.  As coastal communities move to seawater or brackish water 

sources, holding surface water rights in these communities might no longer be necessary, 

opening up the possibility for inland cities to negotiate contacts for local surface water 

sources.  While transfer of existing surface water rights would require complex legal 

negotiations, such a redistribution of water sources would likely decrease energy 

consumption for water pumping over long distances. 

CONCLUSIONS 

While desalination and long-haul transfer of treated water might improve the 

resiliency of water supply to Dallas, this water comes with a large cost of additional 

energy consumption and attendant emissions.  Such a water treatment and supply system 

would require 9 to 23 times as much energy as conventional surface water treatment of 

local sources for drinking water.  

Sustainability of a water supply includes all aspects of the water system:  

collection, treatment, disinfection, and distribution.  Seawater desalination near Houston, 

Texas, or brackish groundwater desalination near Abilene, Texas, with subsequent long-

haul water transfer to Dallas, Texas, requires additional energy over local surface water 

sources for both treatment and distribution.  However, desalination and long-haul transfer 

might be appropriate as a back-up water supply during times of drought.  The increased 

energy requirement, along with reliability concerns due to weather and influent water 

quality, might make desalination and long-haul transfer as a water supply scenario less 

sustainable than other alternatives, including conservation and end-use transfer. 
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Chapter 9:  Wind Power from Brackish Groundwater Desalination in 
the Texas Panhandle 

BACKGROUND 

As populations grow, many cities have pursued use of alternative water supplies 

for drinking water that are often more remote or of lower quality.  Delivering drinking 

water to customers requires energy for raw water collection and conveyance, treatment 

and disinfection, and distribution to homes.  Unfortunately, meeting the demand for 

drinking water using alternative water supplies can dramatically increase electricity 

consumption in the water sector.  Coping with strain on the energy-water nexus presents 

challenges for resource planners and policy makers. 

One possible alternative water supply for certain areas of Texas is desalination for 

use of brackish groundwater.  Since desalination is an energy-intensive process, potential 

exists to utilize wind-generated electricity to power the process and prevent emission of 

additional air pollutants associated with fossil fuels.  Wind turbines and reverse osmosis 

desalination equipment have high capital costs (and high operating costs for 

desalination), thus the fixed and variable costs must be carefully analyzed prior to 

implementation of a wind-powered desalination project. 

The case study presented in this chapter uses an integrated thermoeconomic 

assessment to examine the economic and technological feasibility of using wind power 

for brackish groundwater desalination in Texas.  Economic feasibility is evaluated for a 

few different parameters:  wind power transmission versus brackish water pipelines, 

maximum depth to the brackish aquifer, and sufficient aquifer volume for the project to 

break even.  These economic results then form a basis for an analysis of technological 

feasibility to determine areas suitable for wind-powered brackish groundwater 

desalination in Texas.   
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Wind Power 

Historically, energy from wind was used for a variety of tasks, including marine 

transportation via wind-propelled boats, water pumping, and grain crushing.  Harvesting 

wind for electricity generation using wind turbines took place as early at 1890 in 

Denmark [133].  With a push toward renewable electricity standards and existing 

production tax credits for wind-generated electricity, wind power has grown substantially 

in recent U.S. history. 

The cumulative installed capacity for wind electricity generation in the United 

States has increased nearly exponentially since 1982, to an estimated total of 16,900 MW 

[134].  Despite this large increase in wind turbine installations, wind accounts for only 

1.5% of electricity generating capacity in the United States [135].  Integrating wind 

power into the existing U.S. electricity grid poses a challenge due to the intermittency of 

the resource, since electricity is not generated when the wind is not blowing.   

Wind’s intermittent nature creates challenges when larger amounts of wind-

generated electricity are sold on the grid.  Beyond direct energy storage, one option to 

mitigate grid-wide challenges is to dedicate wind power to energy-intensive, high-value 

processes that can be operated intermittently, such as wind-powered desalination.   

Desalination 

Treating seawater or brackish water to potable water standards requires 

desalination in some form to remove total dissolved solids, generally salts.  Desalination 

technologies include thermal processes, such as multi-effect distillation and multi-stage 

flash, or membrane processes, the most common of which is reverse osmosis [45].  

Reverse osmosis uses high-pressure pumps to overcome osmotic pressure such that water 

permeates through the membrane, becoming permeate or product water.  As shown in 

Figure 2.2, feed water is pumped to the reverse osmosis membrane where nearly-pure 
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water permeates through the membrane and concentrated salts are retained as 

concentrate.  Reverse osmosis processes are usually arranged in a cascade fashion to 

improve the recovery of permeate, defined as the ratio of permeate to feed.  Recovery of 

reverse osmosis treatment for brackish water ranges from 50 to 90%, depending on feed 

water quality and operating parameters [46]. 

Historically, desalination has been used as a drinking water supply in areas of the 

world with abundant inexpensive energy and scarce freshwater, such as Saudi Arabia.  

An increasing number of coastal cities are turning to seawater desalination to supplement 

dwindling freshwater resources, yet worldwide desalination capacity totaled a mere 15.8 

billion gal/d (59.9 million m3/d), or 0.5% of global freshwater use [116]. 

Seawater desalination is relatively straightforward, with reverse osmosis 

recoveries ranging from 35 to 60% [46].  Reverse osmosis treatment of brackish 

groundwater is also relatively straightforward, but inland locations have the additional 

challenge of concentrate disposal.  During coastal desalination, the waste stream with 

concentrated salts is usually disposed in the ocean or gulf through dispersion to minimize 

adverse impacts on aquatic life.  Inland locations usually do not have the luxury of 

surface water disposal; thus, concentrate must be disposed via evaporation ponds, deep 

well injection, or municipal wastewater systems, or further treated by drying to form 

solid salts that are later disposed in a landfill [136].  These disposal options require 

careful monitoring to ensure land and other water supplies are not contaminated with the 

concentrated salts, in the case of evaporation ponds and deep well injection, and to reduce 

adverse effects on municipal wastewater treatment operations.   

In response to concentrate disposal challenges for inland desalination, researchers 

have aimed at improving overall recovery by minimizing the concentrate waste stream.  

One particular approach uses electrodialysis, another energy-intensive water treatment 
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process, to further treat the concentrate stream and recover additional product water 

[137].  These technologies reduce the volume of concentrate that requires disposal and 

produce more treated water for sale as drinking water.   

Wind-Powered Desalination 

Integrating desalination and wind-generated electricity has become a recent topic 

of discussion due to public aversion to the energy-intensity of desalination.  For example, 

wind is used to power a seawater desalination facility in Perth, Australia, in response to 

public concern over greenhouse gas emissions [4].  Pilot-scale tests are underway to use 

wind-generated electricity for brackish groundwater desalination at Texas Tech 

University and the City of Seminole, Texas [138].   

Desalinating water using wind power is not without challenges.  Both wind 

turbines and reverse osmosis membranes are capital-intensive.  Process control systems 

for integrating wind with desalination incorporate complex models of water demand and 

electricity generation with intermittent wind resources.  Reverse osmosis membranes can 

operate intermittently, yet process parameters must be carefully optimized to prevent 

excessive wear on membranes [139].  Like many natural resources, groundwater is an 

exhaustible resource if it is not extracted sustainably. 

The overall integration of wind-generated electricity and desalination has many 

potential benefits to compensate for the associated challenges.  Since brackish 

groundwater contains high levels of dissolved solids, it is generally not suitable for 

agricultural irrigation.  Thus, water users generally do not compete for access to brackish 

groundwater.  Desalination of brackish groundwater produces drinking water from a 

resource previously considered unusable.  While desalination is an energy-intensive 

process, use of wind-generated electricity eliminates associated air emissions and fuel 
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costs by utilizing renewable electricity.  As a result, wind-powered desalination produces 

a high-value product (drinking water) from an unusable resource (brackish groundwater) 

using energy that cannot be dispatched on-demand (wind-generated electricity without 

storage).   

TEXAS AS A CASE STUDY 

Populations in Texas are growing, while estimates from the TWDB show that 

existing water supplies are dwindling [55].  Consequently, water resource managers 

might need to consider water supplies previously considered unusable, such as brackish 

groundwater or seawater.   

Brackish groundwater is prevalent in Texas, as shown in Figure 9.1, yet this 

resource has been viewed as unusable due to the energy-intensity, environmental impacts, 

and costs of desalination.  However, strained water supplies in some Texas cities, such as 

El Paso, have led to implementation of brackish groundwater desalination as a drinking 

water supply.  One alternative to using traditional fossil fuel-generated electricity for 

desalination is using wind resources, which are also prevalent in Texas, as shown in 

Figure 9.2.  As a result, Texas is a suitable case study for evaluating the economic and 

technological feasibility of using wind-generated electricity for brackish groundwater 

desalination.   

Since reverse osmosis is an energy-intensive technology, brackish groundwater 

desalination generally exacerbates the amount of electricity consumed in the water sector.  

The case study in this chapter examines the feasibility of reducing strain on the energy-

water nexus by utilizing renewable energy to treat water supplies previously considered 

unusable.   



 120

 

Figure 9.1: Brackish groundwater wells are found throughout the state of Texas (noted 
with green circles) [128].  Water is considered brackish when total dissolved 
solids exceed 1,000 mg/L. 

 

Figure 9.2: Many areas of west Texas have wind power classifications of 3 or greater, 
which are suitable for utility-scale wind turbines [140, 141]. 
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DATA AND ASSUMPTIONS 

Analysis in this case study was completed using optimization techniques and the 

Raster Calculator in ArcGIS software from ESRI.  To analyze a wind-powered brackish 

groundwater desalination project, certain data and assumptions are necessary.  Data for 

this case study include the following: 

• Wind energy potential:  This dataset from the Alternative Energy Institute (AEI) 

shows wind energy classifications as a geographic information systems (GIS) 

raster file [141].  Wind energy classifications are based on wind power density 

and wind speeds at both 10 m and 50 m heights [140].  

• Brackish groundwater wells:  This dataset from the TWDB provides the location, 

depth, and water quality of brackish groundwater wells in Texas [128].   

• Costs:  Cost estimates were collected for capital costs (fixed costs) and operations 

and maintenance costs (variable costs) from various literature sources and are 

presented later.  

 

Analysis in this case study is based on the following assumptions: 

• Reverse osmosis treatment capacity of 2,650 m3/d:  Membrane treatment is 

possible on both large and small scales.  As a water utility, the wind-powered 

desalination facility is assumed to be rated to produce 0.7 mgd (2,650 m3/d) of 

treated water.  Average recovery, defined as the ratio of product water (permeate) 

flow to incoming flow, for brackish water reverse osmosis is 70% [46].  Thus, 

3,785 m3 of brackish groundwater are withdrawn daily.  The treated water 

quantity is enough for 5,000 people each using 0.53 m3/person/d – a water 

conservation goal set by the Texas Water Conservation Implementation Task 

Force [94]. 
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• Vertical integration of the wind turbines and brackish groundwater desalination 

facility:  Both the wind turbines and desalination facility are assumed to operate 

as a single firm such that electricity costs for desalination are zero.  For one of the 

economic parameters analyzed, the opportunity cost of lost electricity sales is 

included in the economic analysis to account for larger wind turbine requirements.  

Future analysis might consider the case for which ownership of the wind turbines 

and desalination facility is decoupled. 

• Purchase of brackish groundwater:  Groundwater law in Texas is governed by the 

right of capture, such that landowners may pump water beneath their property 

[99].  This economic analysis assumes that brackish groundwater is purchased 

from a landowner and land purchase is not required for the project.  Land would 

instead be leased over the project duration.   

• Land availability:  While reverse osmosis membranes have relatively small 

physical footprints, wind turbines require significant land area.  This analysis 

assumes land is available and specifically excludes the opportunity cost of 

commercial or residential development on that land. 

• Treated water customer availability:  This analysis does not consider possible 

customers of the desalinated water due to politics and complexity in regional 

drinking water planning.  The analysis in this chapter merely analyzes the 

feasibility of the wind-powered desalination facility itself.  Therefore, costs for 

water distribution from the desalination facility to the point of end use are not 

considered here. 
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METHODOLOGY 

The economic feasibility of implementing a wind power for brackish groundwater 

desalination project was evaluated using three parameters to simulate different operating 

conditions that would affect overall profitability.  These parameters are presented as 

operational questions a planner, manager, or policy maker might ask prior to deciding 

whether to proceed with using wind power for desalination.  While these parameters 

provide feasible economic conditions, their overall purpose is to establish conditions for 

the geographic analysis. 

1. Transmission versus pipeline:  Is it more cost-effective to build transmission to 

bring wind power to the brackish groundwater well or build pipelines to bring 

brackish water to the wind turbines?  

2. Maximum depth:  At what distance between the wind turbine and the brackish 

aquifer (i.e., depth to the water table) does this scenario become economically 

infeasible? 

3. Minimum quantity:  Is there a minimum quantity of brackish groundwater that 

will make such a project feasible?  In other words, what quantity of brackish 

groundwater must be treated and sold to reach the breakeven point of the project?  

Due to economies of scale, it is reasonable to hypothesize that there is a minimum 

aquifer quantity beyond which wind-powered desalination is viable. 

Analysis of the fixed and variable costs associated with wind-generated electricity 

transmission and brackish groundwater pumping are central to the economic analysis 

when assessing construction of transmission versus a pipeline, as shown in Figure 9.3.  

The analysis of transmission versus a pipeline compares the average total cost of 

transmission to the average total cost of a pipeline. 
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Figure 9.3: The transmission versus pipeline analysis compares the cost-effectiveness of 
constructing transmission to move wind power to the brackish aquifer 
versus constructing a pipeline to move brackish groundwater to the wind 
turbine. 

 Pumping water requires large amounts of energy, so maximum depth and 

minimum aquifer quantity were estimated.  Maximum depth was calculated as the depth 

to the water table at which the average variable costs of the project exceed the sales price 

for treated water.  Minimum aquifer quantity was calculated as the quantity of water 

necessary to make total revenue equal total cost – the breakeven point.  The maximum 

depth and minimum quantity parameters are illustrated in Figure 9.4. 

The simulation of the optimization parameters illustrated in Figures 9.3 and 9.4 

was based on both fixed and variable costs reported in literature and summarized in Table 

9.1.  Cost values in Table 9.1 have been adjusted to 2008 dollars using the Consumer 

Price Index (CPI) from the Department of Labor Bureau of Labor Statistics [142].  

Constructing wind turbines and reverse osmosis facilities are capital- and labor-intensive 

projects.  Operating desalination facilities is also costly when operating costs for 
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electricity consumption are included.  As a result, some of the ranges shown in Table 9.1 

are wide to account for uncertainty in materials availability, technology, operations, and 

financing options.   

 

 

Figure 9.4: Estimating the maximum depth determines the depth to brackish water at 
which the average variable costs of the project exceed the treated water sales 
price.  The minimum aquifer quantity determines the breakeven point of 
wind-powered desalination. 
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Table 9.1: Reported cost values vary for the fixed and variable costs associated with brackish groundwater desalination 
using wind power in Texas.  The CPI was used to convert reported values to 2008 dollars [142]. 

 

†Adapted from literature source, unless noted.  See Nomenclature for appropriate variable units. 
‡Statistics from authors’ linear regression shown, with t-statistics for coefficients in parentheses.  Insignificant coefficients were deleted. 
*Does not include electricity costs due to system vertical integration. 

Description 
Reported Costs 

(2008$) Units 

Analysis Equations† 
(2008$) Source 

Low High Parameters Units 

Wind turbine 
(installed) $1,450 $2,810 $/kW 2.13  $ [134] 

Power transmission $1,120 $1,680 $/m 0.215 ‡ 
           (6.53) 0.93 $ [143] 

Wind operations & 
maintenance $3 $13 $/M

Wh 
& 8.41 10 7.68 10 ‡

                        (-2.18)                      (5.32) 0.37 $/d [134] 

Reverse osmosis 
equipment & facility $510 $958 $/m3/

d 
8.08 10  

            (6.66) 0.96 $ [144, 
145] 

Groundwater well $116,000 $196,000 $ 7.38 10 883  $ [146] 

Treated water 
distribution $196 $1,220 $/m 33.3 15.2 .  $ [147] 

Reverse osmosis 
operations & 
maintenance* 

$0.09 $0.18 $/m3 
& 26,600 7060  $/d [145, 

148] 

Brackish water $0.05 $0.06 $/m3 5010  $/d [149] 
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The economic analysis and results are based on the analysis equations for fixed 

and variable costs shown in Table 9.1, which were adapted from equations reported in 

literature or estimated using reported costs and linear regression.  The power rating of the 

wind turbine, , is based on energy requirements for both brackish groundwater 

desalination (average of 1.79 kWh/m3) and water pumping from the aquifer and in 

pipelines, where appropriate [43].  The wind turbine power rating was calculated as 

shown in Equation 9.1, based on the Darcy-Weisbach equation in Equation 9.2. 

4

2  (9.1) 

Friction loss was estimated using the Darcy-Weisbach equation for head loss, , 

in pipes [129]: 

2  (9.2) 

In Equations 9.1 and 9.2,  is the power of wind turbine in W,  is the density 

of water in kg/m3,  is the water flow rate in m3/s,  is acceleration due to gravity in 

m/s2,  is the pump efficiency,  is the wind energy capacity factor,  is the depth to 

aquifer in m,  is pipe diameter in m,  is the friction factor,  is pipe length in m,  is 

the energy for brackish groundwater desalination in kWh/m3, and  is the average fluid 

velocity in m/s.  The friction factor, , was found using the Reynolds number and a 

Moody diagram [129].  Head loss in the brackish pipeline was calculated using Equation 

9.2 and the parameters in Table 9.2.  

Future analysis not included here could include a sensitivity analysis based on 

uncertainty in costs.  Additionally, Texas average retail values of $0.11/kWh and 

$1.17/m3 for electricity and water, respectively, were used to estimate revenues [94, 150]. 
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Table 9.2: Standard values and assumptions were used to calculate head loss due to 
friction using the Darcy-Weisbach equation. 

Description Factor Value Units 

Density  1000 kg/m3

Viscosity  8.90E-04 kg∙m/s 

Friction factor  0.016 unitless 

Velocity  0.60 m/s 

Diameter  0.30 m 

Reynolds number  2.06E+05 Unitless

Temperature  25.5 °C 

 

Technological feasibility of using wind power for brackish groundwater 

desalination was determined based on the results of the economic parameters.  Wind 

power rated as Class 3 or higher is required for utility-scale wind turbine operations 

[140].  Thus, in addition to the economic parameter results, feasibility was evaluated only 

for areas with sufficient wind power classifications.  Overall feasibility requires both 

economic and technological feasibility.   

RESULTS 

Transmission versus Pipeline 

To determine whether constructing transmission to bring wind power to the 

brackish well or constructing a pipeline to bring brackish groundwater to the wind turbine 

was more cost-effective, average total costs of the two options were compared.  For this 

comparison, the fixed and variable costs for the wind turbine and desalination facility 

were constant, so only the average total cost of transmission, , versus pipelines, 

, were compared, as shown in Equations 9.3 and 9.4. 
0.215

 (9.3) 
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1
33.3 15.2 . $0.11

4

2  
(9.4) 

Electricity is required for pumping water to overcome elevation changes (assumed 

here to be negligible due to high geographic variability) and friction.  Equation 9.4 

includes opportunity cost of unrealized electricity sales due to additional power 

requirements for pumping over the length of the pipeline.   

The following assumptions were made regarding geographic and operations 

parameters when comparing transmission versus a pipeline: 

• Distance between the brackish well and wind turbines of 5 km. 

• Pump efficiency of 60%. 

• Interest rate of 10% for financing capital equipment purchases. 

• Negligible elevation changes between the brackish well and wind turbines. 

• Opportunity cost of lost electricity sales when pumping brackish water through 

the pipeline. 

Wind-generated electricity transmission has high fixed costs, shown in Table 9.1, 

but variable costs are small.  The brackish water pipeline also has high fixed costs, but 

also requires electricity for pumping water across long distances.  This variable cost of 

electricity is $0.11/kWh, the average cost at which the electricity could have been sold 

[150].   

Holding the distance between the wind turbine and the brackish groundwater well 

constant, the depth to the water table at which  equals , was calculated based 

on Equations 9.3 and 9.4.  This depth, calculated as 232 m, is the depth at which  

and  both equal $4,490,000 in 2008 dollars.  With 5 km between the wind turbine 

and brackish groundwater well, constructing transmission to bring wind power to the 
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brackish groundwater well is more cost effective for water depths less than 232 m.  That 

is, controlling for distance, shallower groundwater depths favor constructing wind power 

transmission.  Conversely, depths greater than 232 m favor constructing a pipeline to 

pump brackish water to the wind turbine.  Pumping from greater depths requires 

additional electricity, thereby increasing the cost of transmission; in response, 

constructing a pipeline becomes a more economical option. 

Controlling for groundwater depth at a constant 232 m, distances less than 5 km 

show constructing a pipeline to be more cost effective than constructing wind power 

transmission lines.  Distances greater than 5 km favor constructing wind power 

transmission.  To generalize, these results show that constructing transmission is best 

suited for longer distances and shallower groundwater depths, while constructing a 

pipeline is best suited for shorter distances and deeper groundwater depths. 

Maximum Depth and Minimum Quantity 

As water tables fall, pumping brackish groundwater might become economically 

infeasible as more electricity is required for pumping.  Maximum depth is estimated as 

the maximum distance to the water table at which this wind-powered desalination project 

would still remain feasible; any depth greater than the maximum depth would become 

economically infeasible due to pumping costs.   

To estimate maximum depth, the following assumptions were made regarding 

operations parameters: 

• Pump efficiency of 60%. 

• Reverse osmosis recovery of 70% [46]. 

• Treated water sales at the market price of $1.17/m3, on average [94]. 
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To determine this maximum depth, the average variable cost, , was calculated 

for a co-located wind turbine and brackish groundwater well.  Excluding fixed costs, 

average variable cost for wind-powered desalination was calculated using Equation 9.5 

developed from the cost equations in Table 9.1. 
1

8.41 10 7.68 10 26,600

12,100  
(9.5) 

The market for drinking water is not necessarily perfectly competitive since many 

municipalities have a single water supplier, yet the wind-powered desalination facility in 

this case study is assumed to be a price-taker in the market.  Thus, treated water is sold at 

$1.17/m3 [94].  In a competitive market where firms are price-takers, firms will remain in 

the market until the average variable cost, , of production exceeds price.  As a result, 

maximum depth is the brackish groundwater depth at which the average variable cost of 

wind-powered desalination exceeds the market price for treated water. 

Using Equation 9.5, the depth at which the average variable cost equals the 

market price for water of $1.17/m3 is 2,140 m.  Thus, for water depths greater than 2,140 

m, wind-powered desalination becomes economically infeasible.  Such a water depth is 

large, yet not completely unreasonable; the deepest existing brackish well in Texas is 

3,650 m [128].  Many shallower brackish groundwater wells currently exist; therefore, 

wind-powered brackish groundwater desalination might be feasible in many areas of 

Texas.   

For a capital-intensive project such as wind-powered brackish groundwater 

desalination to break even – recoup all fixed and variable costs – production must reach a 

certain quantity over time; the point at which cumulative total cost equals cumulative 

total revenue is the breakeven point.  To determine the breakeven point, the quantity of 
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brackish water necessary for production to continue until fixed and variable costs are 

recovered was estimated. 

To estimate the minimum aquifer quantity, the following assumptions were made 

regarding operations parameters: 

• Pump efficiency of 60%. 

• Reverse osmosis recovery of 70% [46]. 

• Interest rate of 10% for financing capital equipment purchases. 

• Initial depth to brackish groundwater of 1.22 m, which represents the minimum 

brackish well depth in Texas [128]. 

• Water table drop of 1.5 m/yr such that pumping depths increase as brackish 

groundwater is withdrawn from the aquifer. 

• Treated water sales at the market price of $1.17/m3, on average [94]. 

Based on the analysis equations presented in Table 9.1, Equation 9.6 was 

developed to represent the total cost, , of wind-powered desalination.   

2.35 8.08 10 33.3 15.2 . 883 7.38 10

8.41 10 7.68 10 26,600

12,100  (9.6) 

The total cost calculated using Equation 9.6 represents the cumulative fixed and 

variable costs incurred over the time of operations, , for the wind-powered desalination 

facility with a co-located wind turbine and reverse osmosis facility. 

Total revenue over the period of operations was calculated using Equation 9.7. 

$1.17  (9.7) 

In Equation 9.7,  represents the reverse osmosis system recovery.  Setting 

Equations 9.6 and 9.7 equal to each other, the breakeven point – the time of operations at 
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which total cost equals total revenue was calculated.  The corresponding minimum 

aquifer quantity is the product of the breakeven point and the brackish groundwater flow 

rate, .  For the minimum brackish aquifer depth of 1.22 m with a 1.5 m/yr drop in the 

water table, a breakeven point of 5.62 years was estimated.  This length of operations 

time corresponds to a minimum aquifer volume of 7,760,000 m3.  The breakeven point 

and minimum aquifer volume will increase for deeper initial well depths.  As with most 

underground natural resources, determining the size of the brackish groundwater reserve 

is uncertain, but different testing and analysis methods can estimate the aquifer reserve to 

determine project economic feasibility.  Brackish groundwater is, however, an 

exhaustible resource and extraction costs will increase as the water table falls due to 

production, approximated here as a 1.5 m/yr drop in the water table. 

Economic and Technology Feasibility 

Using the presented economic parameter results, ArcGIS was used to determine 

geographic areas of economic and technological feasibility.  Parameter results show that 

wind-powered brackish groundwater desalination is economically feasible when well 

depths are less than 2,140 m and aquifer quantities are at least 7,760,000 m3.  Wind 

power classifications show that wind characterized as Class 3 or greater is sufficient for 

utility-scale wind turbines [140].   

Based on these conditions, overall feasibility was estimated for Texas using GIS 

raster files for wind energy potential and existing brackish groundwater well locations.  

Brackish groundwater wells exist in areas of wind potential in Class 3 and greater, so 

wind-powered desalination is feasible for potential water customers in the area.  Figure 

9.5 shows that these areas of feasibility are focused in the Panhandle region of west 

Texas.  These areas of feasibility are classified by profitability, defined as the difference 



 134

between total revenue and total cost over a 10 year operating period.  In particular, areas 

of high profitability are found near the cities of Abilene and Lubbock, which might 

become potential customers of the desalinated water.  

These results show that brackish groundwater desalination using wind-generated 

electricity is economically and technologically feasible on a basic level.  Additional in-

depth studies are necessary to determine feasibility for a specific location with a specific 

brackish groundwater resource.  Incorporation of sophisticated technology control 

schemes, process optimization, and energy storage are also possibilities to improve the 

project’s feasibility, yet these factors are beyond the scope of this ground-level analysis  

POLICY IMPLICATIONS 

Brackish groundwater desalination using wind-generated electricity produces 

drinking water from low-quality water generally considered unusable using renewable 

electricity.  Concern over air emissions, especially carbon dioxide (CO2), has led many 

resource planners and policy makers to carefully weigh options when considering energy-

intensive processes, such as desalination.  Since wind-generated electricity does not 

produce emissions directly, this energy-intensive desalination project remains emissions-

free.   

Using emissions-free wind power avoids the externality of air emissions 

associated with coal- and natural gas-fired power plants.  Air emissions, such as CO2, 

SO2, and NOx, have adverse impacts on the environment.  The SO2 and NOx externalities 

have negative impacts on citizens nearby yet downwind of the emissions source via acid 

rain and smog, respectively, and are regulated by the EPA.  In contrast, the CO2 

externality has adverse impacts on global climate.  As a result, the optimal tax on air 
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emissions varies with different pollutants; policy makers have implemented a tax-like 

system for SO2 via emissions cap-and-trade markets. 

 

Figure 9.5: Areas of economically and technologically feasible wind-powered brackish 
groundwater desalination are found in the Texas Panhandle.  Using a 10 
year operating period, areas of high profitability are found near the cities of 
Abilene and Lubbock, Texas. 
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Operating a brackish groundwater desalination facility is an energy-intensive 

process.  This economic and technological feasibility study was based on wind-generated 

electricity; yet brackish groundwater desalination is also possible with traditional fossil 

fuel-generated electricity using coal or natural gas.  The air emissions associated with 

desalination of brackish groundwater with a well depth of 1.22 m (the minimum depth 

amongst existing brackish groundwater wells) using coal- or natural gas-generated 

electricity are summarized in Table 9.3.  Avoiding these substantial emissions by using 

wind power eliminates air pollution externalities associated with the project. 
 

Table 9.3: Using electricity generated from coal or natural gas instead of wind creates 
negative externalities through substantial daily air emissions [95].  Note that 
wind-generated electricity has zero direct emissions. 

Air Emissions Coal Natural Gas 

CO2 (kg/d) 7,140,00 3,570,000 

SO2 (kg/d) 21,200 3,120 

NOx (kg/d) 15,600 93.5 

 

Though air emissions externalities are not directly associated with wind-powered 

brackish groundwater desalination, other externalities are coupled with such a project.  

Excessive aquifer pumping depletes exhaustible groundwater resources and can lead to 

land subsidence, where land surface levels sink as the water below ground is extracted 

[117].  Land subsidence can lead to sinkholes and cause damage to structures and 

agriculture present on the land.  Concentrate waste from reverse osmosis operations also 

has associated externalities.  Energy-intensive drying operations produce salt solids that 

must be disposed and surface evaporation ponds might contaminate surrounding land or 

freshwater aquifers with concentrated salts [136].  These considerations vary widely with 
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geography and also affect the overall feasibility of a wind-powered brackish groundwater 

desalination facility.   

As with all resource planning, the costs and benefits of wind-powered brackish 

groundwater desalination must be weighed against each other.  When local, high-quality 

water supplies are available, wind-powered desalination might be infeasible by 

comparison.  As cities grow and require more water, wind-powered desalination might be 

a feasible water supply in some areas of the Texas Panhandle; yet, other water supply 

options exist, such as long-haul water transfer and strict conservation standards.  Further 

study becomes necessary before pursuing new water supplies.   

CONCLUSIONS 

Brackish groundwater desalination using wind-generated electricity is both 

economically and technologically feasible in areas of the Texas Panhandle with areas of 

high profitability around the cities of Abilene and Lubbock.  Simulation of economic 

parameters illustrates the economic feasibility of wind-powered desalination: 

• For constant distance between the wind turbine and brackish groundwater 

well of 5 km, constructing wind power transmission is more cost effective 

for well depths less than 232 m.  For depths greater than 232 m, 

constructing a pipeline becomes more cost effective.   

• For constant brackish groundwater well depth of 232 m, constructing wind 

power transmission is more cost effective for distances between the wind 

turbine and well of greater than 5 km.  For distances less than 5 km, 

constructing a pipeline becomes more cost effective. 

• In general, constructing transmission to bring wind power to the brackish 

groundwater well is suited for long distances and shallow well depths.  
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Constructing a pipeline to bring brackish water to the wind turbine is 

suited for short distances and deep well depths. 

• Wind-powered brackish groundwater desalination remains economically 

feasible at aquifer depths up to 2,140 m. 

• Brackish groundwater reserves of 7,760,000 m3 are necessary for a wind-

powered desalination project with initial brackish groundwater well depth 

of 1.22 m to break even.  This minimum aquifer quantity corresponds to 

wind-powered desalination operations for 5.62 years. 

These economic feasibility results are based on current fixed and variable cost 

information.  When combining these economic feasibility results with wind power 

potential in Texas, many areas of the Panhandle are potentially suitable for implementing 

brackish groundwater desalination facilities that are vertically integrated with wind-

generated electricity.  As populations grow and water use rises, resource managers and 

policy makers might be required to pursue alternative supplies for drinking water, 

including brackish groundwater desalination.  Wind-powered desalination presents 

opportunities for supplying drinking water in a sustainable manner with zero associated 

air emissions. 
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Chapter 10:  Energy Recovery from Wastewater Treatment Plants in 
the United States 

This chapter was published as the following journal article: 

Stillwell, Ashlynn S., David C. Hoppock, and Michael E. Webber. “Energy Recovery 

from Wastewater Treatment Plants in the United States: A Case Study of the 

Energy-Water Nexus.” Sustainability, vol. 2, no. 4 (April 2010), pp. 945-962. 

BACKGROUND 

Wastewater treatment plants represent a portion of the broader nexus between 

energy and water [86].  Collecting, treating, and discharging municipal wastewater to 

acceptable permit standards requires energy, mostly as electricity, but also as natural gas 

or other fuels.  Nationwide, wastewater treatment represents 0.1 to 0.3% of total energy 

consumption and within local city and community government, water and wastewater 

treatment operations are often the largest consumer of energy [151].  Energy for 

wastewater treatment is likely to increase in the future due to increasing population, 

stricter discharge requirements, and aging infrastructure.  Possible future standards for 

removal of currently-unregulated contaminants, such as pharmaceuticals and personal 

care products, might require significant increases in energy consumption at wastewater 

treatment plants [50, 51]. 

Fortunately, most wastewater treatment facilities can significantly reduce their 

energy costs, by up to 30% or more, through energy efficiency measures and treatment 

process modifications [152].  Through optimized aeration and improved pumping alone, 

wastewater treatment plants could save 547 to 1,057 million kWh annually, reducing 

overall energy use in the wastewater sector by 3 to 6% [153]. 
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Wastewater treatment process modifications considered in this chapter include 

anaerobic digestion with biogas utilization and biosolids incineration with electricity 

generation.  This analysis provides a top-level estimate of energy savings within the 

wastewater sector in the United States via these two process modifications.  First, 

potential energy recovery from anaerobic digestion with biogas utilization was examined 

on a national scale.  Since the state of Texas produces and consumes more electricity than 

any other state in the nation, Texas was then used as a testbed for analysis of energy 

recovery from biosolids incineration with electricity generation.  These energy recovery 

strategies could help offset the electricity consumption of the wastewater sector and 

represent possible areas for sustainable energy policy implementation.  Energy recovery 

at wastewater treatment plants represents an important policy lever for sustainability.   

Anaerobic Digestion with Biogas Utilization 

Wastewater treatment consists of chemical, physical, and biological processes to 

treat raw municipal sewage and separate wastes into a liquid effluent stream, which is 

usually discharged to a receiving water body, and solid-liquid streams of debris and 

sludge.  Prior to reuse or disposal, wastewater sludge must be treated to reduce odors and 

disease-causing agents such as pathogens and bacteria.  Treated sludge is then referred to 

as biosolids.  Biosolids have high water content and typically are dewatered prior to 

further treatment or disposal.  Some municipal wastewater treatment plants incinerate 

dewatered biosolids as a means of disposal, which requires dewatering prior to 

incineration.  Other biosolids management methods include use as fertilizers or soil 

stabilizers or disposal in a landfill [84, 154]. 

Sludge is usually treated to form biosolids using some form of digestion.  Sludge 

digestion and the associated solids processing operations constitute the second largest use 
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of electricity in wastewater treatment [155].  Aerobic digestion processes use oxygen, 

either from air or in pure form, to facilitate microorganism digestion of solids, pathogens, 

and bacteria, forming carbon dioxide and biosolids among the products.  The energy-

intensity of blowers and aerators makes aerobic digestion a large energy consumer, yet 

aerobic digestion is commonly used in practice due to ease of aerobic operations.  

Anaerobic digestion processes, on the other hand, facilitate digestion in the absence of 

oxygen, forming methane-containing biogas and biosolids as products.  Biogas produced 

from anaerobic digestion is a possible fuel source for digester heating or electricity 

generation [84, 151].  Previous research by the scientific community has analyzed the 

mass balance of organic material throughout wastewater treatment operations, carbon 

sequestration via wastewater treatment, and energy recovery from anaerobic digestion 

and biosolids incineration at pulp and paper mill wastewater treatment operations [156-

158]. 

Optimized anaerobic digestion occurs in two temperature ranges, mesophilic, 32 

to 35 °C, and thermophilic, 50 to 57 °C; therefore, digester heating might be necessary in 

some climates.  In these temperature ranges, anaerobic digestion produces biogas 

containing 40 to 75% methane, with a balance of primarily carbon dioxide and other 

compounds, with 60% methane as a typical composition.  As a rule of thumb, anaerobic 

digestion produces about 35 m3 of gas per day per person in the service area, which has a 

typical heating value of approximately 6.2 kWh/m3 [159].  Biogas also contains water 

vapor and small amounts of siloxanes and hydrogen sulfide, which must be removed 

before the biogas can be used as a fuel for electricity generation to prevent damage to the 

generation equipment [159]. 

Electricity generation using biogas from anaerobic digestion varies depending on 

the generation technology employed.  Research from Burton and EPRI shows that 
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anaerobic digestion with biogas utilization can produce about 350 kWh/106 gal of 

wastewater treated at the plant [155].  The EPA Combined Heat and Power Partnership 

estimates that approximately 491 kWh of electricity can be produced with a microturbine 

and 525 kWh of electricity can be produced with an internal combustion engine for each 

million gallons of wastewater treated at a plant with anaerobic digestion [159].  Research 

shows that wastewater treatment plants with treatment capacities less than 5 mgd (18,900 

m3/d) do not produce enough biogas to make electricity generation feasible or cost-

effective; however, smaller plants could utilize biogas for digester heating [159]. 

Biosolids Incineration with Electricity Generation 

After municipal wastewater sludge has been digested to form biosolids, 

wastewater facilities must dispose or reuse biosolids.  The most common methods of 

biosolids disposal are landfilling, land spreading, and composting due to cost 

effectiveness; incineration is an alternative, more costly disposal method.  Since biosolids 

contain reduced quantities of the harmful bacteria and pathogens destroyed during 

digestion, EPA policy (40 CFR Part 503) encourages beneficial use of biosolids, defined 

as use of biosolids as a fertilizer or soil amendment [160].  As a result of this EPA policy, 

land spreading and composting are federally-preferred methods of disposing biosolids, 

yet “procedures that derive energy from biosolids or convert them to useful products” are 

also acceptable [160].  Similar sewage sludge directives from the European Commission 

encourage agricultural use of treated wastewater sludge and set standards to minimize 

health risks and limit metals concentrations [161].  Biosolids incineration with electricity 

generation is an effective biosolids disposal operation with potential for significant 

energy recovery.   
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Two equipment options are commercially available for biosolids incineration:  

multiple hearth furnaces and fluidized bed furnaces.  Multiple hearth furnaces burn 

biosolids in multiple stages, allowing for hot air recycle to dry incoming biosolids and 

improve heat generation by reducing incoming moisture.  While multiple hearth furnaces 

can be operated intermittently, continuous operation is preferred [162].  Fluidized bed 

furnaces are a newer technology that is more efficient, stable, and easier to operate than 

multiple hearth furnaces, but are limited to continuous operation only [162].  Both 

incineration technologies require cleaning of exhaust gases to prevent emissions of odor, 

particulates, nitrogen oxides, acid gases, hydrocarbons, and heavy metals [84, 162].  

Using either multiple hearth or fluidized bed furnaces, biosolids incineration can be used 

to power a steam cycle power plant, where heat from incineration is transferred to steam 

that turns a turbine connected to a generator, producing electricity.  Reliable electricity 

generation that does not depend heavily on auxiliary fuels requires large amounts of 

biosolids, making incineration suitable for medium to large wastewater treatment plants 

[84]. 

Biosolids incineration has the advantage of achieving maximum solids reduction 

with energy recovery, in addition to producing a stable waste material as ash and 

requiring small amounts of land.  Disadvantages include high capital investments, 

potentially high operations costs depending on auxiliary fuel use, operational difficulty, 

air emissions from combustion that might limit use in non-attainment areas, and possible 

public aversion [162].  Despite these disadvantages, biosolids incineration with electricity 

generation is an innovative approach to managing both water and energy.  For example, 

the Hartford Water Pollution Control Facility in Hartford, CT, is incorporating an energy 

recovery facility into furnace upgrade projects and anticipates that biosolids incineration 

will generate 40% of the plant’s annual electricity consumption [163].  Energy recovery 
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potential of this magnitude makes biosolids incineration with electricity generation a 

feasible energy management strategy for wastewater treatment plants.   

UNITED STATES AND TEXAS AS CASE STUDIES 

The United States and Texas are representative case studies for the energy 

recovery potential from wastewater treatment plants through anaerobic digestion with 

biogas utilization and biosolids incineration with electricity generation.  Looking at the 

United States as a whole provides a large-scale testbed of the potential for energy 

recovery through implementation of federal policies or incentives as a part of a broader 

sustainability effort.  On a smaller scale, the model of Texas illustrates possible energy 

savings through focused state policies. 

Like the rest of the United States, municipal wastewater treatment plants in Texas 

are concentrated in or near urban population centers, as shown in Figure 3.4.  These 

wastewater facilities consume electricity during operations, ranging from 670 to 2,950 

kWh/106 gal (0.177 to 0.779 kWh/m3), but also have potential to generate electricity 

through various energy recovery and efficiency projects [43].  Energy recovery from 

wastewater treatment plants might offset facilities’ electricity use or help power electric 

grids in the area. 

DATA AND ASSUMPTIONS 

Resource and energy data with geographic resolution are necessary for this 

assessment.  This analysis utilizes data collected by the EPA on a quadrennial basis, 

along with energy factors reported in literature.  While these EPA data efficiently 

describe U.S. wastewater treatment plants, they are also limited in their content, depend 

on plant operator reporting, and mix systems of units (i.e., English and SI units).   
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Analysis of energy recovery potential from wastewater treatment plants was 

completed using the following data: 

• EPA Clean Watershed Needs Survey (CWNS) [164] – This EPA database contains 

data describing wastewater treatment facilities, including treatment flow capacity 

and unit operations used during treatments. 

• Energy for Wastewater Treatment Operations [43, 57, 58] – Energy use at 

wastewater treatment plants was estimated based on data from the EPRI regarding 

wastewater treatment operations and TCEQ and the EPA regarding Texas 

wastewater treatment plants. 

• Energy Recovery from Biogas Utilization [155] – Ranges of energy recovery due 

to biogas utilization were based on data presented by Burton and EPRI. 

• Energy Recovery from Biosolids Incineration [31, 84] – Ranges of energy 

recovery due to biosolids incineration were based on reported typical dry solids 

content in wastewater, heating values of biosolids, and heat rates for steam 

electric power plants. 

To model wastewater treatment in the United States and Texas, only municipal 

wastewater treatment plants were analyzed due to their reporting in the CWNS database 

and treatment of domestic waste with organic contents suitable for anaerobic digestion 

and biosolids incineration.  Industrial wastewater treatment facilities usually have small 

treatment capacities (less than 5 mgd (18,900 m3/d)) and treat waste with specialized 

contaminants, such as heavy metals, that are not optimal for anaerobic digestion and 

biosolids incineration.  Private wastewater facilities represent a small percentage of total 

wastewater treatment capacity and generally are not reported in current data sources.  

Consequently, industrial and private wastewater facilities were excluded from this 

analysis.   
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METHODOLOGY 

Anaerobic Digestion with Biogas Utilization 

Analysis of energy recovery potential for wastewater treatment plants using 

anaerobic digestion with biogas utilization was based on CWNS data and biogas energy 

factors reported by Burton and EPRI [155, 164].  Potential energy recovery was 

calculated using Equation 10.1 below. 
 

 (10.1)  

 

In Equation 10.1,  represents energy recovery from anaerobic 

digestion in kWh/d,  represents the wastewater flow rate in mgd, and  represents 

the biogas energy factor in kWh/106 gal.  Reported biogas energy factors range from 350 

to 525 kWh/106 gal (0.0925 to 0.139 kWh/m3) for treated wastewater flows greater than 5 

mgd [155, 159].  Potential energy recovery calculated using Equation 10.1 varies with the 

range in biogas energy factors and increases with wastewater flow, as shown in Figure 

10.1. 
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Figure 10.1: Potential energy recovery (kWh/d) from anaerobic digestion with biogas 
utilization varies with the biogas energy factor,  (kWh/106 gal), and 
increases with increasing wastewater flow. 

Energy recovery from anaerobic digestion with biogas utilization was calculated 

for three cases, for both the United States and Texas: 

• Case AD-1:  Baseline – The baseline energy recovery estimate includes all 

existing wastewater treatment plants that are already using anaerobic digestion 

with biogas utilization.  For Case AD-1, none of the biogas currently produced 

from anaerobic digestion was assumed to be utilized for electricity generation.  

While some wastewater treatment plants utilize biogas (for digester heating or 

combined heat and power), most do not and instead flare the biogas.  Since the 

CWNS survey data do not specify how wastewater treatment plants utilize biogas, 

this assumption provides a reasonable baseline for anaerobic digestion with 

biogas utilization for electricity generation [91]. 
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• Case AD-2:  Utilize existing biogas – This scenario represents energy recovery if 

all wastewater treatment plants currently using anaerobic digestion utilize the 

biogas produced.  Many wastewater treatment plants that utilize anaerobic 

digestion currently flare off the produced biogas.  Case AD-2 reflects the energy 

recovery possible from utilizing the biogas currently produced instead of 

disposing by flaring.  Only wastewater facilities treating at least 5 mgd (18,900 

m3/d) were included in this scenario due to biogas utilization cost-effectiveness, 

as discussed previously. 

• Case AD-3:  All wastewater treatment plants utilize biogas – This scenario 

represents the full potential of anaerobic digestion with biogas utilization.  In 

Case AD-3, all wastewater treatment plants treating at least 5 mgd (18,900 m3/d) 

were modeled as implementing anaerobic digestion with biogas utilization.  The 

minimum of 5 mgd (18,900 m3/d) represents sufficient flow for cost-effective and 

feasible electricity generation [159]. 

These three cases illustrate the range of energy recovery possible through 

anaerobic digestion with biogas utilization, with Case AD-1 representing current 

operations and Case AD-3 showing the full potential of energy recovery from this 

approach. 

Biosolids Incineration with Electricity Generation 

Analysis of energy recovery potential for wastewater treatment plants using 

biosolids incineration with electricity generation was based on CWNS data, typical 

wastewater dry solids content, heating values of biosolids, and heat rates for steam 

electric power plants [31, 84, 164].  Potential energy recovery was calculated using 

Equation 10.2 below. 



 149

 (10.2)  

In Equation 10.2,  represents energy recovery from biosolids 

incineration in kWh/d,  represents the wastewater flow rate in mgd,   represents the 

wastewater dry solids content in kg/106 gal,  represents the biosolids heating value in 

kJ/kg, and  represents the steam electric heat rate in kJ/kWh.  The source did not 

specify whether  represented lower heating value or higher heating value, yet this 

heating value does account for residual moisture present in biosolids, dewatered to 28% 

solids or greater [84, 165].  Since additional heat energy is used to evaporate remaining 

moisture in the biosolids, removing excess water is important for efficient electricity 

generation.  A heat rate, , similar to that of a coal-fired power plant was used due to 

the solid fuel nature of biosolids and the associated air pollution control equipment [31].  

Reported values for the factors in Equation 10.2 are shown in Table 10.1.  

Potential energy recovery calculated using Equation 10.2 varies with the range in 

biosolids heating values reported in Table 10.1.  For a constant steam electric heat rate 

and average dry solids content, energy recovery increases with wastewater flow as shown 

in Figure 10.2.  Comparing Figures 10.1 and 10.2, for a given flow rate, , energy 

recovery from biosolids incineration with electricity generation is approximately twice 

that from anaerobic digestion with biogas utilization, on average. 
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Table 10.1: Energy recovery from biosolids incineration with electricity generation was 
calculated based on reported values. 

Factor Equation 
Term 

Reported Value Units Reference 

Wastewater dry solids 
content  680-1,020 

(0.180-0.269) 
kg/106 gal 

(kg/m3) [84] 

Biosolids heating value 
(Digested biosolids) † 9,000-14,000 kJ/kg [84] 

Steam electric heat rate ‡ 10,550 kJ/kWh [31] 
†Source did not specify lower heating value versus higher heating value. 
‡Heat rate similar to that of a coal-fired power plant due to the solid fuel nature of biosolids and associated 
air pollution control equipment. 
 

 

Figure 10.3: Potential energy recovery from biosolids incineration varies with the 
biosolids heating value, , and increases with increasing wastewater flow. 

Most wastewater treatment plants with multiple hearth or fluidized bed furnaces 

use incineration as a means of biosolids disposal only and not for electricity generation.  
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Thus, this incineration represents an opportunity to generate electricity via a steam cycle.  

Energy recovery from biosolids incineration with electricity generation was calculated for 

two cases for Texas:  

• Case BI-1:  Utilize existing incineration processes – This scenario represents 

energy recovery if Texas wastewater treatment plants currently using biosolids 

incineration utilized the heat generated during incineration for a steam electric 

power plant.   

• Case BI-2:  All wastewater treatment plants implement incineration processes – 

This scenario represents the full potential of biosolids incineration with electricity 

generation.  In Case BI-2, all wastewater treatment plants treating at least 5 mgd 

(18,900 m3/d) were modeled as implementing biosolids incineration with 

electricity generation.  A minimum flow rate of 5 mgd (18,900 m3/d) was selected 

due to the relatively large amount of biosolids necessary to make incineration 

with electricity generation feasible without significant dependence on auxiliary 

fuel. 

These two case studies represent the potential for biosolids incineration with 

electricity generation in Texas.  While no Texas wastewater treatment plants report 

electricity generation from biosolids incineration, these two cases show potential energy 

recovery if such biosolids disposal methods were implemented widely. 

RESULTS 

Based on data from CWNS and Equations 10.1 and 10.2, potential energy 

recovery from wastewater treatment plants was calculated for anaerobic digestion with 

biogas utilization and biosolids incineration with electricity generation.  The results of 

these calculations are shown in Table 10.2.   
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Table 10.2: Energy recovery estimates from anaerobic digestion with biogas utilization 
(Cases AD-1 through AD-3) and biosolids incineration with electricity 
generation (Cases BI-1 through BI-2) show significant potential for reducing 
energy consumption in wastewater treatment plants. 

Scenario 

Applicable Flow 
mgd 

(million m3/d) 

Calculated Energy Recovery
106 kWh/yr 

United States Texas United States Texas 
Case AD-1:  Baseline 4,918 

(18.6) 
315 

(1.19) 
628-942 40.2-60.4 

Case AD-2:  Utilize existing 
biogas 

18,184 
(68.8) 

1,086 
(4.11x106)

2,320-3,480 139-208 

Case AD-3:  All wastewater 
treatment plants utilize 
biogas 

25,796 
(97.6) 

2,401 
(9.09) 

3,300-4,940 307-460 

Case BI-1:  Utilize existing 
incineration processes 

Not 
calculated 

189 
(0.715) 

Not calculated 51.9-80.8 

Case BI-2:  All wastewater 
treatment plants implement 
incineration processes 

Not 
calculated 

2,401 
(9.09) 

Not calculated 661-1,030 

Note:  U.S. estimates based on [155, 159, 164].  Texas estimates based on[31, 84, 155, 164]. 

Using 2004 CWNS data and EPRI energy factors, total electricity consumption 

for wastewater treatment in the United States was estimated at 18,100 to 23,800 million 

kWh/yr [43, 164].  Based on Cases AD-1 through AD-3, incorporating anaerobic 

digestion with biogas utilization into wastewater treatment facilities could decrease 

overall electricity use for the U.S. wastewater sector by 2.6 to 27%, depending on the 

degree of implementation.  The large spread in percentage of electricity savings in the 

U.S. wastewater sector is due to the range of wastewater flows (from 4,918 to 25,796 

mgd (18.6 to 97.6 million m3/d) in Table 10.2) analyzed in Cases AD-1 through AD-3 for 

the United States.  The lower end of this range also assumes all wastewater treatment 
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plants that currently produce biogas do not utilize it for electricity generation, as 

discussed previously.  

Similar electricity consumption estimates were completed for Texas, totaling 

1,800 to 1,950 million kWh/yr [43, 57, 58, 164].  Implementation of anaerobic digestion 

with biogas utilization, modeled in Cases AD-1 through AD-3, could decrease electricity 

use for Texas wastewater treatment facilities by 2.1 to 26%.  On-site electricity 

generation from biosolids incineration, modeled in Cases BI-1 and BI-2, could decrease 

electricity use by 2.7 to 57% in the Texas wastewater sector.  Combining these two 

treatment and disposal operations, Texas could reduce electricity consumption for 

wastewater treatment plants by 4.7 to 83%.  These broad ranges represent varying 

degrees of implementation of energy recovery operations within the wastewater sector.  

Similar to the U.S. energy recovery estimate above, a wide range of wastewater flows 

were analyzed for Texas, ranging from 189 to 2,401 gpm (0.715 to 9.09 million m3/d) 

shown in Table 10.2.  This wide range of wastewater flows leads to a wide range of 

energy recovery estimates for both anaerobic digestion and biosolids incineration. 

Contrasting the potential from anaerobic digestion with biogas utilization to 

biosolids incineration with electricity generation in Texas, differences arise in energy 

recovery magnitudes and associated wastewater treatment plants.  For example, Cases 

AD-2 and BI-1 represent energy recovery from utilizing existing wastewater facilities 

with anaerobic digestion and biosolids incineration, respectively.  While the range of 

potential energy recovery is higher for anaerobic digestion at 139 to 208 million kWh/yr 

than that for biosolids incineration at 51.9 to 80.8 million kWh/yr, the numbers of 

wastewater treatment plants with existing facilities are also significantly different:  41 

wastewater treatment plants (treating over 5 mgd (18,900 m3/d)) with anaerobic digestion 

versus 5 plants with biosolids incineration.  Comparing the results of Cases AD-3 and BI-
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2 with identical wastewater flows, both of which include all Texas wastewater plants 

treating 5 mgd (18,900 m3/d) or more, shows that widely implementing biosolids 

incineration with electricity generation leads to significantly greater energy recovery than 

from anaerobic digestion with biogas utilization:  661 to 1,030 million kWh/yr for 

biosolids incineration versus 307 to 460 million kWh/yr for anaerobic digestion.  This 

difference is due primarily to the larger heating value, , for biosolids incineration 

versus biogas energy factor, , for anaerobic digestion.  That is, biosolids have more 

inherent energy than biogas when used to generate electricity. 

POLICY IMPLICATIONS 

Wastewater treatment plants can substantially reduce grid electricity 

consumption, especially by utilizing biogas from anaerobic digestion and heat from 

biosolids incineration to generate electricity.  With increasing population, stricter 

discharge requirements, and aging infrastructure, as well as rising energy prices and 

concerns about climate change, wastewater treatment plants face many challenges that 

could significantly increase energy use and costs.  For example, removal of emerging 

contaminants, such as pharmaceuticals and personal care products, might require 

significant increases in electricity consumption for wastewater treatment [50, 51]. 

In addition to reduced energy consumption, anaerobic digestion with biogas 

utilization and biosolids incineration with electricity generation at wastewater treatment 

plants could reduce greenhouse gas emissions by decreasing the amount of grid 

electricity required for operations.  When compared to coal-fired power plants, digester 

biogas utilization and biosolids incineration (with appropriate air emissions control) 

produce fewer greenhouse gas and criteria air pollutant emissions.  Life cycle air 

emissions from biosolids incineration might increase or decrease when considering the 
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alternative use as fertilizer.  These life cycle emissions, including fugitive biogas 

emissions that can negatively impact the carbon footprint, and energy consumption are 

reserved for future study. 

Fully utilizing biogas to generate electricity, as in Case AD-2, might significantly 

reduce or reverse future growth in energy needs for the wastewater sector.  Incorporating 

anaerobic digestion at wastewater treatment plants with flow rates greater than 5 mgd 

(18,900 m3/d), as in Case AD-3, to produce and utilize biogas would further reduce 

energy needs and can be gradually implemented as many treatment plants undergo 

replacement or significant upgrades in the coming years.   

Implementation of biosolids incineration with electricity generation might also 

slow or mitigate energy consumption for the wastewater sector.  Through biosolids 

incineration, wastewater facilities can turn biosolids handling and disposal issues into 

possible cost savings through electricity generation for wastewater treatment plant use or 

sale to the electric power grid.   

Because of the potential energy savings, the federal, state, and local governments 

might consider policy changes or incentives that can be implemented to help wastewater 

treatment plants utilize anaerobic digestion for biosolids treatment and install biogas 

utilization equipment to reduce energy costs and demand.  The EPA might also consider 

explicitly designating energy recovery through biosolids incineration with electricity 

generation as a qualifying use of biosolids, under the beneficial use of municipal 

biosolids policy.  These policy decisions might further encourage coupling energy 

recovery with adequate wastewater treatment.   

The federal government can support increased biogas and biosolids energy 

generation through its existing assistance programs.  The EPA’s state revolving fund, the 

Department of Agriculture’s Rural Utility Service loan and grant program, and 
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Department of Housing and Urban Development’s Community Development Block 

Grants can prioritize energy efficiency and biogas and biosolids electricity generation in 

administering financial aid to wastewater districts.  Government at all levels (federal, 

state, and local), including public utilities, can encourage efficiency by encouraging or 

requiring energy audits at wastewater treatment plants and energy awareness campaigns 

for wastewater operators.  EPRI publishes a manual to guide energy audits at wastewater 

treatment plants, including process, pumping, and facilities (heating, ventilation, and air 

conditioning and lighting) audits [166]. 

Including treatment process, biogas and biosolids production and utilization, and 

energy audit questions in the quadrennial CWNS will improve understanding about 

energy use by wastewater treatment plants and allow government agencies and 

professional organizations to target those facilities with the greatest energy savings 

potential.  Because the CWNS already exists, adding these additional questions requires 

minimal cost and effort.  Such data collection would greatly aid research projects to 

decrease the wide range of potential energy savings from anaerobic digestion and 

biosolids incineration, making the results more pertinent and useful in a policy context. 

CONCLUSIONS 

The interrelationship between energy and water and the organic content of 

wastewater can encourage energy recovery operations from many possible sources, 

including municipal wastewater treatment facilities.  Implementing anaerobic digestion 

with biogas utilization in varying degrees nationwide can reduce electricity consumption 

for wastewater treatment by 2.6 to 27%.  Through incorporation of anaerobic digestion 

with biogas utilization and biosolids incineration with electricity generation, wastewater 

utilities can reduce electricity consumption by 4.7 to 83% in the state of Texas.  These 
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wide ranges in electricity percent savings for the wastewater sector are due to the 

difference in wastewater flows analyzed in each individual scenario of this analysis.  In 

this case, the low end represents use of existing energy recovery processes and the high 

end illustrates potential energy recovery from widespread implementation of anaerobic 

digestion with biogas utilization and/or biosolids incineration with electricity generation.  

Changing organic content of wastewater – either increasing with lower wastewater flows 

that concentrate wastes or decreasing with improved waste management – introduces 

additional uncertainty into these energy recovery estimates.  Future work should analyze 

energy recovery from biosolids incineration for the entire United States, since these 

results for the state of Texas show that electricity generation from biosolids incineration 

is feasible and significant.  With rising concerns about emerging water contaminants such 

as pharmaceuticals and personal care products, wastewater treatment is likely to become 

more energy-intensive in the future.  These energy recovery options have the potential to 

offset increases in electricity consumption necessary to uphold stricter wastewater 

treatment standards.  Energy recovery from wastewater treatment plants presents an 

opportunity for successful and sustainable management of energy and water resources. 
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CONCLUSIONS 

As long as thermoelectric power plants use water cooling technologies and water 

and wastewater treatment plants use energy for processes, it will be important to consider 

the energy‐water nexus in planning and resource management.  With population growth, 

the effects of climate change already impacting the hydrological cycle, and new 

carbon‐pricing policies under consideration, understanding the tradeoffs between energy 

and water becomes even more vital than ever for resource planning and management. 

In the future, water use for electricity generation will depend on several factors, 

including the fuel mix for new generating capacity, the type of power plants, and the type 

of power plant cooling systems that are deployed.  Likewise, the amount of energy used 

to collect, treat, distribute, and heat public water supply and to collect, treat, and 

discharge wastewater will depend on choices about location and quality of the water 

source and extent of treatment technology.  These trends, and trade‐offs, still need to be 

better understood, but it is undeniable that there will be important implications for water 

and energy policy at the state and local level.  

The energy-water case studies presented here reveal a few of the many possible 

trade-offs associated with energy and water decision making and future planning.  

Results from Chapter 6 regarding water conservation and reuse emphasize the importance 

of integrated decision making, specifically considering energy implications when 

implementing water policies.  In the case of water conservation, saving water saves 

energy.  Water reuse, when compared to a baseline of conventional potable water 

treatment, can save energy when incorporated into communities with high levels of 

existing wastewater treatment.  In areas with low levels of existing wastewater treatment, 

water reuse requires more energy to produce reclaimed water than it saves by avoiding 
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potable water treatment for non-potable uses.  Consequently, water reuse policies that do 

not consider energy implications might exacerbate energy supply issues. 

When considering the wastewater sector, as presented in Chapter 10, 

opportunities exist to recover energy from anaerobic digestion and biosolids incineration 

unit operations.  Incorporating anaerobic digestion with biogas utilization and/or 

biosolids incineration with electricity generation into wastewater treatment operations 

can reduce the energy requirements for wastewater treatment.  With potentially stricter 

wastewater discharge standards in the future, these energy recovery operations might 

offset the corresponding increase in energy for higher levels of wastewater treatment.  As 

a result, wastewater treatment management strategies that promote energy recovery can 

reduce stress on the energy-water nexus in the wastewater sector. 

Utilizing new water supplies as drinking water can increase energy consumption 

in the water sector, as shown in Chapters 8 and 9 concerning long-haul water transfer and 

seawater and brackish groundwater desalination.  Using seawater or brackish 

groundwater sources with long-haul distribution pipelines as a water supply for inland 

cities dramatically increases the energy consumption and greenhouse gas emissions 

associated with water treatment, compared to a baseline of local surface water sources.  

Despite energy consumption challenges, desalination of brackish groundwater is possible 

and economically feasible using wind power in areas of the Texas Panhandle, relieving 

concern over greenhouse gas emissions.  In general, use of distant, lower quality water 

sources as a drinking water supply can increase water security, but includes the trade-off 

of increased energy consumption and additional greenhouse gas emissions when burning 

fossil fuels. 

Installation of water-efficient cooling technologies at thermoelectric power plants 

can also decrease strain on the energy-water nexus.  Through the models discussed in 
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Chapter 7, operating cooling towers in place of open-loop cooling technologies can 

decrease the water diversion requirements for thermoelectric power plant cooling.  Large 

scale installation of hybrid wet-dry or air-cooling technologies reduce these water 

diversion requirements even further.  While thermoelectric power generation does 

currently depend heavily on water availability, use of water-efficient cooling 

technologies can decrease water diversions in the energy sector, reducing the trade-offs 

between power generation and water availability. 

Complexities in the interrelationship between energy and water motivate careful 

consideration of the two resources.  As shown in the case studies presented here, policies 

and practices that seemingly benefit one resource can exacerbate strain on the other.  

Water reuse, if implemented at wastewater treatment plants without high levels of 

existing treatment, can increase energy consumption for water.  Stricter treatment 

standards for water and wastewater systems can greatly increase energy requirements for 

treatment.  Long-haul transfer of water downhill does not necessarily require less energy 

than pumping shorter distances uphill, depending on elevation changes along the route, as 

was shown in Chapter 8.  On the other hand, using renewable energy sources for water 

treatment and distribution can mitigate externalities of increased energy consumption 

such that use of alternative water sources, like brackish groundwater or seawater, 

becomes feasible and sustainable, as was shown in Chapter 9.  Thus, energy-water 

analyses are highly dependent on context where trade-offs can be thoughtfully considered 

instead of accidentally overlooked, potentially exacerbating one or both resources. 

The over‐arching message is that implementing integrated decision making with 

advanced efficiency is the key to the sustainable use of both energy and water.  

Improving water efficiency will reduce power demand and improving energy efficiency 

will reduce water demand.  Greater efficiency in usage of either energy or water will help 



 161

to stretch our finite supplies of both.  Combining energy and water decision making will 

help relieve stress on the nexus of energy and water through consideration of energy in 

water policies and consideration of water in energy policies.  Such integrated decision 

making is important for sustainable resource management. 

Future work within the energy-water nexus might include detailed simulation of 

electricity consumption for treated water distribution, development of forecasting 

decision making tools for power plant operators regarding water use, or expanding the 

scope to consider water associated with production of biofuels and other liquid 

transportation fuels, among the many opportunities.  A changing world necessitates 

changes in thinking, and engineering and technology can inform policy regarding energy 

and water decisions.  Integrating the worlds of engineering and policy surrounding 

energy and water can facilitate sustainable resource management. 
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