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Abstract

The interdependency between water and energy, sometimes called the water-energy nexus, is growing in
importance as demand for both water and energy increases. Energy is required for water treatment and
supply, while virtually all processes for energy production require significant amounts of water. The
water and energy nexus is a multifaceted issue. This thesis focuses on the water footprint of electricity
generation, specifically on the water use at thermal power plants.

Thermal power plants produce around 70% of the electricity in the US. These power plants require large
quantities of water, primarily used for cooling. In the US, the thermoelectric power generation sector
accounts for 40% of the total fresh water withdrawals every year. This has an impact both on the aquatic
organisms and on the water resources of the region where the power plant is situated. In addition, water is
becoming a scarce resource in many regions of the US, and the situation could worsen in the upcoming
years. Therefore, it is important to understand the water footprint of the different electricity generation
technologies in order to incorporate the information into the decision-making process and to choose the
best options. Unfortunately, there is not a clear, generic model to estimate water use in power plants.
Existing methods rely on data from direct surveys of power plant operators, which are often unreliable
and incomplete, or from very detailed and plant specific models.

This thesis offers a new framework to estimate the water use in power plants using a simple, generic
model and focusing on the heat balance of the power plant. The model is used as a common analytical
framework to evaluate the water requirements of different types of electricity generating power plants.
The model is also used to identify the main drivers on water use in power plants and to explore the
possible alternatives to mitigate water use by the power sector in the future. Since regulations and not
price signals are usually the drivers of water-related power plant decisions, the presented model will also
be very useful in policy analysis and policy decision making processes.

Thesis Supervisor:

Howard J. Herzog, Senior Research Engineer, MIT Energy Initiative
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1 Introduction

The interdependency between water and energy, sometimes called the water-energy nexus, is growing in

importance as demand for both water and energy increases. Energy is required for water treatment and

supply, while virtually all processes for energy production require significant amounts of water. Many

areas of the world are already under water and energy constraints and yet water and energy are both

indispensable for modem economies. Moreover, the world's population is expected to grow, which will

boost water and energy demand substantially in the coming years, especially in developing countries,

which are already experiencing water and security challenges. In addition, climate change is exacerbating

the problem, due to extreme weather conditions and prolonged draught periods. The water and energy

nexus is a multifaceted issue. This thesis focuses on the water footprint of electricity generation,

specifically on the water used at thermal power plants in the US.

Thermal power plants produce around 70% of the electricity in the US, and a similarly high percentage in

the rest of the world (DOE, 2008). These power plants require large quantities of water, primarily used for

cooling. Water is also needed in smaller quantities for other purposes, such as ash handling and flue gas

desulfurization. In the United States, the thermoelectric power generation sector accounts for 40% of the

total fresh water withdrawn every year (USGS, 2005). Withdrawing such vast amounts of water has an

impact both on the aquatic organisms and on the water resources of the region where the power plant is

situated (EPA, 2004). In addition, water is becoming a scarce resource in many regions of the US, and the

situation could worsen in the upcoming years. This problem has already had some repercussions on the

power sector. For example, some proposed power plant projects have not been given the permits to be

built due to water competition concerns or to potentially adverse effects on aquatic life. This is especially

true in many western states, where agricultural and urban water needs are in conflict with those of the

power sector and where a new power plant adds an additional demand to the existing competition (DOE,

2010).

There are several federal and state regulations regarding water intake and water withdrawals for power

plants and, due to recent water scarcity issues, these regulations are becoming stricter and stricter. Hence,

power plant constructors and operators have been forced to carefully evaluate the available water sources

when sitting a power plant. Moreover, stricter regulations are leaning towards cooling tower systems,

which use less water but also increase costs. On the other hand, the water scarcity problem is a regional

issue and hence "one fits all" policies are not completely adequate since they can impose an extra burden
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and cost to power plant operators. Therefore, it is important to understand the water footprint of the

different electricity generation technologies in order to incorporate the information into the decision-

making process and to choose the best alternative. However, nowadays there is not a clear and generic

model or way to estimate water use in power plants. The existing reports rely either on data from direct

surveys to power plant operators, which are often unreliable and incomplete, or from very detailed and

plant specific models, such as ASPEN PLUS simulations.

The purpose of this thesis is to:

1. Understand and quantify water use in power plants by developing a simple generic model of water

use in power plants

2. Evaluate alternatives to decrease freshwater user in power plants

3. Evaluate and understand the existing regulations and the impact that new regulations can have in the

power sector

This thesis focuses on thermal power plants, specifically pulverized coal (PC) power plants, natural gas

combined cycle (NGCC) power plants, integrated gasification combined cycle (IGCC) power plants,

nuclear power plants, solar thermal power plants and geothermal power plants. It does not include

hydroelectric power, even though it is an important water-energy nexus issue. Electricity generation dams

are used to manage the surface water, so their operation does not solely depend on electricity demand.

Therefore, estimating the water use of hydropower is complex and specific to every single dam; and the

motivations behind the dam management are out of the scope of this thesis.

This thesis begins with an introduction to the water and energy nexus in chapter 2, including the key

concepts and key definitions regarding water use in power plants, discussions about water as a regional

problem, some fundamental tradeoffs and an overview of the existing sources of data and information.

Chapter 3 introduces the model, explaining the fundamental heat balance concepts, the key parameters of

the model and the relationship that exist between the heat rate and the water usage in a power plant.

Chapter 4 evaluates the water requirements of different electricity generation technologies using the

model as a common analytical framework and explaining the different parameters' ranges of the model

for each of the technologies. Chapter 5 evaluates the limitations of the model and validates it using field

data. Chapter 6 explores the possible alternatives to mitigate water use of the power sector by using the

model to identify what drives water use. Chapter 7 examines the main existing regulatory framework in

the US regarding water use and evaluates the impact that existing and new regulations can have on the

power sector. Chapter 8 ends with the key conclusions of the research.
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2 Background

2.1 Introduction: The Water and Energy Nexus

Energy and water are interrelated. The interdependency between these two essential goods for human life

and development are shown in the diagram on Figure 2-1, which conveys the Water-Energy Nexus.

Water for Energy

Extraction & Refining

Fuel Production
(Ethanol. hydrogen)

Hydropower

Thermo electric
Cooling

I X ~
I I

Energy for Water

Figure 2-1. Water Energy Nexus (Source: WEC, 2010)

Energy (mainly in the form of electricity) is required in the water treatment plants to purify the water and

make it suitable for public consumption (EPRI, 2002a). This includes regular treatments but also

desalination processes, which are increasingly being implemented in arid areas and require more energy

than conventional treatments. Moreover, significant amounts of electricity are required to pump and

transport water from the water source to the treatment plant and from the treatment plant to the end user.

This is especially a problem in arid and dry areas, where water can be transported for hundreds of miles

(Stillwell et al., 2009). Wastewater treatment plants also require energy to treat the water before

discharging it to the water source. Households also use energy to heat most of the water that they use to

wash their clothes, to boil food or to have a shower. Indirectly, electricity is also required to produce

bottled water and energy is needed to transport the bottles to the end user.
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In addition to using energy in all processes of the water cycle, water is used in all processes of energy

production. Water is needed for fossil fuel extraction and refining. An example of this is shale gas, which

lately is getting a lot of media attention due to water contamination issues (DOE/Office of Fossil Energy,

2009). Water is also required to irrigate some of the crops used to produce biofuels, such as corn ethanol

(National Research Council, 2008). Regarding electricity generation, hydroelectric power is the most

obvious example; however, most of the other types of electricity generation technologies around the

world also need water for their operation. Thermoelectric power plants, such as pulverized coal power

plants, nuclear power plants, natural gas combined cycle, geothermal and solar thermal, require water,

mostly for cooling purposes. Only wind turbines, which do not require any water for their operation, and

photovoltaic solar systems, which require minimal quantities of water for mirror washing, have a

negligible impact in the water-energy nexus problem.

Although interconnections exist between water and energy, these two sectors have historically been

regulated and managed separately. Many times governments and private companies have planned for

future water supply assuming that energy (electricity) would be available for the operations. They also

have planned for new power generation assuming that water availability would not change over time.

Neglecting this interdependency has not yet had severe adverse effects, but in some regions, the

constraints of one sector have already caused constraints in the other. For example, droughts and heat

waves have had a negative impact on the power sector in some states of the US (see section 2.3). The

vulnerabilities of the water-energy nexus will be accentuated in the future with the combination of

population growth, which will cause an increase in energy and water demand (especially in developing

countries), and climate change, which will cause longer dry periods and exacerbate water scarcity

problems (IPCC, 2008). Increasing water demand together with water scarcity will force the water sector

to look for alternative water resources such as deeper ground water reserves or further away watersheds

and to use desalination technologies for water production. The problem is that all these alternatives are

more energy intense. In addition, the global effort to minimize CO 2 emissions is pushing towards

biofuels, which require more water than conventional fuels (for irrigation and production) and renewable

energy, which in some case, could also drive up water use in the power sector (see chapter 4).

Therefore, it is important to consider both sides of this water-energy nexus in major planning, policy and

regulation decisions. This is an important challenge that offers many opportunities for technology and

policy innovation. The nexus has multiple dimensions and all them will have to be understood well in

order to make informed decisions. This thesis focuses on the water footprint of electricity generation.
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2.2 The big picture: Water for electricity generation

Water is required in almost all types of electricity generation. Traditionally, the one that has been seen as

a big water user is hydroelectric power. Everyone is aware that hydropower (hydro means water in Greek)

requires water to produce electricity. However, many people ignore that thermal power plants, which in

many countries supply most of the power, also use water, predominantly for cooling (see chapter 3). In

the US, thermoelectric power plants account for 40% of the freshwater withdrawn every year (almost the

same amount as the agriculture sector) (USGS, 2005). In many regions of the US (and of the world), the

amount of water withdrawn by the power sector has a significant effect on the overall water supply and on

the ecological health of surface water bodies.

Hydropower Thermal Power Plants

Geothermal Pulverized Coal CSP (Tower)

Figure 2-2. Water is required in almost all ways of electricity generation. The most known to the general
public is hydroelectric power plants (left picture). However, water is also used in thermal power plants

(pictures in the right)

These regional concerns have been addressed by the federal and state authorities, which enforce different

regulations for power plant construction and operation. Consequently, permits for proposed plants have

been denied because of water availability concerns, power plant operators have been pushed to opt for

alternative cooling systems that require less water and power plants have been shut down during heat

waves to ensure that they do not infringe the regulations regarding the temperature of the discharged

water. Water use at power plants is thus an issue that affects regional ecosystems and security of supply

of both water and electricity. However, this problem is very complex and, as exemplified later in this

chapter, it is very regionally dependent. Therefore, it is very difficult to make regulations or policies that

fit for all the US states, especially because there are several stakeholders involved and their interest are

not aligned. The agriculture sector worries about competition that might diminish their water supply for

the crops; environmentalists are concerned about the impacts on the water aquatic life and on the
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ecosystem, etc. For the power sector, the water footprint of electricity generation matters when concerns

over water use appear as a non-negligible factor in the cost of electricity (COE). (Chapter 7 contains an

examination of the effects of the new and existing regulations on the power sector). This can happen

under different circumstances:

- Operating costs - Water supply or disposal costs are themselves a non-negligible fraction of

levelized electricity costs.

" Capital costs - Regulations or water scarcity force the operator to invest in more expensive

infrastructure (e.g. a dry or hybrid cooling system, water treatment system for discharged water,

etc.).

- Capacity factor - Water related issues cause plant shutdowns (either due to the lack of water for

cooling or due to the fear of non-compliance with discharged water temperature regulations

during heat waves), driving the plant capacity factor down and the COE up.

- Thermal efficiency - Water related issues force the operator to install a cooling system that

decreases efficiency, which in turn increases the amount of fuel required per unit of energy and

thereby increases COE.

- Permitting delay - Water use concerns force delay in plant construction, prolonging scarcity and

raising COE.

Because power plant costs and revenues depend on so many variables (which are sometimes difficult to

obtain), the work described in this report does not include a detailed economic analysis. However, even a

qualitative economic analysis helps in identifying when and why water use matters in the power sector.

2.3 The big picture: Regional variation in the water-energy nexus

Unlike the emission of greenhouse gases, which is an intrinsically a global problem, the water energy

nexus is a regional problem. The regional variations in water resources, water demand, electricity

demand, and energy mix all combine to create 'hot-spots' where the water-energy nexus is more crucial

than elsewhere.

As an illustration, the prospect of carbon capture in the US is considered below. As discussed in section

4.1.4, the implementation of carbon capture can increase significantly the amount of water used per MWh

produced. To get an initial picture of the possible water-related constraints on carbon capture in the US,

three basic drivers can be examined:
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- Water Scarcity: Areas where water scarcity is already a problem should be identified, as well as

areas where there could be issues in the future due to climate change and population increase.

- Population Growth: If population increases in a determined area, then it normally results in an

energy and water demand increase too. Hence, where population is expected to grow faster, the

water availability problem could be exacerbated.

- Existing Fossil Fuel Power Plants: Even if new coal plants are not built, there are many existing

fossil fuel power plants that could potentially be retrofitted to incorporate carbon capture.

Therefore, it is important to know whether they are located in a water scarce area or not.

20 10% >% 0% 0

Figure 2-3: a) US Water availability - scarce areas in pink and light blue (DOE, 2010. datafrom USGS); b)
US Population growth 2000-2010 (US Census Bureau)
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Figure 2-4: Existing fossil fuel power plants in the US; coal plants are shown in green (USEPA eGRID 2007)
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Figure 2-3 and Figure 2-4 represent this information on maps of the US, as drawn from various sources. It

can be observed in the maps that water availability changes significantly depending on the state and the

area. In the eastern part of the country water availability is less of an issue, but water is much more scarce

in the west and southwest. Moreover, is in those areas where population has increased the most in the last

ten years. It is expected that due to immigration, the west is going to continue experiencing significant

population growth. Thus, those areas should be considered vulnerable in terms of water use and water

consumption.

If this data is compared with the existing fossil fuel power plants data map (see Figure 2-4), it can be

observed that there are some plants situated in areas where further water consumption from local sources

could be problematic. On the other hand, it can be observed that most of the power plants are in the

eastern part of the country. Those plants are less susceptible to water availability problems in the scenario

of widespread carbon capture deployment. However, in states such as Texas, Arizona, New Mexico and

Utah the combination of regional water scarcity and increasing population could create a major obstacle,

even if technology becomes cost-effective, to retrofit existing power plants with carbon capture and

storage, due to water availability concerns. Retrofitting an existing plant will increase water consumption,

which, in such areas, could potentially be unbearable. In order to be able to retrofit a unit, there must be

sufficient water resources in the proximity or an alternative cooling system such as dry cooling must be

installed; otherwise there could be a water demand conflict.

To fully understand the potential impact of water availability on carbon capture retrofits, the existing

power plants in the vulnerable areas should be studied case by case, combining regional water availability

and cooling system data with other factors of suitability for retrofit such as plant efficiency and proximity

to CO2 storage. Regional water availability is a crucial aspect of the issues surrounding carbon capture

and, more generally, carbon emissions, and should be taken into account by both technology developers

and policy makers in the energy sector.

Existing regional problems:

There have already been cases in the US during the past years where water scarcity has become a problem

for power plants. Some examples have been included here to highlight the importance of this issue and to

exemplify the impact that it can have on the power sector:

- In 2011, during a severe drought in Texas, one power plant had to reduce its electricity

production due to the lack of water for cooling and several plants had to find new water sources.
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This year (2012), Texas is experiencing one of the toughest draughts and the State has already

warned about possible black outs during the summer (Reuters, 2011).

- Some proposed Concentrating Solar Power Plants in Nevada and California that intended to use

water cooled systems have been pushed towards dry cooling due to the water constraints of the

environment where the plants had to be placed (desert areas). (NY Times, 2009)

- Due to environmental concerns, California has passed a regulation to phase out once-through

cooling systems in coastal areas, forcing all power plants in the state to replace the older systems

for another cooling system that withdraws less water. (CEPA, 2010)

- A severe drought in the Southeast during 2006 and 2007, forced Duke Energy to cut their

electricity output at the Riverbend and Allen coal power plants in North Carolina. In Alabama,

the heat wave raised the water temperature of the Tennessee River and a nuclear power plant

(Browns Ferry) had to cut its output to comply with the water discharge temperature regulations

(Climate Central, 2011)

- A similar thing happened in 2006 in the Midwest. A heat wave increased the temperature of

several rivers, such as the Mississippi River, and forced some nuclear plants to reduce their

output (UCS, 2011)

- In the Southwest, power plants compete for a very scarce resource and therefore, the management

of aquifers is crucial to avoid depletion.

- In the Northeast, where water resources are plentiful, power plants face other problems associated

with the intake of water. For example, the Indian Point nuclear power plant uses once through

cooling systems and withdrawals vast amounts of water from the Hudson River. State Regulators

are concerned about the thousands of fish killed annually by the cooling system and have not

renewed the operation licenses required until the plant operators build an alternate cooling system

(NY Times, 2010).

- A report from the US Department of Energy (DOE, 2010) identified a total of 347 coal-fired

power plants (from an analysis set of 580 plants) as vulnerable to water demand concerns, to

water supply concerns or to both.

2.4 Key concepts

2.4.1 Consumption vs. withdrawal

It is important to understand the difference between water withdrawn and water consumed when talking

about water use in power plants. Some articles and reports mention water use without specifying if it is
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consumed or withdrawn. However, as explained later, the amount of water used changes significantly

depending on what are we referring to. "Withdrawal" is typically defined as the amount of water that a

power plant takes from a water source (lake, river, ocean, aquifer, etc). "Consumption" is the water that

is lost from the total water withdrawn, usually due to evaporation during the cooling process. "Discharge"

is the amount of water that is returned to the water source. Therefore, the water consumed is equal to the

water withdrawn minus the water discharged back to the source.

The three concepts are important and all have consequences on the environment. Water withdrawals

matter for two main reasons; water intake systems can trap and kill fish and other aquatic life and

moreover, when water is taken from groundwater aquifers, those can be depleted if the water source is not

managed properly. Water consumption matters because it reduces the availability of water to be used for

other purposes in the region, such as agriculture and urban supply. Finally, discharge matters due to water

quality reasons. If the water has been used for cooling purposes, it will usually be some degrees warmer,

which can have adverse effects on the ecosystem of the water source. Moreover, if the water has been

used in other power plant processes, it might contain polluting chemicals and hence it may require some

treatment before it is returned to the water source, which increases operational costs.

As it will be explained in the following section, depending on the cooling system used in the power plant,

the amount of water withdrawn and consumed will vary significantly. In the US around 40% of the total

freshwater withdrawn annually is used for thermoelectric cooling purposes (USGS, 2005). However,

thermoelectric cooling only accounts for 3.3% of the total freshwater consumed (see Figure 2-5). Despite

this small consumption percentage, the water required for cooling in power plants can have a great impact

on the water resources of a country at a regional level, especially in water-scarce areas.

Public Supply, 13% -Domestic, 1% Domestic
Industrial, 5%- -Aquaculture, 1% Lve 7.1% Commercial
Mining, 1%-- Livestock, 1% 33% 1.2%

Thermoelectric, irrigation, 40%
39% T oelectric

.3%
Industrial Mining

Irrigation 3.3% 1.2%
80.6%

Figure 2-5: US freshwater withdrawals (left) and consumption (right) (USGS 2005 data)
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2.4.2 Cooling Systems

As explained earlier and as it will be discussed thorough the thesis, most of the water required to operate

thermal power plants is used for cooling. Thermoelectric generation processes inherently produce large

quantities of "waste" heat, which must be rejected to the environment using a cooling system. The less

heat to be dissipated, the less cooling duty will be required in the power plant. This will be explained

further in chapter 3 and 4. However, it is important to highlight that for a power plant with a given

amount of heat to be dissipated, the amount of water required for cooling will depend on the type of

cooling system being used in the plant. The main types of cooling systems and their tradeoffs are

discussed below.

2.4.2.1 Once-through cooling

Once-through cooling (see Figure 2-6), also called open-loop cooling, is the simplest and cheapest

existing cooling system (see section 2.4.2.4). This system requires withdrawing large quantities of water

from a water body, but it returns almost all that water to its source once it has passed through the heat

exchanger. The cooling water accepts the waste heat and is discharged to the water source some degrees

warmer. There are regulations that set the maximum allowable temperature increase to minimize

environmental impacts. In this type of cooling systems a small fraction of the water is often consumed

through evaporation due to the higher temperature of the discharged water. Although this evaporation

does not happen within the physical boundaries of the power plant, it is driven by the power plant's waste

heat and hence is often taken into account in the water consumption analysis.

Steam

I f Hot water

Steam

Condensed

waterr

Figure 2-6: Diagram of once-through cooling system

Besides its simplicity and low cost, once through cooling has another advantage; if the water is cold

enough and it is plentiful, it is the most effective and efficient cooling system. However, since it requires

vast amounts of water, it can have adverse ecological impacts. Fish and other aquatic organisms living in

the water may be killed by being sucked into the system or by being trapped against the inlet screens.
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Moreover, the increased temperature of the discharged water can affect the local ecosystem, having

detrimental effects on the environment. In the US, new power plants have not been built with once-

through cooling for many years; however, there are many old power plants that still use this cooling

system. This old plants might be facing strict regulations from the EPA and from State Regulators in the

near future, which are pressuring to phase out once-through cooling even from existing plants. The

implications of these new regulations on the power sector are addressed further in chapter 7.

2.4.2.2 Closed Cycle Cooling Systems

Closed cycle cooling systems (or recirculated cooling) are the most used cooling systems in US power

plants. There are two types of cooling systems that fall under this category: wet cooling towers and

cooling ponds. Both cooling systems use the same principle; they use a recirculating loop of water.

Wet cooling towers are more common than cooling ponds in the US. In this system, after the water goes

through the steam condenser removing the waste heat, it is sprayed down through the cooling tower while

air comes up from the bottom of the tower and out to the environment. The flow of air, which can be

drawn by a fan or by natural draft, acts as a heat exchanger, with heat transferring from the water to the

air and cooling down the water, with water evaporation as a major source of cooling. The remaining water

is then collected at the bottom of the cooling tower and reused again in the steam condenser of the power

plant, closing the recirculating loop (see Figure 2-7).
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Figure 2-7: Diagram of wet cooling tower (mechanical draft)

Although this cooling system withdraws far less water than once-through systems - about two orders of

magnitude less - the water consumption is higher. As the water goes down the cooling tower, some of it

leaves the tower evaporated in the air. Moreover, smaller amounts of water are purged from the cooling

water circuit to avoid build up of harmful contaminants. This stream is usually called cooling tower
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"blowdown" and is concentrated in dissolved and suspended solids. Its discharge to the water source is

heavily regulated and needs to be treated before being returned back to the water source (in which case it

is not counted as consumed) or evaporated in holding ponds (in which case it accounts as consumed). A

continuous water intake is required to make up for the evaporation losses and the blowdown.

Therefore, since they withdraw less water, wet towers have less severe impacts on the environment.

However, they consume more water and their cost and complexity is higher than for once-through cooling

systems. Moreover, cooling towers can pose land issues and aesthetic objections. For example, natural

draft cooling towers can be up to 200 meters tall and 100 meters in diameter (see Figure 2-8) and can

produce unwanted vapor plumes under certain conditions.

Figure 2-8. Picture of a natural draft cooling tower

Cooling ponds are less common than cooling towers but still used around the US. They entail a quasi-

closed loop of cooling water, but instead of using a cooling tower, they use a system of ponds or canals.

In these cooling systems, after the water goes through the steam condenser removing the waste heat, it is

discharged to a pond, where it rejects heat through evaporation and direct convection with the air. The

water is then pumped back to the power plant and used in the steam condenser again, closing the cooling

water loop (see Figure 2-9). Similarly than with cooling towers, some of the water is consumed due to

evaporation.
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Figure 2-9: Diagram of a cooling pond system
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It is complicated to estimate or to generalize water use in pond-cooled systems. This is due to the fact that

the "cooling ponds" category includes a variety of types. It can refer to a natural lake or a man-made big

reservoir, which can be used for other purposes than cooling, such as controlled fisheries or recreational

activities; but it can also refer to a series of small and structured canals built for the single purpose of

providing cooling water. Hence, the water consumption and withdrawal for pond-cooled system is very

site specific. However, for a given heat waste to be dissipated, it can be safely bounded between the

factors for once-through cooling and wet cooling towers.

2.4.2.3 Dry cooling

Dry cooling systems (see Figure 2-10), sometimes referred to as air cooling, use air instead of water as the

heat transfer fluid. Therefore, this type of cooling system does not withdraw or consume any water for

cooling purposes (other processes in the power plant may require water). Compared to the other cooling

systems, it has minimal environmental impacts. However, since air is not as efficient as water in heat

transfer, dry cooling systems require a large surface area for the heat exchanger to be able to dissipate the

waste heat to the environment. This makes dry cooling three or four times more expensive than an

equivalent wet tower cooling system.

Dry cooling is usually used in dry and arid areas, where there is not enough water available for the

optimal operation of a wet cooling system. Specifically, it has been proposed as an alternative cooling

system for the new solar thermal power plants being built in the US, which inherently tend to be located

in desert areas. However, since dry cooling is more expensive than wet cooling, it becomes an extra cost

for solar thermal technologies, which are already more expensive than most of the fossil fuel power

plants. In addition, the efficiency of the cooling system, which affects the overall efficiency of the power

plant, depends on the temperature of the heat transfer fluid, in this case the air. Therefore, on hot days, the

effectiveness of a dry cooling system decreases, decreasing the plant efficiency as well. Unfortunately,

and for the reasons mentioned above, dry cooling systems tend to be located in areas where it can get very

hot during the day and usually, hot days coincide with high electricity demand, which makes the problem

worse.
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Figure 2-10. Diagram of dry cooling and aerial view of a dry cooling system

Hybrid cooling systems combine wet and dry cooling approaches. There are different types of hybrid

cooling systems, but all fall between wet and dry in terms of cost, performance, and water use. Hybrid

and dry cooling are discussed further in Chapter 6 when looking at the possible alternatives to reduce

freshwater use in power plants.

2.4.2.4 Cooling systems summary

Summarizing, the cooling system that power plant operators choose will have an impact on the power

plant efficiency, capital and operation cost, water consumption and water withdrawal and environmental

impact. Therefore, the trade-offs have to be evaluated case-by-case, taking into account the regional and

ambient conditions and the existing regulations to be able to choose the optimal cooling system for that

plant. A summary of the trade-offs is captured in Table 1.

Cooling Type Watr waWCnation Capital Cost Plant Efficiency Ecolgical

Once-Through Awgood

Wet Cooling Towers rsijjt ndregod mdrt

Table 1. Summary of Cooling Systems Trade-offs

As explained earlier, water availability varies regionally and, in the United States, the differences between

the East and the West in terms of water are huge. Therefore, power plant operators have to adapt to their

environment and choose accordingly the most suitable cooling system. Thus, we find that in the East,

where there is enough water, power plants tend to withdraw more water than in the West and more power

plants use once-through cooling. On the other hand, in the arid West, most of the power plants use wet

cooling towers to cope with the water scarcity problems of the region. This is shown in Table 2, where we

can find a breakdown of the number of generators and energy produced by the type of cooling system. As
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shown, the predominant cooling systems in the US are wet cooling towers followed by once-through.

Most of the generators (75%) using once-through are located on the East of the Mississippi River. In

Figure 2-11 we can find a graphic representation showing where the different types of cooling systems are

located across the US and how much water they withdrawal. As shown, most of the once-through cooling

systems (dark blue dots) are located in the East. In the West and South West there are very few once-

through cooling systems. In California, due to the availability of ocean water, there are some once-

through cooling systems, used especially in nuclear power plants. However, as mentioned earlier, a new

State Regulation is going to ban this type of cooling systems in all power plants.

Percent Of Pementopn. "Prcerttage onGeneration Number o
Cooling Type Total Eatte West of

(TWh) Generators
Generation Mississippi Mississippi

Once-Through 1,203 33% 1,140 75% 25%

Wet Cooling Towers 1,859 52% 2,241 39% 61%

Cooling Pond 461 13% 232 50% 50%

Dry Cooling 86 2% 136 46% 54%

TOTAL 3,609 100% 3,749

Table 2. Breakdown of Cooling Systems used in US Power Plants. Source: EIA 2008, UCS 2011
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Figure 2-11. Types of Cooling Systems and water withdrawal in the US. Source: EIA 2008, UCS 2011

2.5 Overview of available data sources - Literature Review

All published data on water use for electricity generation is ultimately derived from two types of sources:

A) Field data from power plants
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B) Power plant models, usually not focused on water use, such as ASPEN PLUS simulations

In the United States, data on water use in power plants is collected by two federal agencies, the U.S

Geological Survey (USGS) and the U.S. Department of Energy's Energy Information Administration

(EIA). However, even though the power sector accounts for almost 40% of the freshwater withdrawn in

the US, these two agencies have not made an effort to collect high quality and accurate data, which would

be extremely valuable for policy making.

The USGS publishes reports on water withdrawals in the US by sector and state every five years. The last

report available is Estimated Use of Water in the United States from 2005. However, the data of the

USGS is not broken down by power plant or even by power plant type (nuclear, coal, etc). The data is

aggregated by state and therefore is not very useful to estimate water use per kWh. In addition, the

information is collected by different state agencies, which often use different methodologies to account

for water withdrawal and therefore there can be inconsistencies in the results. On the other hand, the

USGS data is very useful to understand the magnitude of water withdrawals by the power sector and to be

able to compare it to the other sectors in the US. The EIA is focused on national energy statistics and

publishes official reports every year. Their data shows water withdrawals and water discharges (and by

difference, also consumption) for each power plant and it also specifies the type of cooling system that is

used. However, the data does not seem to be very accurate and they do not document nuclear facilities

and some natural combined cycle (NGCC) power plants.

At least three reports highlight the problems in the reporting methodologies and challenge the accuracy of

the USGS and EIA data. Yang and Dziegielewski (2007) studied the EIA data and conducted regression

analysis to determine the water footprint of different power generation technologies. They found large

variances, weak correlations and many outliers in the date. The US Government Accountability Office

(GAO) published a report (Mittal and Gaffigan, 2009) where they interviewed representatives from the

USGS and the EIA as well as other stakeholders, such as the data base users. The GAO identified

significant limitations in the data, and challenged the capacity of the EIA to ensure the quality of the

collected data: "Respondents may use different methods to measure or estimate data, and instructions may

be limited or unclear. Respondents may make mistakes or have nontechnical staff fill out surveys." Mittal

and Gaffigan also mention that USGS data is not consistent due to the fact that different States use

different methodologies and some of them even use the EIA data to report to USGS. They also highlight

the lack of seasonal data and the lack of detail on cooling system configurations and water sources.

Finally, the Union of Concerned Scientist, in their report "Freshwater Use by U.S. Power Plants:

Electricity's Thirst for a Precious Resource", also highlight some of the gaps in the available data sets.

29



They analyzed the existing data and concluded that "Power plants that did not report their water use to the

EIA accounted for 28 to 30 percent of freshwater withdrawals by the electricity sector". As mentioned

before, this is in part due to the lack of reporting from nuclear power plants. They also compared this data

with the available water factors in the literature and found that many reported power plants fell outside

the boundaries of their analysis, with some plants reporting 5 times the median and others reporting zero

water use. Moreover, they found that out of 3,583 generators only 1,741 reported the type of cooling

system being used.

There are different engineering studies that have focused on modeling. However, most of the available

reports are not focused on water use at power plants, and their models dig into all the processes within the

plant. Moreover, the models tend to be too detailed and specific to individual plants and technology,

focusing mostly on fossil fuel power plants using wet cooling towers. There is a lack of models available

on once-through or dry cooling systems. Some of the most complete are the state-of the-art fossil-fuel

power plants models by NETL (DOE/NETL, 2010). They use ASPEN Plus simulations to explain in

detail every single process in the power plant and to benchmark different fossil fuel technologies,

comparing different plant performance aspects, including water. Ikeda et al. (2007), from the Cooperative

Research Center for Coal in Sustainable Development from Australia use similar simulations to also

benchmark the performance of new technologies for possible new fossil fuel power plants in Australia;

and they include water use in the report. From Camegie Mellon University there are a set of published

papers on the effect of carbon capture on water withdrawal and consumption in pulverized coal power

plants (Zhai, 2010) (Zhai, 2011) using the Integrated Environmental Control Model (IECM), a fossil fuel

power plant model (Berkenpas et al, 2009). These models are very useful to understand how a power

plant works and to identify the processes where water is required and were essential for us to estimate the

parameters of our model. However, due to their complexity and level of detail, they do not intend to be

general models that can be applied to estimate water use in all power generation technologies.

Most of the rest of the available publications draw information from these models or from the primary

data sets (or from both) and use the water factors to conduct regional analysis, to project power plant

water use depending on different scenarios, to identify those States where the water-energy nexus will

have a higher impacts, etc. There are also some high-level reports on the water-energy nexus that do not

give a lot of information about the origin of their numbers. Using a specific number for water withdrawal

and consumption depending on the power plant type is very useful to make projections and forecast

analysis. However, it also has its limitations. For example, these types of reports often use the same value

irrespectively of geographic location and climatic conditions, which do affect water use. They also ignore
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the huge differences in efficiency within the same type of power plants (for example old coal plants vs.

new coal plants), which also affects water use, as it will be shown later in the thesis.

The huge variation in water consumption factors is shown in Figure 2-12, which is taken from a report by

NREL that collected water factors from published primary literature (Macknick, 2011). In the report, they

also acknowledge that the field data is not of good quality. Fortunately, the EIA is making an effort to

improve its data collection, acknowledging the importance for higher-quality data in this field to meet the

need of policy makers and the public and private sector decision makers. However, given the lack of

consistent and high-quality data today, modeling is necessary to obtain better water estimates and to

understand what drives water consumption. A simple model to estimate water use in power plants has

been developed as part of this thesis, which will help understand the available data and to overcome some

of the mentioned deficiencies. This model is explained and described in detail in the next chapter.
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Figure 2-12. Water consumption factors for electricity generating technologies (Macknick, 2011)
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3 A model of water use for thermal power plants

3.1 Introduction to Thermal Power Plants

Most of the power plants around the world are thermal power plants. In the US, they produce around 70%

of the electricity and a similarly high percentage in the rest of the world (DOE, 2008). The most prevalent

thermal power plants are pulverized coal (PC) power plants, natural gas combined cycle (NGCC) power

plants and nuclear power plants, in decreasing order. This category also includes less common power

plants such as solar thermal and geothermal plants, which may gain significance in the future moving

towards less carbon-intense technologies (See Figure 3-1 for a breakdown of electricity generation by

source. The category "natural gas" also includes simple gas turbines, which are not thermal power plants).

6.2% 4.2% 1.0%

Figure 3-1: Net Electricity Generation in the US by Energy Source, 2010 (Source: US EIA)

Thermal power plants produce large quantities of waste heat that must be rejected somehow to the

environment, and therefore they require large quantities of water for cooling purposes. Water is becoming

a scarce resource in many regions of the US and of the world, and the situation could worsen in the

upcoming years due to climate change and growing population. While non-thermal renewable generation

technologies such as wind and photovoltaics consume negligible amounts of water, they face another

problem: intermittency. Absent massive grid-scale electricity storage, it seems inevitable to continue

using thermal power plants as base-load and dispatchable power. Thus, it is important to understand the

water footprint of the different electricity generation technologies in order to incorporate the information

into the decision-making process and to choose the best alternative. As mentioned in the previous chapter,

existing power plant data is of poor quality and existing models are too plant specific. This chapter

explains and quantifies water use in power plants from a different perspective by developing a simple

generic model focusing on the heat balance of the power plant.
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3.2 Heat rate vs. water use

Thermal power plants convert heat into power in the form of electricity. The heat is generated from a

diverse range of sources, including pulverized coal, natural gas, uranium, solar energy, and geothermal

energy. The heat rate (HR, kJ/kWh) of a power plant is the amount of energy required (kJ/h) to produce

one unit of electricity (kW) (see Equation 1).

HR = Heat Input of Fuel
Net Power Output

The power plant's net efficiency is simply the heat content of electricity (3600 kJ/kWh) divided by the

heat rate (kJ/kWh) (see Equation 2).

Efficiency = 3,600 (2)
HR

The power plant's heat rate depends on the fuel type used and the specific power plant design. All the

heat put into the plant that is not converted into electricity (shown as "Heat Losses" in Figure 3-2) is

waste heat and has to be dissipated somehow to the environment. The majority of this heat is rejected to

the environment through cooling systems, which usually use water as the heat transfer medium. Thus, the

smaller the heat rate, the smaller the waste heat that needs to be rejected; and therefore, less cooling water

is required per kWh produced.

Power Plant

process E ,
Heat ..in

Heat
Losses'

Figure 3-2. Simple visualization of Thermal Efficiency

Moreover, since between 85% and 95% of the total water needs are for cooling purposes (DOE/NETL,

2010) (EPRI, 2002b), we can get a good estimate of the total water needs of power plants by knowing

only the heat rate and the type of cooling system used. This correlation between water use and heat rate

can be observed in Figure 3-3 and Figure 3-4 (the graphs show data for power plants with cooling
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towers). In both graphs, the data fall along a straight line. The variability can be attributed to the

remaining 5% - 10% water used in other processes and to small differences in the heat balance, which

depend on the type of power plant and other characteristics that are explained in the next sections.

Figure 3-3: Pulverized Coal Water Withdrawn w/ Wet Cooling Towers (ESKOM Field Plant Data 2006-201))

Figure 3-4: Water Withdrawn w/ Wet Cooling Towers (Data from simulations. Sources: DOE/NETL, EPRI,
Ikeda)

3.3 Formulation of the model

Water use in a power plant can be complicated, sometimes with water being recycled in different

processes. However, to calculate total water withdrawal and consumption, it is not necessary to delve

into these details. All one needs to do is understand water and heat flows across the battery limits of the

power plant.
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The following equation expresses water use for a thermal power plant (I in L/kWh) as a function of the

heat rate (HR) and 3 adjustable parameters: A (L/kJ), B (kJ/kWh), and C (L/kWh). This simplified

equation also helps us identify the parameters that have a higher impact on water withdrawn and water

consumption.

I= A(HR - )+C (3)

B
Flue gas

Other

Heat input

HR

Figure 3-5: Simplified Visualization of Heat Balance of a Power Plant

Figure 3-5 represents the heat balance of the power plant and helps us understand better the parameters

HR and B. The energy input into the plant (as fuel) has to be equal to the energy going out of the plant.

The amount of heat that is rejected to cooling water is simply HR-B. The parameter B (kJ/kWh)

represents all other heat outputs (heat content of electricity, heat loss with the flue gas, and other losses

discussed below).

The cooling water needed to dissipate HR-B for a given power plant will vary depending on the type of

cooling system. This is modeled by the parameter A, which represents the water needed per unit of energy

rejected through the cooling water (L/kJ). Finally, the parameter C represents the water used in other

processes not related to cooling (L/kWh). Thus, the total amount of water required in the power plant (I)

depends on the amount of heat to be dissipated through the cooling system (HR-B), the type of cooling

system (A) and the water needs of the other processes in the plant (C) (see Figure 3-6). Going back to
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Figure 3-3 and Figure 3-4, the equation (3)

are explained in more detail below'.

D)

0L Coln
z rI ytm A

represents the trend-line of the graphs. All these parameters

Water
Consumption

Water

Withdrawal
0

Figure 3-6. Visualization of inputs and outputs of the model

3.3.1 Parameter B: Heat dissipated through other mechanisms than the cooling system

We can obtain the amount of energy that has to be dissipated through the cooling system by subtracting

the energy lost to other sinks (B) from the energy needed to generate one kWh (HR). Thus, the bigger the

B, the smaller the waste heat that needs to be rejected through the cooling system; and therefore, less

cooling water is required per kWh produced. The energy going into the system can only leave it in two

ways: as process heat losses, or as a product stream.

The process heat losses account for 3% to 5% of the total energy input depending on the type of power

plant. These include steam turbine heat losses, generator heat losses, radiation losses, etc.; most of the

processes in the power plant dissipate small amounts of heat into the environment.

The product streams can be classified into three categories:

- Electricity

- Flue gas

- Other streams

'Several reports and books on power plant processes have been consulted to quantify the standard values for the parameters of the model
for each power generation technology. Too avoid extended and repeated citations of the references, most of the sources used for chapter 3 and 4 s

have been listed in the reference section under General Bibliography.
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Electricity, by definition, accounts for 3600 kJ/kWh. Flue gas is typically a significant stream for

combustion-based plants, and will be discussed further in the following paragraphs. "Other streams"

includes small streams such as slag and sulfur, which carry some heat to the environment. However,

these streams are negligible compared to the overall energy balance. For CCS cases, the CO 2 stream has

to be taken into account, but its effect on the overall heat balance is also small (on the order of 2%) (see

section 4.1.4).

The flue gas from the combustion of fossil fuel and/or biomass in a power plant is ultimately released to

the atmosphere, and therefore some energy is lost up the stack. The energy content of the flue gas consists

of both sensible heat (associated with the energy of temperature rise) and latent heat (associated with the

energy of water vaporization).

The sensible heat (Qsens) in kJ/kWh is a function of the flue gas mass flow rate (mFG) in kg/kWh, flue gas

temperature (T) in K, and specific heat capacity of the flue gas (CFG)) in kJ/kgK:

Qsens = M GFG CFGAT (4)

Thus, the higher the mass flow rate and the higher the temperature of the flue gas, the higher the heat lost

up the stack. For example, the flue gas mass flow is higher in NGCC and IGCC power plants than in

pulverized coal power plants. Therefore, more heat is released to the environment through the stack and

less heat load is sent to the cooling system, which means that less cooling water is needed.

The latent heat is a function of the water content of the flue gas. This water comes either from the fuel as

a product of combustion or from other processes such as flue gas desulfurization (FGD), which adds

water to the flue gas. If we are using the higher heating value (HHV) of the fuel to account for the thermal

input, which assumes that after the combustion all the water components are in liquid state, we have to

take into account the latent heat of all the evaporated water suspended in the flue gas. The latent heat can

be calculated with the following:

Qatent = mwaterh /g (5)

Where mwaer (kg/kWh) is the flue gas water content (mass flow rate) and h1g is the latent heat of

vaporization of water (2,300 kJ/kg). Thus, the higher the water content in the flue gas ( mwater), the higher

the latent heat.

Therefore, the three parameters that will define the heat losses through the flue gas are: totalflow rate,

exit temperature and water content of the flue gas. These three parameters will vary significantly
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depending on the power plant type and fuel, whether the plant has an FGD system to control the sulfur

emissions or not, whether it has carbon capture system or not, etc. (see Figure 3-7).
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X
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500
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PC no FGD PC FGD PC FGD CCS IGCC GE IGCC CCS GE NGCC NGCC CCS
(T=147 (T=57) (T=32) (T=132) (T=132) (T=132) (T=30)

Figure 3-7: Heat Lost through the Flue Gas (Source: DOE/NETL, Ikeda, EPRI)

3.3.2 Parameter HR: Heat rate of the power plant

The heat rate (HR) can vary significantly depending on the fuel used and the type of power plant. As

explained earlier, a lower heat rate means less waste heat to be rejected and thus less cooling water

required per kWh generated. Hence, if the cooling systems are equal, the amount of required water will be

determined by the heat rate of the power plant. In Table 3 there are some examples of power plants and

their typical heat rate values. Therefore, gas combined-cycle plants (heat rate around 7,200) require less

cooling water than sub-critical pulverized coal power plants (9,800) and much less than solar thermal

plants (12,000).

Power Plant Type (examples) Typical Heat Rate (kJ/kWh)

NGCC 7,200 HHV

lGCC 9,100 HHV

Super-Critical Pulverized Coal 9,200 HHV

Sub-critical Pulverized Coal 9,800 HHV

Nuclear 11,250 HHV

Solar Thermal (Rankine Cycle) 12,000 HHV

Table 3: Typical Heat Rates of different Power Plants (Source: DOE, EPRI, World Nuclear Association)
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3.3.3 Parameter A: Cooling System Type

A [L/kJ] is a constant related to the cooling system used in the power plant. It represents the required

water withdrawal or consumption per unit of waste heat that has to be rejected. There are three main types

of cooling systems: once-trough cooling, evaporative cooling (cooling towers) and dry cooling. There is

also a hybrid version between wet and dry. Currently, once-through cooling and evaporative cooling are

far more common than dry or hybrid wet/dry cooling. Each of them require different amounts of water (or

none at all in the case of dry cooling), which means that A will change significantly for each of the

cooling systems. Hence, the type of cooling system used in power plants has a huge effect on the overall

water consumed. The main differences between cooling systems are described below, ranked in

decreasing water withdrawal intensity:

Once-through cooling: It is the simplest cooling system but also the one that requires large amounts of

withdrawn water and hence, the one with the highest "A" for water withdrawn. Water is withdrawn from

a water source (river, lake, sea) and it is run through the condenser to remove the heat. The water is then

discharged back into the source but some degrees hotter. For this cooling system, A [L/kJ] will be:

1
For water withdrawn AOT _ w= (6)

CAT p,

For water consumed Aor w = (7)
CATp,

Where Cp is the specific heat capacity of water (c, = 4.184 [kJ/(kg*K)]), AT is the temperature increase of

the water (which usually by law is around 10 K)2 and pw is the density of water (which is 1 kg/1). The

parameter A has been calculated using the following thermodynamic equation (8):

Q= mCAT -> m = (8)
CAT

Where m is the amount of water required (kg/kWh); Cp is the specific heat capacity of water (c, = 4.184

[kJ/(kg*K)]), Q is the amount of heat to be dissipated ((HR-B) [kJ/kWh] ) and AT is the temperature

increase of the water.

2 EPA does not set a maximum AT, however, most of decides only allow a 20"F increase. See here an example of Massachusetts:
www.imass. -ov/dep/water/resources/72wqaO7i.doc
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However, only a small part of m evaporates (i.e. is consumed) once it is returned to the source due to the

temperature increase of the water (see section 2.4.2), which is captured by the coefficient x . Hence,

AoTC is much smaller than AOT w. indicates the percentage of the water that is evaporated and its value

is around 1%. However, it depends on ambient conditions such as the temperature of the watershed and

the wind speed.

Evaporative cooling: This is a closed-loop system, in which the cooling water is sent from the condenser

to the cooling tower, where the heat of the water transfers to the ambient air by evaporation. The resulting

lower temperature cooling water is returned to the condenser, and the amount of water that evaporates in

the cooling tower is replenished. The total evaporated water (i.e. consumed) depends on the design of the

cooling tower and on the temperature and humidity of the incoming air. "A" will be:

(1 - k )( 1
For water withdrawn ACT W - P " I + 1 (9)

p,hl nC -1)

For water consumed Ac (-ks 1 )+ | (10)
p,,h, nec -1)

Where kses is the fraction of heat load rejected through sensible heat transfer and it depends on the design

of the cooling tower and on the temperature and humidity of the incoming air. This parameter is very

significant because the higher ksens is, the less water is consumed for a given heat load. ne is the number

cycles of concentration (it determines the amount of water that is purged as blowdown) , p,, is the density

of water (kg/1) and h/g is the latent heat of water (2,454 kJ/kg at 20"C). The main difference between

water withdrawn and water consumed is the parameter kbd , which is the fraction of blowdown discharged

to the watershed. Thus, if nc and kbd are low, then water consumption will be high. However, usually it

is not the case. If nc is high, it means that the water in the cooling towers will be high in mineral

concentration and therefore kbd will be low. Most of the blowdown water will not be returned to the water

shed. If nc is low, then the quality of the cooling water will be higher and most of it will be returned to

the water shed (kbd will be high). However, for cooling towers, the main consumption mechanism is

evaporation. Blowdown consumption is non-negligible but small compared to cooling tower evaporation

(Rutberg et.al, 2011).

Wet/Dry Hybrid Cooling: this cooling system is a combination of a wet cooling system (cooling tower)

and a dry cooling system (air cooled heat exchanger). There are different configurations for this system,

but for all of them, the value of "AHc c" would be between that of ACT c and ADC C-
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Dry Cooling: It uses air as the medium of heat transfer and hence, does not use or consume any amount of

water. However, the main disadvantages are its high cost and the efficiency penalty. "ADC" in this case

would be 0.

In terms of the parameter A, the trends among these cooling systems can be described as follows: once

through cooling withdraws (AoT w) large quantities of water but only consumes (ACT c) a small

percentage of it; cooling towers withdraw (ACT w) smaller amount of water but consume (AOr C) most of

it; dry cooling does not withdraw (ADC w) or consume (ADC c) any amount of water; and hybrid cooling

withdrawn (AHC w) and consumption (AHC c) rates fall between those of cooling towers and dry cooling.

Summarizing, for water withdrawn: AOT w > ACT w > AHC w > ADC W = 0

And for water consumed: ACTc > AOT c > AHc c > ADCC : 0

3.3.4 Parameter C: Other processes water needs in the power plant

The water amounts for C (1/kWh) are about one order of magnitude smaller than the amount of water

required by the cooling system. Processes under this parameter include FGD systems, dust removal, water

gas shift, etc. Since there are many processes that require small amounts of water, it can be difficult to

quantify them. However, if we look at the power plant as a whole and focus on what happens at the

boundaries, we can simplify the calculations and understand the water use in a more intuitive way.

Starting from the premise that the water that goes into the plant has to be equal to the water that leaves the

plant, we can quantify water consumption looking at the outlet streams.

Water can leave the power plant in three ways:

(1) evaporated in the flue gas

(2) as discharge streams

(3) as part of other products such as slag

The stream (1) can be known calculating the amount of water suspended in the flue gas that is not a

product of the coal combustion process as shown in Equation 11.

C 1 = mwater - mwater CP (11)

Where mwae, is the total water content in the flue gas (L/kWh) and m,,,er c is the water from the coal

combustion process (L/kWh).
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The water from the combustion process can be estimated through stoichiometry, once the coal feed rate

(kg/h) and the hydrogen content of the coal are known.

H 2 + -2 -> H 202 (12)

For example, if the coal feed is 198,391 kg/h with 4.5% hydrogen by weight and the water content in the

flue gas is 216,537 kg/h (DOE/NETL, 2010), then:

198,391 kgco 4.5kgH 18kgH20 = kgH 20
h 100kgCOAL 2 kgH h

Since we know that 1kg water = 1 liter of water, then:

1 1 / 136,1881/h
C, = 216,537 -80,348 -=136,188 --> C, = =0.2481 / kWh

h h h 550,000kW

Stream (2) includes the cooling tower blowdown and the boiler blowdown. Minerals and other impurities

usually accumulate in the circulating water of the cooling towers and thus, the blowdown is necessary to

maintain the quality of the water and avoid corrosion. If the quality of the water source is good, then less

water blowdown is needed. In many cases, this water is recycled and used for the FGD system, which

does not require high quality water, and hence, most of it leaves the plant evaporated in the flue gas

(which is already being accounted for in stream (1)). Otherwise, it is sent to the wastewater treatment

system and then returned to the water body.

Make-

Blowdown

Figure 3-8. Diagram of the Steam Cycle

43



Impurities also accumulate in the steam-cycle water (boiler water) and therefore, water is also blow down

and replaced with clean water (see Figure 3-8). However, the quantity of water necessary is orders of

magnitude smaller than the cooling water and is usually taken directly from the municipal water source

instead of from the natural water source. Thus, this stream is almost negligible in terms of water

consumption accounting for up to 1% of the total. However, blowdown streams can be important at the

plant level in terms of cost due to the expensive water treatment systems needed to comply with strict

discharge regulations.

Stream (3) can vary depending on the power plant types and includes streams such as the gypsum from

the FGD, slag, etc. However, these water amounts are typically small and most of the times the water gets

recycled internally.

For some types of power plants we will have to quantify also water used in other process not related to the

steam cycle, such as the water used to clean the mirrors in solar thermal plants.

Evaporated W0ater

Water
Wihdrawn

a:

0

z

0
8

Evaporated
Water Flue Gas

Blowdown

Discharge
FGD

System
Gypsum

Figure 3-9: Example of Water Balance. Pulverized Coal Power Plant
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3.4 Typical model parameters values by technology

Table 4 shows different typical values for the parameters HR, B and C depending on the power plant type.

The calculation of these values and the possible variability is explained in the following sections.

I. B (kJ/kWh)
Power HR HR-B

Plant Type (kJ/kWh) (includes 3, 600 (kJ/kWh) C (L/kWh)
kJ/kWh electricity)

NGCC 7,200 5,160 - 5,230 1,600-1,900 0.020 - 0.030

NGCC CCS 8,400 4,112 4,300 -0.100 - -0.120

IGCC 9,000 - 9,500 5,500 - 5,800 3,300 - 3,700 0.100 - 0.200

No FGD - 0.020 - 0.030
PC 8,900 - 9,800 5,100 - 5,400 3,800 - 4500

FGD -& 0.200 - 0.300

Nuclear 10,000 - 12,400 4,100 - 4,420 5,900 - 7,900 0.020 - 0.030

Solaral 9,000 - 14,400 3,900 - 4,300 5,100 - 10,100 0.050 - 0.300

IGCC CCS 10,500 - 11,600 6,100 - 6,300 4,400 - 5,400 0.400 - 0.450

PC CCS 12,600 - 13,700 4,300 - 4,400 8,300 - 9,300 -0.90 - -0.100

Table 4: Representative calculated values for the different parameters

A withdrawn min A withdrawn max A consumed min A consumed max

Once-though 2.17E-02 (1/kJ) 3.41E-02 (1/kJ) 2.17E-04 (1/kJ) 6.83E-04 (1/kJ)

Cooling Towers 3.40E-04 (1/kJ) 7.74E-04 (1/kJ) 3.29E-04 (1/kJ) 5.03E-04 (1/kJ)

Table 5. Representative calculated values for the parameter A
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4 Water Requirements by Generation Technology

4.1 Fossil Fuel Power Plants

Fossil fuel power plants bum fuels such as coal, natural gas or petroleum to generate electricity. The flue

gas from the combustion process contains different pollutants such as nitrogen oxides, sulfur oxides, fly

ash, etc. As a result, they generally require emission control systems to mitigate the environmental

impact. Fossil fuel power plants are also major emitters of carbon dioxide, a greenhouse gas contributing

to climate change. However, fossil fuels are cheap, plentiful and the technology used in fossil fuel power

plants has been used for decades. Moreover, they are still the lowest cost power plants compared to

nuclear power plants and renewable energy. In the US, fossil fuel power plants account for almost 70% of

the electricity generated (EIA, 2010) and absent any climate policy, will likely hold a similar share in the

future.

4.1.1 Pulverized coal
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Figure 4-1: World Coal Consumption by Region (Source: EIA, 2010)

Currently, almost half of the electricity generated in the United States comes from coal. Coal is cheap and

abundant. In addition, because it is a domestic resource for the US, it does not create foreign energy

dependency. In emerging countries, coal is also the most commonly used fuel for power production. The

primary examples of this are China and India, with 79% and 70% of their electricity being generated from

coal (EIA, 2010). With relatively cheap coal prices and energy demand increasing, coal power plants will

continue to hold an important share of the electricity market (see Figure 4-1). Therefore, it is crucial to

understand the water consumption of this type of power plant.
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Pulverized coal (PC) power plants use steam as the prime mover. The coal is crushed into a fine powder

and fed into the boiler. Then it is burned to heat water, which turns into steam and spins a steam turbine

driving an electrical generator to produce electricity. Once the steam goes through the turbine, it is

condensed and sent to the boiler to be heated again, closing what is known as the Rankine Cycle (see

Figure 4-2).

Flue gas Steam cycle Cooling water

Boiler

Condenser mad-up bdow:

Raw water source (river, lake, ocean, well, municipal system, etc.)

Figure 4-2: Schematic for PC Power Plant with cooling tower and wet FGD (NETL. DiPietro, 2009)

4.1.1.1 HR: Heat Rate of pulverized coal power plants

As explained in section 3, the amount cooling water required for a given cooling system will vary

depending on the heat rate of the power plant, which for PC typically range from 8,300 kJ/kWh to 13,300

kJ/kWh. The heat rate depends on the age of the power plant (usually newer plants use better technology

and have lower heat rates), on the power plant type - subcritical, supercritical, and ultra-supercritical and

on the coal type. These different designs operate the steam generators at different temperatures and

pressures. Supercritical and ultra-supercritical power plants use higher pressure and temperatures to lower

the heat rate achieving heat rates as low as 9,000 kJ/kWh and 8,300 kJ/kWh respectively. Thus, more

efficient supercritical and ultra-supercritical plants consume less water than subcritical plants.

In the United States, subcritical plants account for the highest percentage of pulverized coal power plants.

There are many old subcritical coal power plants that have very high heat rates (efficiencies as low as

27%). However, newer subcritical plants usually have heat rates around 9,700 kJ/kWh (37% efficiency).

There are few supercritical and ultra-supercritical power plants in the US. The heat rate average for

pulverized coal power plants is approximately 10,733 kJ/kWh (EIA, 2010). Hence, in general, coal power
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plants have middle-of-the-road thermal efficiencies as well as moderate water consumption intensities

compared to other power plants.

4.1.1.2 B: Heat losses to other sinks in pulverized coal plants

To quantify the heat load on the cooling system, we have to understand the heat balance of the power

plant. A diagram of a typical heat balance is shown in Figure 4-3. The amount of energy necessary for

electricity generation is known by definition (3,600 kJ/kWh). Therefore, the amount of heat lost through

the flue gas and through other processes to the environment has to be identified.

Flue Gas (11.9%)

Other Losses (5%)

Heat in (100%) heatto cooling (46.3%)

Electricity
(36.8%)

Figure 4-3: Heat Balance Diagram of a typical Super Critical Pulverized Coal Power Plant with an efficiency
of 36.8% (values taken from DOE/NETL, 2010)

In the case of Pulverized Coal Power Plants, the latent and sensible heat of the flue gas will vary

depending on whether there is a flue gas desulphurization (FGD) system for pollution control or not.

Below there is a comparison between the results of the DOE/NETL (2010) report, which uses an FGD

system with the ones of Ikeda et.al (2007), which does not.

With FGD: In this case, the latent heat of the flue gas is much higher than the sensible heat due to the

water evaporated in the FGD system. The FGD system is used to remove the sulfur dioxide from the

exhaust flue gas and in many countries it is required by law. There are two types of FGD systems: wet

and dry. Nevertheless, most of the power plants in the US and around the world use wet systems (see

Figure 4-4), which use a wet lime spray to remove SOx from the plant exhaust. While some of the spray

water can be recovered and recycled, a significant amount leaves the flue as vapor, cooling down the flue

gas. The flue gas leaves the FGD system at a temperature close to the saturation (wet bulb) temperature.

In the DOE/NETL report, the flue gas leaves the plant at a temperature of 57*C, which falls into the

expected range for wet FGD systems.
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Figure 4-4: FGD Diagram and Flue gas exhaust Temperature ("F) with FGD Systems (Source: EIA Data)

Without FGD: In some circumstances, the coal has such low sulfur content that the FGD systems are not

required. For example, in Australia, most of the local coal has relatively low sulfur content and therefore,

the most economic sulfur dioxide control is to use this coal instead of installing an FGD system (Ikeda,

2007). In such cases, the flue gas leaves the plant at much higher temperatures (148"C) since it is not

saturated with the FGD water. Thus, the sensible heat of the flue gas is much higher than the latent heat.

In such cases, the only water in the flue gas is that produced in the coal combustion process.

Figure 4-5: Total Heat lost through the Flue Gas in PC power plants with and without FGD

However, even if the latent heat and sensible heat components of the flue gas were significantly different

with and without FGD system, the total amount of heat lost up the stack is very similar in all the cases

(see Figure 4-5: Total Heat lost through the Flue Gas in PC power plants with and without FGD). In all

the compared cases the amount of heat lost up the stack was approximately 12% of the total heat in.

Nevertheless, the water consumption in the FGD cases is much higher than in the ones without because

most of the water used in the FGD evaporates and is exhausted with the flue gas (i.e., C increases).
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As discussed above, most of the processes in the power plant dissipate small amounts of heat into the

environment. However, even if these amounts of energy are small, once we add all of them, it accounts

for approximately 3%- 5% of the energy losses. These include steam turbine heat losses, generator heat

losses (which usually are about 1.5% of the power generated), etc.

Comparison of parameter B from models with field data

Different flue gas temperatures and different flue gas water content lead to different heat losses up the

stack. From the existing data of published reports based on ASPEN and other models; different B have

been calculated for further comparison with field data (see Table 6).

J/kWh

1,555

HR (%)

15.9% YES 575,155NETL Subcritical 9,788

NETL Supercritical 9,165 5,054 1,454 15.9% YES 57

Ikeda Supercritical 8,924 5,074 1,474 16.5% NO 147

IECM Supercritical 9,381 5,344 1,627 17.3% YES 55

Table 6: Comparison of B values for pulverized coal power plants

Comparing these results with real field

use any FGD and hence C=0 3, it can be

the different model-based reports.

data from ESKOM Pulverized Coal Power Plants, which do not

observed that the parameter B is similar to those calculated from

Figure 4-6: Pulverized Coal Water Withdrawn w/Cooling Towers (ESKOM Plant Data 2006-2011))

After cooling, FGD is the most water intense process in Pulverized Coal Power Plants. It can account for up to 10% of the

power plant water needs. The other process water needs can be neglected. (EPRI)

51

3500

3000

2500 -y =0.3686x - 1931.6

2000

% 1500

1000

500

0
0 2000 4000 6000 8000 10000 12000 14000

Heat Rate (KJ/KWh)



The graph's trend-line can be fitted to find B.

y = 0.3686x -1931.6 -+ = 0.3686(HR - 5240)
MWh

Thus, B = 5,240 kJ/kWh

From those 5,240 kJ/kWh, 3,600 kJ/kWh are used to generate electricity. Therefore, ~1,640 kJ/kWh is

lost to other sinks, which is in average around 15% of the Heat Rate of the plotted power plants, a similar

value to the ones from the existing reports (see Table 6).

4.1.1.3 C: Non-cooling process water needs in pulverized coal power plants

Besides boiler water makeup, which is needed in all thermal power plants, there are some other non-

cooling processes unique to coal power plants that require water. The main one is the flue gas

desulfurization system, which accounts for about 10% of the pulverized coal water consumption. As

mentioned in section 3, most of the water used in the FGD system is evaporated once it contacts with the

flue gas, leaving the plant as vapor through the stack. A very small amount leaves the FGD unit as part of

the gypsum product; however, this quantity is almost negligible. Hence, using the Equation 11 and

stoichiometry, we can calculate the water lost up the stack. This enables the calculation of C as shown in

Table 7.

Coal Feed (kg/h) Calculated C, Boiler make-up Calculated C
(L/kWh) (L/kWh) (I/kWh)

NETL Subcritical 198,391 0.248 0.03 0.278

NETL Supercritical 185,759 0.231 0.03 0.261

IECM Supercritical 160,934 0.280 0.03 0.310

Ikeda Supercritical 126,535 0.030 0.03 0.060

Table 7. Comparison of C values in pulverized coal power plants

4.1.2 Natural gas combined cycle

Natural gas combined cycle (NGCC) power plants offer the highest conversion efficiency and the lowest

carbon dioxide emissions for fossil fuel power plants. Because of this fact and the low gas prices due to

the increasing production of shale gas in the recent years, the use of natural gas for electricity generation

it is expected to rise in the coming years (see Figure 4-7).
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Figure 4-7: Additions to U.S. generating capacity by fuel type in five cases, 2009-2035 (GW). (EIA Annual
Energy Outlook, 2011)

NGCC power plants have an open-cycle gas turbine, which directly drives a generator to produce

electricity. The hot flue gas stream (waste heat) from the gas turbine is used to make steam to produce

additional electricity in a steam turbine (see Figure 4-8). Thus, NGCC power plants achieve very high

efficiencies.

4.1.2.1 HR: Heat Rate of NGCC power plants

As mentioned, NGCC power plants achieve high efficiencies and therefore low heat rate. The heat rate

might vary slightly depending on the gas turbine design. Generally NGCC power plants have heat rates

around 7,200 kJ/kWh (50% efficiency).

Figure 4-8: Schematic for an NGCC Power Plant with cooling tower (NETL. DiPietro, 2009)
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4.1.2.2 B: Heat losses to other sinks in NGCC power plants

Besides the amount of energy necessary for electricity generation (3,600 kJ/kWh) and the other process

losses (3% of HR) common in all power plants, the parameter B also includes the heat lost through the

flue gas, which causes the variability among the different power plants as discussed below.

Approximately 70% of the total power output in NGCC power plants is generated by the gas turbine

(Black, 2010). The gas turbine operates in open cycle and the flue gas mass flow rate is higher than in a

PC power plant. In addition, since there is no FGD system that saturates the flue gas and cools it down,

the exit temperature of the flue gas is higher. Consequently, the amount of heat lost up the stack is almost

double than in PC power plants (see Figure 4-9).

Heat in (100%)

Electricity (50.2%)

Figure 4-9: Heat Balance Diagram of a typical NGCC Power Plant with an efficiency of 50.2 % (values taken
from DOE/NETL, 2010)

Thus, in NGCC cases the parameter B is relatively higher than in PC cases (See Table 8). In addition to

that, NGCC heat rate values are low, which means that the remaining heat to be dissipated through the

cooling system is small compared to the other power plants. As shown in Figure 4-9, the blue arrow,

which represents the heat to the cooling system, is considerably thinner than in Figure 4-3.

Table 8. Comparison of B values for NGCC power plants

4.1.2.3 C: Non-cooling process water needs in NGCC power plants

NGCC power plants do not require FGD Systems and therefore, they do not consume the significant

amount of water that is needed to operate these emission control systems. The only water required for the

production of electricity besides cooling water is the make-up water for the boiler, which is not a
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significant amount. Therefore, for this type of power plants, the parameter C ranges from 0.01 L/kWh to

0.03 L/kWh, depending on the purity of the water.

4.1.3 Integrated gasification combined cycle

Integrated gasification combined cycle (IGCC) is an emerging technology which involves the conversion

of coal to a combustible mixture of gases (syngas) that fuels a combined cycle (as in a CCGT plant) to

produce electricity (see Figure 4-10). IGCC power plants can achieve high efficiencies. Even though the

gasification process has been used for decades, the specific design for electricity generation is still very

recent and there are very few power plants using this technology worldwide (in large part due to their

larger capital cost compared to conventional coal plants). Therefore, all the available data is quite

uncertain given that the technology is not yet mature.

Syngas Steam cycle Cooling water

coolng lower

HR

SG3 condenser

Raw water source (river, lake, ocean, well, municipal system, etc.)

Figure 4-10: Schematic for an IGCC Power Plant with cooling tower (NETL. DiPietro, 2009)

There are numerous possible configurations of the IGCC process depending on the gasification system

selected (entrained flow, fluidized bed, fixed bed), the oxidant (oxygen, air or oxygen-enriched air) and

the gasifier type (GE, Shell, Conoco Philips, etc.). The fact that there is not yet a preferred technology,

makes it even more difficult to generalize and quantify the water consumption of IGCC power plants.

However, moving towards cleaner and less carbon intense technologies, IGCC power plants could play a

big role because of the potential for reduced flue gas clean-up costs, including CO2 capture. Hence, it is

important to identify the key differences between IGCC and conventional coal power plants regarding

water use.
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4.1.3.1 HR: Heat Rate of IGCC power plants

Due to the combined cycle and the fact that al the IGCC plants are new, IGCC power plants can achieve

lower heat rates than conventional coal plants. Heat rates range from 9,200 kJ/kWh to 8,100 kJ/kWh.

4.1.3.2 B: Heat losses to other sinks in IGCC power plants

Besides the amount of energy necessary for electricity generation (3,600 kJ/kWh) and the other process

losses (5% of HR) common in all power plants, the parameter B also includes the heat lost through the

flue gas, which causes the variability among the different power plants as discussed below. The heat

dissipated through the flue gas is higher in IGCC power plants than in PC power plants. The main reason

is the flue gas higher temperature (sensible heat). In IGCC cases, there is no need for FGD systems

(pollutants are removed before combustion), which were the cause of the low exhaust gas temperature in

PC cases. Moreover, similarly than in the NGCC cases, the mass flow of the flue gas is higher for IGCC

and therefore more heat is rejected to the environment through the stack.

Flue Gas (16.2%)

Other Losses (5%)

Heat in (1 00%) heatto cooling (39.8%)

Electricity (39%)

Figure 4-11: Heat Balance Diagram of a typical IGCC Power Plant with an efficiency of 39% (values taken
from DOE/NETL, 2010)

In Table 9 we can find different calculated values for the B parameter. As shown, the amount heat lost to

other sinks is comparable to the one of NGCC power plants. However, since the heat rate for IGCC is

higher, IGCC plants consume higher amounts of water for cooling.

NETL IGCC GE 9,239 5,583 1,982 21.2% 132

NETL IGCC Conoco Philips 9,058 5,744 2,144 23.7% 132

Ikeda IGCC Conoco Philips 9,246 5,680 2,081 22.5% 132

EIAGHG IGCC GE 9,474 5,664 2,064 21.8% 129

Table 9. Comparison of B values for IGCC power plants

56



4.1.3.3 C: Non-cooling process water needs in IGCC power plants

Besides the water needed for the boiler make-up, a significant amount of water is needed for other

processes in the plant. One of the main one is the gasification process, where coal, oxygen and steam

(water) react to produce the syngas.

C +H20 - CO + H2

In the IGCC realm, process water use can include humidification, dilution, water gas shift, and slurry,

slag and ash handling, so there is significant variation among the various models. For example, in IGCC

GE Power plants water is required for the syngas quench process. The syngas exists the gasifier reactor at

a significant high temperature (around 1500*C). It is necessary to bring down the temperature of the

syngas to protect downstream process equipment. Basically, what all these processes do is to add water

into the flue gas. Since most of the water is condensed in different processes and reused in the plant, the

simplest way to calculate the water consumption regardless of the IGCC tyepe of technology, is using the

following formula (Equation 11 described in Section 3) instead of delving into the details of the processes

(see Table 10). As explained earlier, this equation calculates the amount of water lost up the stack that

was not produced in the combustion process (i.e. all the water added along the way in all the different

processes).

C1 = mwater (L/kWh) - mwater er (kWh)

NETL IGCC GE 622MW 211,783 0.115 0.03 0.118

NETL IGCC Conoco Philips 625 MW 208,634 0.205 0.03 0.208

Ikeda IGCC Conoco Philips 520 MW 196,890 0.129 0.03 0.132

Table 10: Comparison of C values for IGCC power plants

4.1.4 Carbon capture and sequestration

The world is moving towards "clean energies" to try to mitigate global warming and to preserve the

environment. The US Government is implementing many policies to foster not only renewable energies

but also other alternatives that would decrease carbon emissions. Carbon Capture and Storage could be an

option to still use cheap and abundant fossil fuels to continue leveraging all its benefits and at the same

time to lower the CO2 emissions. CCS could solve the problem of not only power plants but also of many

industries that burn fossils in their manufacturing processes.
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However, as the water-energy nexus has gained attention worldwide, carbon capture and storage (CCS)

has been subject to water use analyses, and the results suggest a water consumption intensity almost

double that of a non-CCS plant. In some regions, as discussed in the introduction, this presents a

significant barrier to CCS deployment (to be added to the list of more commonly cited barriers: cost,

technology immaturity, legal uncertainties, and lack of strong carbon policies). We therefore sought to

understand more exactly what is causing such an increase in water use and consumption when CCS is

implemented, and what the implications are both for retrofits and new plants.

4.1.4.1 HR: Heat Rate of power plants with carbon capture and sequestration

One of the main drawbacks of carbon capture is the drop in efficiency (increase in heat rate). When

carbon capture is added, efficiency decreases and therefore we need more fuel input to achieve the same

electricity output. In post-combustion carbon capture, the main reason why efficiency is affected is due to

the extracted heat from the steam electric cycle (low pressure steam from the turbine) to heat the solvent

(amine) in order to release the captured CO 2. In addition, the efficiency is penalized by the need to run

auxiliary equipment such as pumps, fans and compressors for the CO 2 capture stream.

In Figure 4-12 we can find typical heat rates for different power plant types, with and without CCS.

Although heat rates can vary slightly depending on the technology, the take away from this graph is that

power plant's heat rate increases substantially when carbon capture is added to the plant.

Since, as explained in Section 3, water consumption is highly related to heat rate, water withdrawal is

higher in CCS power plants mainly because of the efficiency reduction; process and cooling water uses

independent of efficiency are all but negligible.

14,000

12,00oo

10,000 -

8,000 -

6,000 . wo/CCS
4,o000 a w/CCS

02,00 -

0

PC IGCC IGCC NGCC
GE Shell

Figure 4-12: Comparison of Heat Rates (HHV) with and without CC. (DOE/NETL, 2010)
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4.1.4.2 B: Heat losses to other sinks in power plants with CCS: CO 2 Stream

The CO2 is captured in liquid form and, as we mentioned earlier, the reference state of the model is HHV.

Therefore, we have to take into account this enthalpy change of the CO2, which results in a positive sign

in the equation because the CO2 leaves essentially as a liquid. Hence, the heat to be rejected through the

cooling system will be:

Heat to cooling = HR - Flue gas losses - Other losses + CO2 Stream (See Figure 4-13)

However, this extra heat that has to be dissipated due to the carbon capture process is very small, as

shown in the following example. The example is calculated from data of a 550 MW Subcritical Power

Plant (DOE/NETL, 2010). The heat rate of the power plant is given below. The captured CO2 stream is

given in the report and is equal to 595,978 kg/h. The enthalpy change between CO 2 at (25*C, 1 bar) and

(25*C, 100 bar - liquid state) is 250 kJ/kg CO2

HR = 13,763
'kWhi

595,978 x 250 = 148,995,500 - -+ CO2stream = 271 -* 2%of HR
h kgCo, h kWh

Flue Gas (3%) FlueGas(6.1%)

Other Losses (5%) Other Losses (3%)
Heat in 10%Heatin10

Electricity Electricity
(28.4%) (42.8%)

C02 Stream (+2%) CO2 Stream (+1%)

heatto cooling (61.6%)

Pulverized Coal with CCS

heatto cooling (48.1%)

NGCC with CCS
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Electricity
(32.6%)

C02 Stream (+2%)

heatto cooling (34.6%)

IGCC with CCS

Figure 4-13: Heat Balance Diagram of different power plants with (values taken from DOE/NETL, 2010)

Besides the amount of energy necessary for electricity generation (3,600 kJ/kWh) and the other process

losses (3% of HR) common in all power plants, the parameter B also includes the heat lost through the

flue gas. As shown in Figure 4-13, the amount of heat lost up the stack in post-combustion capture cases

(PC and NGCC) varies significantly compared to pre-combustion capture cases (IGCC). The main

differences are explained below.

4.1.4.3 B: Heat losses to other sinks in PC and NGCC power plants with CCS

The heat lost through the flue gas is much smaller with CCS than without. This is mainly due to two

reasons:

First of all, the flue gas exit temperature is considerably lower, which means that the sensible heat part of

the flue gas will decrease too. When post combustion carbon capture technologies are incorporated in the

power plant, the temperature of the flue gas needs to be lowered before it enters the amine system (to

guarantee acceptable absorption efficiencies). This is done by spraying it with a recirculating water

stream in a direct contact cooler (DCC). Moreover, to minimize amine losses, there is a water wash

section at the top of the absorber column. The flue gas is sprayed with water to remove most of the lean

solvent that would otherwise leave the plant evaporated in the flue gas (see Figure 4-14). This decreases

substantially the flue gas temperature to 32 0C .

Secondly, the latent heat part of the flue gas is also lower because the water content of the flue gas exiting

the plant has decreased. The flue gas gets cooled down by spraying water on top of it. However, all the

sprayed water plus most of the water suspended in the flue gas (FGD water and combustion water) gets

condensed and recycled in the power plant. The flue gas leaves the power plant saturated. At saturated

conditions, lower temperature flue gas will contain less water than higher temperature flue gas. In the
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CCS case, the flue gas leaves at much lower temperature. Hence, all the latent heat that accounted for in

the case without carbon capture is almost nonexistent in this one.

Figure 4-14: Typical Econamine FG+ Carbon Capture Process. (Source: Fluor website4)

Thus, the heat lost through to other sinks for PC and NGCC power plants with CCS decreases from 17%

to 6% and from 23% to 6% of the energy input respectively (see Table 11). This means that more heat has

to be rejected to the environment through the cooling system, which consequently means that more

cooling water is required. On the other hand, since most of the water in the flue gas is recovered, the

parameter C will decrease too, offsetting the total water consumption. This is explained in more detail in

the following section.

NETL Subcritical PC w/CCS 13,763 4,413 813 5.9%

NETL Supercritical PC w/CCS 12,662 4,348 748 5.9%

NETL NGCC w/CCS 8,406 4,112 513 6.1%

Table 11: Comparison of B values for pulverized coal and NGCC plants with CCS
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4.1.4.4 B: Heat losses to other sinks in IGCC power plants with CCS

As in the case without CCS, the sensible heat of the flue gas in IGCC power plants it is higher than in PC

power plants because the temperature of the flue gas is higher too (132*C compared to 32*C); which

means that more heat is lost up the stack.

Moreover, in IGCC with CCS cases, to facilitate the capture of the CO2 only hydrogen is burnt and as a

result there is a higher amount of water in the product of the combustion process. Therefore, the water

content of the flue gas is higher than in non-CCS cases, and consequently, the latent heat part is larger too

(see Figure 4-15).

Figure 4-15: Total Heat lost through the Flue Gas in IGCC power plants with and without CCS

Thus, for IGCC power plants with CCS, the parameter B is higher, which means that less heat has to be

dissipated through the cooling system, and less water is required for cooling purposes compared to PC

CCS power plants with the same heat rate (see Table 11).

NETL IGCC GE w/CCS 11,034 6,095 2,495

NETL IGCC Conoco P. w/CCS 11,604 6,257 2,657

Ikeda IGCC Conoco P. w/CCS 10,506 6,159 2,559

Table 12: B values for IGCC plants with CCS

4.1.4.5 C: Non-cooling process water needs in PC and NGCC power plants with CCS

As explained previously, due to the direct contact cooler and the water wash section, most of the water

vapor in the flue gas condenses and it is recovered. This includes the water used in the FGD system for
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PC cases and some water from the combustion process. The condensed water is usually re-used in the

power plant after treatment.

Therefore, even if the parameter B is smaller than in the case with no CCS (less heat is dissipated through

the flue gas), which means that more water will be needed for cooling purposes, C is smaller too, which

means that less water is required for other processes in the plant. In many cases, C will even be negative

(see Table 13) because most of the water in the flue gas is recovered. As mentioned earlier, a portion of

the water suspended in the flue gas is originated in the combustion process, and therefore, if it is

recovered, is an amount that has to be accounted as negative since it never entered the system in liquid

form (it was not withdrawn form a water body).

CoatFeed Calculated C1  Boler make-up Calculated C
(kg/h) (/kWh) (L/kWh) (L/kWh)

NETL Subcritical PC w/CCS 278,965 -0.100 0.03 -0.097

NETL Supercritical PC w/CCS 256,652 -0.092 0.03 -0.089

Table 13: Comparison of C values for pulverized coal plants with CCS

4.1.4.6 C: Non-cooling process water needs in IGCC power plants with CCS

In IGCC Plants with CCS one extra process is added to capture the CO2. This process is the water gas

shift (WGS) and it is water intensive due to the following reaction, where carbon monoxide reacts with

water vapor to form carbon dioxide (which is captured) and hydrogen (which is burnt).

CO + H20 + CO + H2

This process specific to the CCS case and the ones explained in section 4.1.3, add a significant amount of

water in the flue gas. Hence, the amount of heat rejected through the stack is large due to the high latent

heat (the parameter B is high). However, all that water evaporated in the flue gas, leaves the plant and

therefore should be accounted as consumed. Thus, the parameter C for IGCC power plants is also high

(see Table 14).

63



Coal Feed Calculated C1  Boller make-up Calculated C
(kg/h) (L/kWh) (L/kWh) (L/kWh)

NETL IGCC GE w/CCS 220,904 0.401 0.03 0.404

NETL IGCC Conoco P. w/CCS 219,635 0.437 0.03 0.440

Ikeda IGCC Conoco P. w/CCS 210,931 0.428 0.03 0.431

Table 14: Comparison of C values

Retrofitting Power Plants with CCS

The fact that the heat rate increases is the main cause of higher water use intensity values in CCS plants

has significant implications. A new plant with CCS requires higher fuel input to produce 500 MW

compared to its counterpart without carbon capture. Since the required input fuel is higher per kWh, the

cooling water will also increase per kWh since there is more heat that has to be dissipated. For new CCS

power plants, water withdrawal and consumption per kWh could be the 80-90% higher than non-CCS that

is cited in the studies.

For existing power plants retrofitted with CCS, however, the absolute water use would not increase by the

same factors. When carbon capture is added to an existing plant, efficiency decreases, and therefore the

net electricity output will be lower (as opposed to higher fuel inputs in the case above). Retrofitting a

plant with CCS, would likely include some combination of capacity derating and the upgrade of older,

less efficient components. In absolute terms, then, the retrofitted plant would consume considerably less

than double what it consumed before retrofitting.

PC without CCS
A

PC with CCS

i i

Efficiency- 36.8%
Water consumption - 1,700 liters/MWh
Total MW: 500 MWh

Total Water consumption:
850,000 liters

Efficiency: 26.2% (-28.8%)
Water consumption - 3,100 liters/MWh
Total MW: 355 MWh

Total Water consumption:
1,100,500 liters (+29.5%)

Figure 4-16: Absolute increase in water consumption for a retrofitted PC Power Plant ( values taken from
EPRI, 2010; NETL, 2010)
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Therefore, in terms of absolute water use, the increase for plants retrofitted with CCS will not be as

significant as the water intensity factors suggest. For example, as shown in Figure 4-16, for a given

Pulverized Coal power plant, the total water consumption will increase around 30%. It can be observed

that this is highly related to the efficiency penalty, which also varies (in this case, decreases) around 30%.

Some articles and reports ignore this issue and focus only on the 80-90% increase in water use intensity

factors. However, it is important to make the distinction because, as it was just explained, should the plant

be retrofitted, the absolute water consumption impacts will not be that severe. This observation is very

important given that there are around 388 units in the US that could potentially be retrofitted in a future

carbon constrained scenario (EPRI, 2009). This information should be incorporated in any future policy

and economic considerations since, for a specific existing power plant, the absolute water use values are

the numbers that matter most with regard to regional water availability concerns. Moreover, depending on

how the lost power is made up for (gas, nuclear, coal, etc.), the overall water consumption will vary

considerably.

4.2 Nuclear

Nuclear energy generates 20% of the electricity in the US (EIA, 2010), accounting therefore for the

largest power generation technology with near zero carbon emissions. Currently, there are 103

commercial nuclear reactors in operation in the U.S. Nuclear energy was expected to play a big role in the

transition towards cleaner technologies. However, new nuclear is currently considered too expensive for

the US given a lack of climate policy as well as low natural gas prices. Due to the breakdown of the

Fukushima power plant in the summer of 2011, public opposition has increased.

Figure 4-17: Schematic for a Nuclear Power Plant with cooling tower (NETL. DiPietro, 2009)
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Nuclear power plants, like pulverized coal power plants, use the steam cycle to generate electricity. In this

case the energy source is uranium instead of coal, but the principle is the same. Pressurized water is

heated by the energy from the decay of the uranium, which is then used to heat water to produce steam for

the steam cycle (see Figure 4-17).

4.2.1 HR: Heat Rate of nuclear power plants

Nuclear power plants are designed to operate at lower temperatures and pressures than pulverized coal

power plants for safety reasons. Thus, the heat rates are somewhat higher than coal. Heat rates range from

10,000 kJ/kWh to 12,400 kJ/kWh depending on the reactor type; however, global averages are around

11,225 kJ/kWh (32% efficiency).

4.2.2 B: Heat losses to other sinks in nuclear power plants

In nuclear power plants there is no heat lost up the stack because there is no combustion process and

therefore there is no flue gas. Thus, almost all the waste heat has to be rejected through the cooling

system (see Figure 4-18). The parameter B is therefore lower than for all the previously explained cases.

B is approximately 4,200 kJ/kWh (3,600 kJ/kWh for electricity and around 600 kJ/kWh for other process

losses).

heatto cooling (46.3%)
Other Losses (5%)

Heat in (100%)

Electricity- (32%)

Figure 4-18: Heat Balance Diagram of a typical Nuclear Power Plant with an efficiency of 32%

4.2.3 C: Non-cooling process water needs in nuclear power plants

Nuclear power plants virtually do not require any water besides the boiler water make-up. The parameter

C is small compared to PC with wet FGD Systems. Hence, even if the "B" parameter is smaller as

explained in the previous section, which means that more water is required for cooling purposes, the

parameter "C" is smaller too, which means that less water is required for other processes in the plant. The
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total water consumption intensity of nuclear generation with once-through or wet-tower cooling is

therefore somewhat higher than coal, offset slightly by the fact that nuclear plants have no significant

non-cooling process water uses.

On the other hand, nuclear power plants need to have available large quantities of water for the

emergency core cooling systems. If an accident occurs, water is needed to remove the decay heat

generated by the reactor core and to cool down the equipment.

4.3 Solar thermal

Solar thermal, or Concentrated Solar Power (CSP) plants use the energy from the sun to generate

electricity. These plants use mirrors to redirect sunlight and heat a fluid to eventually spin the

generator/engine to produce power. There are four main concentrated solar power plant types: linear

Fresnel, parabolic troughs, power towers, and dish/engines. Dish/engine systems use Stirling cycle

engines powered by the sunlight and using hydrogen as the working fluid to generate electricity.

Therefore, they do not need any water for cooling. The other three types of CSP plants have a steam cycle

using the heat from the sun as the energy source and hence, will require a cooling system.

The efficiencies of steam cycle CSP plants are at best comparable to that of nuclear plants. For example,

linear Fresnel and parabolic troughs CSP, which have lower concentration ratios, have Rankine Cycle

efficiencies of approximately 25% (HR of 14,400 kJ/kWh) and power tower CSP, which have a much

higher concentration ratio, can reach efficiencies from 30% to 40% (HR from 9,000 kJ/kWh to 12,000

kJ/kWh). However, because solar thermal plants start up and shut down on a daily basis, they operate off-

design more often than nuclear plants, resulting in average efficiencies that are significantly lower and

thus requiring higher amounts of water for cooling.

Currently, all the commercial scale CSP power plants in the US use parabolic trough systems and all of

them use wet cooling towers as the cooling system. However, water scarcity is increasingly becoming a

problem, especially in arid areas, which are the most suited for solar thermal power generation. Therefore,

most of the new CSP power plants accepted by the DOE are going to employ dry cooling, which further

lowers the power plant efficiency and increases cost.

All designs of solar thermal power plants use a small amount of water for mirror washing, but the

quantity of water involved is two orders of magnitude below that required for wet tower cooling. Like in

other thermal power plants, some water is required for the boiler water make up. Existing studies report
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water requirements ranging from 0.070 L/kWh to 0.350 L/kWh for the parameter C (see general

bibliography) Regarding the parameter B, since there is no combustion process, virtually all the waste

heat has to be rejected to the environment through the cooling system, and thus, B will have values

slightly over 3,600 kJ/kWh.

Figure 4-19: Solar Thermal Power Plant. Power Tower Type

4.4 Geothermal

Geothermal power plants generate electricity from the thermal energy generated and stored in the Earth.

Currently, geothermal power plants are used in 24 different countries accounting for a total installed

capacity of 10,715 MW. The country with the largest installed capacity is the US (3,086 MW), followed

by the Philippines and Indonesia (Geothermal Energy Association, 2010).

Geothermal power is sort of an oddball technology in the context of water. Geothermal power

encompasses several subtypes, at various levels of maturity and having drastically different implications

for water use. The two main categories discussed are "hydrothermal" geothermal (Flash and Binary), and

"enhanced" geothermal, also called "hot dry rock" geothermal. Both hydrothermal and enhanced

geothermal use some form of Rankine cycle, and thus, require a cooling system.

Since geothermal plant efficiencies are very low (due to relatively low source temperatures compared to

fossil fuel plants), the amounts of water required for wet-tower or once-through cooling systems are very

high; many geothermal plants are therefore dry-cooled. For example, for binary power plants, efficiencies

go from 5% to 13%, which means that heat rates range from 27,700 kJ/kWh to 72,000 kJ/kWh (MIT,

2006).

Hydrothermal geothermal power, a relatively mature technology, uses hot pressurized water from deep

brine aquifers to drive either a "flash" steam cycle or a "binary cycle." A binary cycle is similar to a

steam cycle, but uses a working fluid with a lower boiling point than water. As with other steam-cycle

technologies, cooling is a major consideration with respect to hydrothermal water use. Binary cycle
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geothermal plants are often dry cooled. Flash steam geothermal plants, however, have a built-in source of

water for cooling tower makeup - the condensate from the steam cycle, which originates in the brine

aquifer. The water withdrawn and consumed in flash steam geothermal plants comes from an inherently

non-freshwater source, so is often accounted as negligible water use. There is also a third type, called dry

steam geothermal power plants, which directly use geothermal steam to spin the steam turbines and

generate electricity. This type of plant does not consume any water.

TURBINES GENERATING TURBINES GENERATING

STEAM 6 HEAT EXCHAGE

Figure 4-20: Diagram of a Flash Steam Cycle (left) and a Binary Cycle (right) (Source: TechnologyStudent)

Enhanced geothermal, an emerging technology, entails hydraulic fracturing of a hot dry rock formation,

followed by injection of water to create a closed-loop binary cycle power plant. Unlike hydrothermal

systems, there is no pre-existing water in the formation, so any water used for cooling must be accounted

for. Even if a dry cooling system is used, there is a non-cooling water consumption requirement: the

leakage loss of water that permeates the rock formation and must be made up to maintain pressure.

Estimates of rock formation losses in enhanced geothermal power vary widely, from basically negligible

to substantially higher than cooling tower evaporation losses.
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Figure 4-21: Diagram of an Enhanced Geothermal Power Plant (Source: Science.org Australia)
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5 Model validation and limitations

5.1 Limitations of the model

One of the most important parameters of the model to estimate water use (consumption and withdrawal)

in power plants is the heat rate (HR) of the plant. As shown in the previous chapters, heat rate, and not the

technology used, explains most of the variations between water use. In the formulation of the model we

have assumed that the heat rate of the power plant is constant and that by using the reported efficiency of

the power plant we can get a good estimation of the water required in the plant. However, many power

plants cycle and reduce their power output depending on electricity demand. Cycling power plants has an

impact on heat rate: at some point heat rate increases when power output decreases (Figure 5-1 shows an

example of a heat rate curve for a coal-fired power plant). With future higher penetration of intermittent

renewables, power plants will have to cycle more often, which will affect their heat rate and in turn, water

use will vary. As we know now, the higher the heat rate, the higher the water requirement. Thus, if a

power plant is required to cycle, it most likely will need more water than the same plant running at

constant maximum power output. Therefore, it is important to understand this limitation of the model

when we are using a given efficiency of the power plant. When data is available, using the yearly average

heat rate would be more suitable to achieve better estimation results.

12,000
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Figure 5-1. Example Coal-Fired Power Plant Heat Rate vs. Load Curve (Source: MIT Energy Initiative,
2011)

71



5.2 Validation of the model

The model may be applied to get a very good estimation of regional water use once the input parameters

of the region of interest are well-characterized (ambient conditions) and there is enough information about

the power plants performance (heat rate and water used in other processes than cooling "C") and cooling

system type. Alternatively, the model can be used to get a fair estimation of water use when not all the

input parameters are known by using standard values for the missing ones. As a preliminary validation of

this approach, field data from Eskom, a public utility company in South Africa, has been compared to the

results of the model.

South Africa is a water-scarce nation and Eskom has always been comprehensive in generating power

without wasting this highly needed resource. Eskom is a pioneer of using dry and hybrid cooling and

unlike many plants in the US, it has been keeping track of water use at each of their power plants. Eskom

provided us with water and operational data from 9 pulverized coal power plants: 6 of them using wet

cooling systems, 2 using dry cooling systems and 1 using hybrid system (see Table 14). The data set was

very useful to validate the output generated by the model since it included information about cooling type,

number of cycles of concentration (nee), monthly heat rate (HR), monthly water withdrawals (1) and

monthly power output (MWh). All Eskom plants follow a policy of zero liquid discharge, so water

withdrawal and consumption are identical. Moreover, none of the plants run flue gas desulfurization

systems, which simplifies the estimation of non-cooling process water use.

Arnot Wet tower (nec = 20) 11,030 2,074

Duvha Wet tower (nec = 20) 10,686 2,005

Hendrina Wet tower (nec = 20) 11,747 2,327

Kendal Indirect dry 11,002 136

Matla Wet tower (nc = 14) 10,265 1,994

Lethabo Wet tower (nec = 39) 10,308 1,819

Matimba Direct dry 10,670 106

Tutuka Wet tower (nec = 39) 10,230 1,915

Table 15. Coal-fired power plants in the Eskom data set, with median values of heat rate and water
consumption intensity
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For the field data sample, monthly water withdrawals (1/MWh) were calculated by dividing the water data

(1) over the power output data (MWh) for each month. For the model estimation, recall (see section 3.3

equation 3) that water used in a power plant is given by:

I -A(HR -B)+C

Where A is the water required per unit of energy to be dissipated and depends on the cooling system type

(L/kJ), HR is the heat rate of the power plant (kl/kWh), B is the heat that is rejected to the environment to

other sinks than the cooling system (U/kWh), and C the water used in other processes in the power plant

(L/kh). To convert to L/MWh, we will have to multiply the final results from the model (L/kWh) by

1,000.

For wet cooling towers the parameter A (see section 3.3 equation 10 ) for water consumed is:

ACT ( - kSens 1 - kf d )

p,, n, - 1)

Where ksens is the fraction of cooling load rejected through sensible heat transfer, p, is the density of water

(1kg/l) and heg is the latent heat of vaporization of water (2,454 kJ/kg at 20'C). kbd is the fraction of

blowdown discharged to the watershed and ne is the number of cooling tower cycles of concentration.

The value of ne was given for each power plant, kbd is zero, since all plants follow a zero liquid discharge

policy and ksens was given a value of 15%, which would be typical for a wet-cooled coal plant in a dry

location (Rutberg, 2012).

The parameter HR (heat rate) was given for each plant month by month. The parameter B includes 3,600

kJ/kWh of heat that is contained in the electricity generated plus all the heat that is rejected to the

environment through the flue gas and other heat losses. For this case, since the plants are sub-critical

power plants, a standard value of 15.5% of heat rate was given to the other losses (see section 4.1.1

Pulverized coal for more information). Thus, for this case: B = 3,600 kJ/kWh + HR x 0.155 kJ/kWh. The

parameter C has been given a standard value of 0.1 (1/kWh). The power plants of the data set do not have

an FGD system. The value of 0.1 (1/kWh) was chosen more or less in the middle of the values found in

the literature for PC power plants without FGD (0.06 1/kWh) and the ones of the field data from the two

dry-cooled plants (0.106 1/kWh and 0.136 1/kWh).

It is encouraging to see that, even using standard values for C, B and kses,, the agreement of the model

values with field data values is reasonably good (see Figure 5-2), especially when looking at yearly
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average values for each plant (see Figure 5-3). If values for the parameters, would be calculated

specifically for each power plant, we would get better estimates. However, as expected, since the heat rate

explains much of the variation in water use, we can get a good estimate of water use in power plants using

the model by knowing the heat rate, even if not all the variables are fine-tuned.

Figure 5-2. Comparison of water withdrawn from field data (horizontal axis) with model results (vertical
axis) (monthly data from 2006 to 2010)

Figure 5-3. Comparison of water withdrawn from field data (horizontal axis) with model results (vertical
axis). Only average yearly data from 2006 to 2010
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6 Alternatives to reduce freshwater use in power plants

6.1 Introduction

One of the advantages of the model is that it helps to easily identify what drives water use in a power

plant. Therefore, it is very useful to determine where actions can be taken to reduce water withdrawal and

use.

If we look at the formulation of the model I (HR - B) + C and we want to minimize the water used per

MWh ( I) , then:

O~A(HR-B)+C

A~ 0

or

HR-B=0-+ HR=B

and

C~o

Ideally, A, which represents the water needed per unit of energy rejected through the cooling system

(L/kJ) should be zero or as close to zero as possible. As it was explained in chapter 3, the value of A

depends on the cooling system used in the power plant. Thus, the use of alternative cooling systems that

require almost no water would reduce considerably water use in the power sector. This is explained in

section 6.2 on Alternative Cooling Systems.

Another way to minimize water use in power plants is reducing the amount of heat to be dissipated

through the cooling system (HR-B). This can be done either by 1) decreasing the heat rate (HR), 2)

increasing B or 3) both. The heat rate varies depending on different characteristics of the plant such as age

(usually, the older the plant, the higher the heat rate), efficiency of the boiler, etc. and on the power plant

type. A lower heat rate means less waste heat to be rejected and thus less cooling water required per kWh

generated and therefore, shifting from old power plants to new and more efficient plants such as NGCC

power plants would reduce water use in the power sector.

The parameter B represents all the other heat that is not rejected to the environment through the cooling

system (including the electricity stream, flue gas, process losses, etc. See chapter 3 for more information).

Thus, the bigger the B, the smaller the waste heat that needs to be rejected through the cooling system;
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and therefore, less cooling water is required per kWh produced. One way to increase B is taking some of

the heat that is now being lost through the cooling system and re-using it. This is what it is done in

combine heat and power (CHP) plants. As shown in the diagram below (Figure 6-1), in a traditional

power plant (bottom right diagram) the heat losses are significant, and most of that heat goes to the

cooling system. However, in CHP (left diagram), the heat that had to be dissipated through the cooling

system is now being used to meet the heat demand and a smaller portion remains as lost. Hence, the

cooling duty will be reduced significantly. CHP is explained further in section 6.3.1.

CHP Conventional
Methods

Losses Losses

oemw_

StUon

Losses

Figure 6-1. Sankey Diagram of CHP and conventional power plants. Source: UK's Department for
Environment, Food and Rural Affairs

Finally, to reduce I we would also need to minimize the amount of water used in other processes within

the power plant (parameter C). For example, using dry FGD in pulverized coal power plants or recovering

the water evaporated in the flue gas would reduce C. Usually the parameter C is small compared to the

overall water use in the power plant (approximately 1/10) (see chapter 3). However, in arid areas, where

dry cooling might be implemented, the parameter C becomes the one that drives water use; therefore, it is

also important to take it into account. Other examples on how to reduce water use in other power plant's

processes can be found in section 6.4 Reducing water used in other power plant processes.

Water use most of the times matters when the water being used by the power sector is freshwater,

competing with irrigation and municipal supply. Therefore, if power plants use alternative water sources

such as saline aquifers or waste water, the impact is mitigated. Government and the private sector are

already trying to identify those alternative water sources and their potential for the future.

6.2 Alternative Cooling Systems

Alternative cooling systems are increasingly popular in the US, not only in arid regions such as the West

and Southwest, where water shortages are frequent and competition for water becomes an issue for power
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plant sitting and permit approval, but also in areas where water is plentiful, such as the Northeast. These

have been driven by regulatory concerns focused on the impact mitigation on aquatic organisms and

thermal plumes rather than water conservation. Almost half of the existing and proposed dry cooling

systems are east of the Mississippi river and most of them, for example, are in New York, Massachusetts

and Pennsylvania, which do not have arid climates (UCS, 2011). These alternative cooling systems offer

significant opportunities for water conservation, but come at a price (either are more expensive or reduce

plant efficiency, or both). On the other hand, sometimes speeding the time to market is enough of an

economic reason to implement dry or hybrid cooling due to the fact that permits are easier to obtain for

dry cooling than for conventional cooling and therefore the plant can be brought online faster. Another

incentive to implement alternative cooling systems is the freedom to be able to locate the power plant far

away from a water source. Often the power plant operator would prefer to locate the power plant as close

as possible to a transmission corridor or a low-cost fuel source, which might not be next to a plentiful

water source.

6.2.1 Dry Cooling

Dry cooling was first used in the United States in 1968 in Wyoming to be able to be next to a cheap fuel

but where water was not available for cooling. After that, there were no more new units with dry cooling

until the 1990s, when some power plants in the Northeast started to use dry cooling systems to avoid

controversies with plumes and drifts on those plants next to airports and residential areas. However, by

year 2000, about 92 percent of all U.S. dry-cooling installations were in smaller power plants and most

commonly in natural gas combined-cycle power plants. More recently, large plants have started to utilize

dry cooling systems (Maulbetch, 2004).

Dry cooling uses air instead of water as the heat transfer fluid. Therefore, this type of cooling system does

not withdraw or consume any water for cooling purposes (other processes in the power plant may require

water). This cooling system minimizes environmental impacts in comparison with the other cooling

system types. Dry cooled systems can decrease by more 90% the total amount of water used in power

plants. There are no environmental impacts that affect aquatic organisms related to entrainment,

impingement or thermal plume. In addition, dry cooling sometimes reduces maintenance costs because

there is no need for handling and treating the cooling water before being discharged, which can be very

costly. And as mentioned earlier, implementing a dry cooling system can speed up the permit approval

process. The main trade-off is that dry cooling systems tend to be more expensive and reduce the

efficiency of the power plant, which also drives up fuel costs and can lead to higher GHG

emissions. Since air is not as efficient as water in heat transfer, dry cooling systems require a larger
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surface area for the heat exchanger to be able to dissipate the waste heat to the environment. Therefore,

where space is limited, it could become a problem.

Dry cooling systems can use either a direct or indirect air cooling process. In direct dry cooling (see

Figure 6-2) exhaust steam flows from the steam turbine through a series of fin tube heat exchangers of an

air cooled condenser (ACC). The steam is then condensed, collected in the condensate tank and pumped

back to the boiler. The steam is cooled using a high flow rate of ambient air, and thus, no cooling water is

needed. This cooling system requires a large surface area, which drives up capital costs.

Steam
Treaster

Duct

AIr-CeoSe
Condeaee

Steam

Codeneete
Pump

Figure 6-2. Direct Dry Cooling System, Air-Cooled Condenser [ACCI (Maulbetsch, 2004)

In an indirect dry cooling system (see Figure 6-3), the turbine exhaust steam is cooled and condensed by a

conventional water-cooled surface condenser (just like in the wet cooling systems) but a dry cooling

tower (instead of a wet one) is used to cool down the cooling water transferring the heat to the ambient

air. The cooling water operates in a closed loop, and therefore, there are no evaporative losses. As with

wet cooling towers, dry cooling towers can be either mechanical or natural draft. In mechanical draft

cooling systems, parasitic power is required to run the fans, increasing operation costs. Natural draft does

not require any extra electricity but the towers have to be much larger, which require higher capital cost

and also higher land availability.
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Figure 6-3. Indirect Dry Cooling System with Surface and Spray Condensers (Maulbetsch, 2004)

Dry cooling systems are not yet used extensively in the United States due to the higher capital cost. The

EPA has estimated that capital costs for a dry cooling tower is around 6.5% of the total plant capital costs,

whereas for a conventional wet cooling tower it is around 2% (EPA, 2001). On the other hand, Eskom, a

South African energy utility company using both wet and dry cooling systems, stated that the cost of dry

cooling are going down and that the capital cost for a dry system is about 170% of the wet counterparty

(EPRI-Eskom Presentation, 2011). Eskom also mentioned that the power output is reduced about 1%

when dry cooling is implemented and that is very challenging to retrofit a power plant with dry cooling

due to the high capital cost and the efficiency reduction.

Summarizing, dry cooling is a very good alternative to reduce significantly the water footprint of power

plants, especially for those located in dry areas. Moreover, it can aron 2% ( good option to speed up

permitting process in those areas where competition for water is severe or where regulation is very

restrictive. On the other hand, this benefits come at a cost, both in extra capital costs and redued plant

efficiency.

Solar Thermal power plants inherently tend to be located in dry and and areas, where there is not enough

water available for the optimal operation of a wet cooling system, so dry cooling systems are often the

only option for these power plants. Since dry cooling is more expensive than wet cooling, it becomes an

extra cost for solar thermal technologies, which are already more expensive than fossil fuel power plants.

Hence, governments tend to subsidize solar thermal power plants and to encourage the implementation of

dry cooling systems to mitigate environmental impacts. In the US, all of the last 9 solar thermal projects

that have been granted permits will use dry cooling systems (www.BLM.gov).
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Figure 6-4. Eskom's dry cooling towers at Grootvlei (Indirect system with surface condenser and dry cooling
tower) and Matimba air cooled condenser dry cooling. (source: Eskom)

Dry cooling systems can also be beneficial for pulverized coal power plants with carbon capture and

storage. As mentioned in chapter 4, since CCS reduces significantly the power plant efficiency, it also

requires more cooling water than the counterparty without CCS. When the power plant is located in a

water scarce area, dry cooling can be a good alternative. For example, the Tenaska Trailblazer CCS

project, which will be located in arid Texas, decided to use a dry cooling system after analyzing the

environmental impacts and the associated costs of dry, hybrid and wet cooling systems. To offset the

cooling system efficiency drop during hot days, the operator decided to slightly lower the capturing rate

from 90 percent to 88 percent. This way, they could use a cooling system with less air coolers and

therefore, reduce capital cost. The operator also recognizes that the efficiency of the power plant will vary

from 28% to 30% depending on ambient conditions (which affect the cooling system efficiency) (Tenaska

Trailblazer Partners, 2012).
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Figure 6-5. Rendering of Tenaska Trailblazer CCS project. Observe the size of the dry cooling system, which
is half of the overall size of the power plant. (Source: Tenaska website)
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6.2.2 Hybrid cooling

Hybrid cooling systems combine wet and dry cooling approaches. There are different types of hybrid

cooling systems, but all fall between wet and dry in terms of cost, performance, and water use. However,

different hybrid systems are used to mitigate different environmental impacts: some are intended to

reduce water use, while others are used for plume abatement.

The first type reduces or increases water use depending on water availability and on the climate

conditions. During hot days, it uses a small amount of water to mitigate the efficiency losses of a dry

cooling system. In addition, if water availability increases, it can also be adjusted to improve the cooling

system performance. This type of cooling system uses less water than the counterpart wet cooling system;

however, the range can go from 2% up to 80% of that required for wet cooling system depending on the

configuration. Plume abatement cooling systems are used in wet cooling systems during cold and humid

days (when the plume is likely to be visible). In those days, air is used to heat the plume above saturation

level, reducing the visible plume.

There are many designs and combinations of hybrid cooling systems with different capital costs and

operating flexibility. For example, low cost hybrid systems, such as using water to cool the ACC inlet air,

are sometimes employed during the hottest periods to improve the performance of the cooling system and

of the power plant. The different types of hybrid cooling systems are explained further in Maulbetsch

(2004).
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6.3 Alternatives to reuse waste heat in power plants

6.3.1 Combined Heat and Power Plants

Combined heat and power (CHP) plants, also known as cogeneration plants, integrate power and usable

heat production in one single highly efficient process. In conventional power plants a large amount of low

grade heat is being dissipated to the environment through the cooling system and through the flue gas. If

some of this heat could be used, then the efficiency of the process would increase and the water required

for cooling purposes would be reduced. This is what CHP plants do. Usually, CHP plants are designed to

optimize steam production where electricity is a byproduct of heat generation. Hence, electrical efficiency

tends to be lower than in a conventional power plant. However, since the heat produced is also used, the

combined efficiency (total energy output, including heat and power, by energy input) can reach

efficiencies as high as 90% (IEA, 2008). CHP is fuel neutral, which means that can be tailored and

implemented in any thermal-power generation technology (NGCC, PC, solar thermal, etc.); however,

different technologies will achieve different efficiencies.

There are mainly two types of configurations for CHP: gas turbine with heat recovery unit and a steam

boiler with an extraction steam turbine. The first configuration type is not relevant for the purpose of this

thesis since no cooling water was required in the first place (since all the waste heat leaves the plant as

exhaust gas). Usually this type of CHP is used at small scale at large industrial or commercial sites where

power and heat is required. On the other hand, the CHP type using a steam turbine (see Figure 6-7) does

reuse the heat that was otherwise sent to the cooling system ("HR-B" in the model). A portion of the

steam is extracted from the turbine and is often used for feedwater heating. In some plants, the steam

extraction is regulated in such a way that it allows higher flows through the turbine to generate more

electricity when heat demand is lower.
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Figure 6-7. Diagram of Combined Heat and Power with a Steam Turbine. (Source: EPA)
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Correctly designed CHP systems require less fuel to achieve the same energy output than independent

heat and power producers would need. As a result, fuel costs are reduced and GHG emissions decrease.

Moreover, CHP relies on existing and well-known technologies used already all over the world. In many

areas in the north of Europe the use of CHP plants is wide spread. For example, in Denmark CHP

facilities produce about 50% of the total power production. (IEA, 2008).

CHP plants are convenient when they are located near the heat and power demand (i.e. the CHP plant is

located near a city or is used to meet the demand onsite of a big industry or commercial complex). The

high efficiency of CHP plants highly depends on how the heat is delivered to the end user. Thus, this

system is not feasible if the heat has to be transported for long distances (i.e., greater than a few miles). It

is more suitable as a decentralized form of energy supply. CHP plants require higher capital investments

than conventional power plants. Although the energy savings may eventually make the investment worth

it, the pay back time is usually quite long. Seasonal variations also affect the performance of CHP plants.

The fact that CHP plants are meeting two different demands (heat and power), require CHP plant

operators to respond dynamically to these variations and to have a strategy to deal with excess heat during

the hot periods of the year.

6.3.2 Combined Power and Desalination Plants

SIP steam to air ejectors

I P Stearn MSF SW intake
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Figure 6-8. Dual-purpose plant with extraction steam (source: Kamal, 2005).

Hybrid desalination plants are increasingly becoming attractive in arid areas such as the Middle East.

These plants integrate desalination with thermal power generation to improve efficiency and lower the

energy cost of desalination processes. Hybrid plants use the steam of the steam turbine as the heat source

for the Multi-stage flash (MSF) distillation, which is a desalination process that distils seawater by

flashing it into steam in multiple stages (see Figure 6-8). Some studies claim that it is the most

economical way to meet both electricity and water demand in such desert areas (Pechtl, 2003).
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The advantages and disadvantages of this system are very similar than those of CHP, and as such, they

also face the season variability problem. In this case, during the winter, the demand of electricity

decreases, while the demand for water is stable all year long. The need for flexible operability is a major

and complex issue for these types of plants. Examples are the Shoaiba power and desalination plant in

Saudi Arabia, a CCGT power plant fueled by oil or the or the recently expanded Fujairah hybrid plant in

United Arab Emirates, which uses both MSF (which uses the steam from the steam turbine) and reverse

osmosis (which uses the electricity from the power plant) to desalinate sweater.

Figure 6-9. Fujairah Power and Desalination Plant

6.4 Reducing water used in other power plant processes (C)

As explained in chapter 4, about 10% of the total water needs in pulverized coal power plants are used in

the FGD system. Currently, most of the plants use wet FGD systems because historically they had been

the most efficient. However, there are alternatives that are becoming as efficient as wet FGD systems that

would reduce water consumption almost completely, such as dry FGD systems. In dry FGD systems the

lime-based reagent is injected in the form of powder and the water required is minimal. Unlike in a wet

FGD, the flue gas is not saturated with water when it leaves the absorber and the waste product is not a

watery mixture but powder (see Figure 6-10). Dry scrubbers usually require lower capital cost due to the

fact that water treatment is not required since there is not liquid waste. On the other hand, the reagent for

the dry system is more expensive, which increases operating costs. (Sargent &Lundy, 2007). Since FGD

systems do not require high quality water to operate, seawater or other alternative water sources can be

used to minimize freshwater use in the power plant (Alstom Technologies website).

Another way to reduce the parameter C is cooling down and recovering the water that leaves the plant

suspended in the flue gas to reuse it within the plant. The Department of Energy is leading different

research projects focused in this issue (Ciferno, 2010). The flue gas temperature has always been kept

high to avoid corrosion problems due to the condensation of sulfuric acid. However, if corrosion

problems are resolved, the water vapor can be recovered and used in the plant with minimal treatment.
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Figure 6-10. Diagram of Dry FGD (left) and Wet FGD (right) (Source: Alstom, 2003)

6.5 Alternative Water Sources

The rising population, which increases energy and water demand, together with the recent regional

droughts, has pushed national labs and industry to explore non-traditional water sources for power plant

cooling. These sources are generally defined as waters that historically were never considered suitable for

cooling due to their low quality or contamination. Municipal wastewater, mine pool water, oil and gas

produced water and saline groundwater effluents are the some of the most common examples.

It is important to acknowledge that using alternative water sources for cooling purposes can become very

challenging. Water treatments necessary to achieve the required quality to avoid corrosion and other

undesired effects in the cooling system can be expensive and sometimes complex. In addition, there are

extra regulations and permits that have to be complied with and obtained in order to be able to use non-

traditional water sources, which can become an extra barrier. Since many of these water sources have

never been viewed as useful in the past, there is a lack of quality data on their exact location, quality and

useful volumes, which makes their use even more complicated.

6.5.1 Municipal Wastewater (Publicly Owned Treatment Works - POTW)

Wastewater is water that has been used by industry, domestic residences, commercial properties or

agriculture and is discharged as liquid waste. In many cases, wastewater also includes storm runoff.

Hence, wastewater contains polluting substances such as oils, food, human waste, soaps and chemicals.

However, there are several reasons why municipal wastewater could be a potential non-traditional source

for power plant cooling purposes.

First of all, even if wastewater contains pollutants, in many countries such as in the US, municipal

wastewater has to be treated before returning it to the water source. Federal regulations ensure that
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wastewater is treated at least to secondary standards before it leaves the treatment facility. The main

purpose of those mandatory treatments is to remove the suspended solids. Thus, even if in some cases the

water quality might not meet the standards to be used in the cooling system, its quality is better than that

of some other alternative water sources and can be improved with supplemental treatments. The

treatments are usually implemented onsite and include sand filtration, coagulation, chlorination and

others, which are widely used in water treatment plants around the world (Argonne National Laboratory,
2007).

Secondly, wastewater is available all around the US (see Figure 6-11), mostly near cities or towns,

making wastewater a reliable and continuous water source for cooling. Since wastewater has to be treated,
its quantity and availability its known by the POTW and therefore power plants can plan ahead with

reliable information. Currently, wastewater is being used in 50 power plants around the US. One of the

most well known is Palo Verde in Arizona, the largest nuclear power plant in the US. The agreement

between the POTW and the nuclear power plant was renewed in 2010 and ensures a provision of 26

billion gallons of wastewater a year to the power plant until 2050 (UCS, 2011).

One of the challenges of using wastewater is that the quality of the water, and therefore the need for

supplementary treatments, are very site specific. Thus, the cost of using wastewater for cooling a given

power plant will vary depending on the amount of treatment already provided by the wastewater

treatment plant, the quality of the wastewater before entering the plant and the amount of energy required

to pump the water from the POTW to the power plant. If the wastewater is not treated correctly, two

things can happen: corrosion can occur at the cooling towers and at other equipment; and harmful

microorganisms can be released to the environment through the plumes at cooling towers, which can be

dangerous for surrounding residential areas (Argonne National Laboratory, 2007).

Figure 6-11. Location of PTOW and Coal-Fired Power Plants. Light blue points are POTW >1,000 gpm and
black points are operating coal-fired power plants (Source: ALL Consulting, LLC/NETL)
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In summary, even though accommodating the quality of municipal wastewater bring challenges, its

widespread availability and regulated quality make it one of the best alternative water sources for power

plant cooling.

6.5.2 Mine-Pool Water

Mine-pool water is defined as the groundwater accumulated in abandoned underground mines. During the

excavation works in a mine, it is required to pump out all the underground water that infiltrates in order to

keep the mine dry. However, when the mine is abandoned, the water continues to infiltrate and is not

pumped out, fills all the underground voids to form "mine pools". Mine pools are especially attractive

when they contain water from several mines or from a mine complex since the amount of water is

substantial.

One of the advantages of using mine pool water as cooling water is its constant low temperature (around

1 00C), which would benefit the efficiency of the power plant. Reports suggest that besides using the mine

pool water as water make-up for wet cooling towers, it could also be used in once-through cooling

systems. In addition, a mine pool could be used as a closed-cycle cooling reservoir, taking water from the

mine pool and returning it to the source where it would naturally cool down to be reused. (Veil, 2003)

Like with wastewater, the quality of mine-pool water is very site specific and depends on the coal's

chemistry, the mining method used and the time of residence of the water in the mine. Hence, the cost of

the required treatment will vary too. Generally, mine-pool water has a high level of total dissolved solids

(TDS), of dissolved metal ions and low PH. Thus, it requires treatment prior to being used in the cooling

system such as pH adjustment treatments and coagulation and flocculation to remove metals

(Ziemkiewicz et al., 2004).

Withdrawing significant amounts of water from a mine pool can change the hydrology of the mine and

can have serious consequences. One of the risks of using mine-pool water is the possible collapse of the

mine, which could cause subsidence at the surface above the mine. Moreover, getting all the needed

permits to use mine-pool water can be very challenging due to the mentioned water quality issues and to

the posed risks of water extraction.

Currently there are six power plants in the US (all in Pennsylvania) using mine pool water for cooling

purposes, most of them using a closed-cycle cooling system. Since a significant fraction of the coal mines

in the US are in Pennsylvania and in West Virginia (See Figure 6-12), most of the efforts to quantify and

locate potential mine pool resources have taken place at the University of Pittsburgh and the University of
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West Virginia. The existing reports estimate that there are 100,000 abandoned mines in West Virginia and

around 15,000 in Pennsylvania, collectively containing hundreds of billions of gallons of water (EPRI,

2003).

The location of the mines is a key factor when determining the cost and the viability of the mine-pool

water cooling projects. In order to reduce costs, it is preferable to be as close as possible to the water

source. However, many times, coal mines are located in rocky and steep locations where it is difficult to

build power plants.

In summary, mine-pool water could be an important alternative water sources for cooling. Since the exact

quantity, quality and hydrological patterns are not yet well-known, further research is necessary to

quantify the full potential of this alternative water source.
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Figure 6-12. Locations of Abandoned Coal Mines and Coal Fired Power Plants. Light blue areas are
abandoned coal mines and black points are operating coal-fired power plants (Source: ALL Consulting,

LLC/NETL)

6.5.3 Produced Waters from Oil and Gas Wells

Produced water is defined as the underground water that is withdrawn and brought to the surface when

drilling for gas or oil. It includes water that was already in the reservoir and the water injected as part of

the drilling and extraction process. It contains salts, oil and grease, natural organic and inorganic

compounds, chemicals used in drilling and well operations, naturally occurring radioactive material and

other pollutants. Produced water the largest waste stream generated by the gas and oil industry

(DOE/NETL, 2009).

As with the other previously described alternative water sources, the quality of the produced water varies

depending on the site (see Figure 6-13). The geological host formation, the type of the produced

hydrocarbon, and the location of the reservoir are all parameters that affect the water quality. The physical

and chemical properties of produced water can also change during the reservoir's lifetime.
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Due to the high levels of chloride and total dissolved solids (TDS), produced water can never be used

directly for cooling purposes without extensive treatments (EPRI, 2003). Moreover, in most of the cases,

reverse osmosis will be required to achieve suitable water quality. Reverse osmosis is a more expensive

and complex water treatment used for brackish or saline water that uses membranes. It also requires a pre-

treatment such as precipitation and filtration to ensure the proper operation of the reverse osmosis system.

In the US approximately 3,340 billions of liters of produced water are generated every year, which could

potentially be used as an alternative water sources for power plant cooling (DOE/NETL, 2009).
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Figure 6-13. Location of Produced Water (with TDS levels) and Coal-Fired Power Plants (Source: ALL
Consulting, LLC/NETL)

6.5.4 Saline Aquifers

There is a large volume of saline aquifers in many regions of the US (see Figure 6-14), which could be

used as an alternative water source for many purposes including power plant cooling. As with the other

mentioned non-traditional water sources, the water quality can vary significantly depending on the site.

Moreover, the variability over time of the levels of total dissolved solids can become a barrier when

trying to assess the quality and usability of the water (DOE/NETL, 2009). .

On the other hand, carbon sequestration experts are looking at saline aquifers as possible sites for

permanent sequestration. For example, in Norway carbon dioxide has been stored in deep saline aquifers

since 1996 at the Sleipner gas field, in the middle of the North Sea. It is a full-scale project and it is

injecting 1 million of tons of CO2 per year without leakage. The injection of CO 2 in saline aquifers might

increase its pressure, which could cause leakages. Bringing saline water to the surface continuously could

be a solution to relieve the pressure in the aquifer while creating an alternative water source (Kobos et al.,
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2008). Hence, saline aquifers could be a potential solution for both issues: CO2 sequestration and power

plant cooling.

Figure 6-14. Locations of Saline Aquifers and Coal-Fired Power Plants. Light blue are saline aquifers and
black points are operating coal-fired power plants. (Source: ALL Consulting, LLC/NETL)

The withdrawn saline water would require different treatments before reaching suitable quality for

cooling purposes. Due to the injected CO2, the water would likely contain chemical pollutants. Moreover,
desalination treatments (typically reverse osmosis) would be needed to improve the water quality.

Depending on the quality of the withdrawn water, which will be very site specific, and the expensive

required treatments, using saline water for cooling will or will not be a suitable option.

In summary, different reports claim that coupling these two processes could be possible (See Figure

6-15), which would be mutually beneficial. However, one solution does not fit all, especially when cost

and operations are site specific. As more research is done and more data is available on the quality,
quantity and geologic properties of these aquifers, underground saline water could be a potential

alternative water source for power plant cooling.
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Figure 6-15. Diagram of the process. Saline Water withdrawal and CO 2 sequestration (source: DOE/NETL)

6.5.5 Seawater

As explained in the previous chapters, cooling towers are one of the cooling systems available for power

plants. However, many power plants located next to the seashore use a once-through cooling system,

which can have negative ecological impacts. As a result, EPA and state regulations are pressuring plants

towards wet cooling towers as the best existing alternative for cooling to reduce the environmental

impact. This trend naturally suggests the possibility of using seawater in cooling towers. Such towers,

while rare, have been used since the 1970s and are becoming more popular in arid areas such as the

Middle East.

The high salinity of seawater poses operational challenges such as corrosion of the tower and of the

nearby facilities (due to spray drift), salt deposition, salt concentration, packing, etc. In addition, seawater

has different thermo-physical properties than freshwater, which means that the cooling tower design has

to be modified to achieve the same thermal performance (Maulbetsch and DiFilippo, 2008) . Some

cooling towers manufacturers take salinity into account, and design and build cooling towers capable of

accommodating seawater. For example, choosing the appropriate materials (such as plastic or stainless

steel) can eliminate or minimize the corrosion in the cooling towers. To avoid salt concentration, the

number of cycles of concentration should be much lower than for fresh-water cooling towers (Mostafa

et.al, 2011). .
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While these challenges and extra needs add cost to the tower, the benefit is an unlimited water supply and

a reasonably low ecological impact. Currently, there are seven power plants around the US using seawater

and several more using brackish water (and more around the world) (DOE/NETL, 2009). . Therefore, it is

a known and used technology that could potentially be used in the future as freshwater becomes

increasingly scarce.

6.6 Summary

There are many different ways to reduce water use in power plants; however, there are trade-offs

involving both costs and efficiencies. In general, the incentive for plant operators to invest in any of these

solutions is driven by government regulation. These regulations are enacted to ensure that increasing

electricity demand is met in a sustainable way and with the minimal impact to the environment and the

water resources.

92



7 Impact of existing and future water regulations on the
power sector

7.1 Introduction

Water is a precious and finite resource and as such, in many countries its use and quality is regulated to

ensure that it is used in the most efficient and sustainable way. In the US, the growing public concerns

about the increasing water pollution led to the creation of the Federal Water Pollution Control Act, which

was enacted in 1948 as the first major US law intended to address water pollution. After some

amendments in 1972 it became what is now commonly known as the Clean Water Act (CWA). Since

then, the Clean Water Act (CWA) has established the regulatory framework for discharges into the US

water body and for surface water quality standards. Among other changes, the 1972 amendments gave the

Environmental Protection Agency (EPA) the authority to implement pollution control programs and to set

standards and regulations to ensure the compliance of the CWA.

There are two types of regulations under the CWA that directly affect the power industry, and more

specifically, thermal power plants: those regulating water intake and those regulating water discharge. On

some occasions, power plant discharges have also been impacted by regulations under the Safe Drinking

Water Act (SDWA). These regulations are needed to protect the public and the environment. However,

they impose a burden to power plants operators due to the costly processes that need to be implemented,

such as expensive water treatments, or alternate cooling systems. Thus, it is important to recognize that

these regulations affect many stakeholders with different interests: the power sector wants to minimize

operation costs and therefore usually opposes to very stringent regulations; environmental groups focus

on the protection of living organisms and the conservation of the environment and often lobby for stricter

standards; the public wants reliable and cheap electricity but also cares about the quality of the drinking

water and of the watershed; the agriculture sector worries about water availability and water quality;

regulators such as the EPA have to enforce federal laws while understanding and taking into account the

various stakeholders needs.
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7.2 The Clean Water Act and The National Pollution Discharge Elimination

System permit program5

Part of the 1972 amendments of the Clean Water Act was the section 402, which requires all point

sources to get a permit in order to be able to discharge any type of pollutant to US navigable waters. The

EPA was given authority by the Clean Water Act to enforce this law and created the National Pollutant

Discharge Elimination System (NPDES) permit program as its main means to ensure the compliance of

the Clean Water Act. This means that all industrial, municipal and other facilities that have surface

discharge must obtain a permit and comply with the CWA. The permits designate acceptable standards

for water discharges and contain specific limits on water pollution, requirements on how and what to

report and monitor and other specifications to ensure that the discharge will not become a health hazard.
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Figure 7-1. State Authorization to control the NPDES Program.

Although is EPA's duty to oversee and ultimately ensure the compliance of the NPDES program, in most

cases states have been given the authority to directly implement and administer the NPDES program. If

states meet the EPA criteria, they can issue and enforce the permits. Thus, states have autonomy to

determine allowable pollutant limits, water standards and additional parameters. This limits can be more

I To avoid repeating citations, the author wanted to clarify that all the information about the NPDES program
and the CWA law has been obtained from the EPA website (http://water.epa.gov/) and from "Environmental Law,
Policy and Economics" (Ashford and Caldart, 2008).
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stringent than the Federal ones, but never less stringent. Moreover, EPA has always the right to override

state decisions if those do not align with the CWA. As shown in Figure 7-1, most of the states are

authorized to implement the program.

There are different sections of the CWA that directly affect the power industry, which are described

below.

7.2.1 Clean Water Act §304. Effluent Guidelines

Section 304 authorizes EPA to establish a set of limitations and guidelines for different industry

categories based on the characteristics of the industry and how much that industry can reduce pollution

discharges by implementing pollutant control technologies. The EPA has issued effluent guidelines for 56

industry categories, including the category "Steam Electric Power Generating" (40 CFR Part 423).

The Steam Electric Power Generating effluent limitations guidelines and standards affect most of the

power plants included in the model in chapter 4. According to EPA this category applies to "a subset of

the electric power industry, namely those plants "primarily engaged in the generation of electricity for

distribution and sale which results primarily. from a process utilizing fossil-type fuel (coal, oil, or gas) or

nuclear. fuel in conjunction with a thermal cycle employing the steam water system as the thermodynamic

medium. " For this category, the EPA has set up limits for iron, copper, zinc, chromium, chlorine, oil and

grease and Total Suspended Solids (TSS). Moreover, it has identified and included in the guidelines 126

"priority pollutants" 6 which should be regulated and not detectable in the final discharge according to

EPA standards.

The guidelines for the "Steam Electric Power Generating" category were last revised in 1982. However,

the EPA is required by the CWA to periodically review the guidelines and make changes if needed. In the

2005 annual review, the EPA concluded that Steam Electric Power Generating industry was one of the

industries with the highest polluting discharges and that a more detailed study of the industry was needed

to determine if the guidelines for this category needed to be reviewed. The study, which was finished in

2009 and published in the EPA website (EPA, 2009), is mainly focused on coal power plants and on the

impacts of air pollution controls on the amount of pollutant discharges. The EPA acknowledges that the

industry has evolved since 1982 and that the effluent guidelines have not incorporated those changes. The

study reviewed wastewater discharges from several power plants and the different technologies that exist

6 The complete list of priority pollutants can be found online : http://ccfr.upoaccess.uov/cgi/t/text/text-

idx'?c=cfri&sid=a I 67d68a3b8e57d72caeb2a573712141 &rgn div5&vicw=tcxt&nodc=40:29.0.1.1.23&idno=40
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to reduce or eliminate pollutants in water discharges. Although in the study it was mentioned the possible

pollutant discharge from new technologies such as carbon capture and IGCC, it is mainly focused on flue

gas desulfurization (FGD) systems. New regulations have forced power plants to install FGD systems,

which produce a significant fraction of the pollutants discharged by coal power plants, and were not

contemplated in the 1982 guidelines. Since the EPA expects an increase of FGD systems in power plants

due to even more restrictive federal and state air pollution regulations, EPA announced the decision to

proceed with the review of the current effluent guidelines for this industry. EPA plans to propose a new

regulation for the category "Steam Electric Power Generating" in November of this year (2012), to

approve it by April 2014 and to implement it from 2014 to 2019.

Impact on the power sector

Besides the cooling water, whose discharges are also regulated, there are many processes in the power

plant that require water (parameter "C" of the model explained in chapter 3). These processes require

small amounts of water compared to the cooling system; however, the discharges contain a high level of

pollutants and therefore they need to be treated before returning them to the watershed. State standards

are often more stringent than those of the EPA, which require power plant operators to have expensive

and complex water treatment plants inside the power plant complex. During some conversations with

power plant operators, it became clear that meeting those standards is already challenging and very costly

and many operators are considering implementing zero discharge processes to avoid the risk of non-

compliance. The planned new regulation by EPA on FGD systems, which accounts for a substantial

amount on water use in PC power plants (around 10% of the total water use) might push more power

plant operators towards that direction, especially in water-scarce areas or where NPDES permits are

difficult to obtain. In fact, the EPA 2009 study documents (EPA, 2009) recognizes zero liquid discharge

operating practices as a viable solution to minimize environmental impacts, reducing both water use and

discharged pollutants. Zero liquid discharge (ZLD) systems reuse and recycle all the wastewater of the

power plant by using advanced treatment technologies to obtain a zero liquid discharge.

Although ZLD systems have many benefits, it seems unlikely that all power plants will implement these

systems in the near future due to their high maintenance and overall costs. However, due to future stricter

standards on water discharges, most of the power plants will have to invest in more advanced water

treatment processes to ensure that they comply with the regulations.
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Figure 7-2. Navajo Generating Station (NGS), situated in northern Arizona near the Grand Canyon, a water-
scarce area. It uses a zero-discharge water treatment process: all cooling tower blowdown, all wastewater,

and most storm water are recovered, recycled, and reused in plant processes (Source: NGS website

7.2.2 Clean Water Act §316

(a) Water Thermal Discharge

Section 316(a) of the Clean Water Act (CWA) requires the regulation (either by EPA or by the state, if it

has been granted authority) of water thermal discharge from cooling water systems in order to protect

shellfish, fish, and other aquatic wildlife (see Figure 7-3 for an example of thermal plume). States usually

allow a temperature difference (AT) of 20*F or less and often also impose a limit on the maximum

temperature allowed 7. As explained in chapter 2, this mainly affects once-through cooling power plants

during hotter periods. In some occasions, power plants have had to reduce the power output (or even to

shut down) to ensure that they not exceed the permitted temperature (see examples in chapter 2).

Figure 7-3. Thermal Plume of the Indian Point Nuclear Power Plant in New York

(b) Cooling Water Intake Structures

Section 316 (B) of the Clean Water Act requires that "the location, design, construction and capacity of

cooling water intake structures reflect the best technology available for minimizing adverse

environmental impact". Thus, unlike most of the other sections of the Clean Water Act, the CWA

§316(b) addresses the adverse environmental impact caused by the intake of cooling water and not those

7 EPA does not set a maximum AT, however, most of decides only allow a 20"F increase. See here an example of Massachusetts:

www.inass.gov/dep/water/resources/72wqaO7i.doc
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caused by polluting discharges. The main environmental impact of withdrawing significant amounts of

water is the death of aquatic organisms due to impingement or entrainment. Impingement usually occurs

when the force of the intake water traps fish and other big organisms against the intake screens or in other

parts of the water intake structure (see Figure 7-4 a). EPA estimates that 2.1 billion pounds of fish, crab,

and shrimp are killed each year due to impingement on cooling water intake structures. Entrainment takes

place when smaller organisms such as young fish and shellfish or microorganisms fish and

microorganisms are sucked into the cooling system, where most of them die due to thermal, mechanical

or chemical stress (see Figure 7-4b). These environmental impacts are addressed in the regulation

proposed by the EPA.
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Figure 7-4. a) Picture of fish impingement (left). b) Diagram showing impingement and entrainment (right).
(Source: Aldenlab and University of California Santa Barbara)8

The regulation was issued in three phases. Phase I rule was promulgated in 2001 and only covers new

facilities. It effectively requires the installation of closed-cycle cooling systems in most of the new power

plants in order to meet the water intake standards. Phase rule II was created in 2004 addressing large

existing power plants that withdraw more than 50 million gallons per day and use at least 25% of that

water for cooling purposes. In 2006, Phase III rule was promulgated covering existing small electric-

generating facilities and new offshore and coastal oil and gas extraction facilities. Phase II required an

important decrease on organism impingement and entrainment but did not consider closed-cooling

systems as the "best technology available" (BTA).

found here: http://www.aldenlab.com/services/desalination intakes and discharges
http://iarinenitigation.msi.ucsb.edu/mitigaton projects/behavioral barriers/background.html
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As Stone explains in Policy Paradox (Stone, 2002), all rules are ambiguous at the boundaries, which give

an incentive to try to manipulate or modify the applicability of the rule for one's own benefit. In this case,

the CWA did not specify which factors the EPA should consider in determining what constitutes the

(BTA). Therefore, it was not clear if EPA was authorized to include costs and benefits as it had done to

reject closed-cycle cooling as BTA. Following a challenge, the Second Circuit concluded that EPA could

not consider a comparison of the costs and benefits of closed-cycle cooling in determining BTA (EPA,

2011). However, in Riverkeeper Inc. vs. US EPA (2007), the Supreme Court of the United States gave

permission to EPA to consider cost and benefits in determining the BTA and to decide what to consider

as costs and benefits. The legal challenges that EPA faced in 2007, forced EPA to respond with the

suspension of Phase II and an update is still pending.

During the following years, environmentalist groups argued that regulations should be more stringent to

protect aquatic life and industry argued that too strict regulations could shut down power plants due to

high compliance costs. In 2008, the Office of Electricity Delivery and Energy Reliability of the

Department of Energy (DOE), in collaboration with NERC, elaborated the report "Electricity Reliability

Impacts of a Mandatory Cooling Tower Rule for Existing Steam Generation Units" under a request of the

U.S. Senate Committee on Appropriations, Subcommittee on Energy and Water to understand the impacts

of the possible EPA regulation on the power sector. The report was intended in part, to serve as an

information source for the EPA in taking the final decision. In the report, the DOE concluded that if all

power plants had to replace once-through cooling systems for cooling towers, it "would exacerbate a

potential decline in electric generation reserve margins that are needed to ensure reliable delivery of

electricity" (DOE, 2008). This would be due to the forced retirement of old power plants and to the

efficiency drop caused by the less efficient cooling system.

In March 2011 the EPA finally issued the proposed rule, supposedly taking into account all the reports

and petitions from both sides. The proposed regulation has three parts. 1) Existing facilities that withdraw

2 million gallons per day and use at least 25% of that water for cooling purposes will be subject to a

mortality performance standard (an upper limit on fish and other organism deaths by impingement) or to a

design standard (a limit on intake velocity of 0.5 feet per second). The plant operator is free to decide

which technology is best suited to meet at least one of these two requirements to reduce organism

mortality. 2) Existing facilities that withdraw at least 125 million gallons per day will be required to

conduct environmental impact studies to help the permitting authority (state or EPA) to determine which

measures are needed to reduce fish and other organism deaths by entrainment. The permitting authority

will have to request for public input for the final decision. 3) New facilities (either a new plant or an

extension of an existing plant) will be required to install a closed-cycle cooling system or design changes
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equivalent to the reductions associated with closed-cycle cooling. After proposing the new rule, there

was a public comment period on the rule, which closed on August 18, 2011. The EPA is planning to take

final action and to issue the rule by July of this year (2012).

Impact on the power sector

The new rule will affect approximately 670 power plants, which will have to comply with the

impingement requirements within a period of 8 years from the final issue of the rule. Some of those plants

will also have to perform entrainment studies. Moreover, new power plants will have to meet the

requirements by the time they begin operations.

EPA argues in their website that the regulation has set flexible technology standards to adapt to site

specific needs and concerns, allowing for the design of cost effective options. The proposed standards

recognize that, in specific occasions, closed-cycle cooling systems might not be appropriate for existing

power plants. However, the regulation has already received complaints from both sides of the conflict.

Environmental groups and also some individuals complain about the fact that the rule is not strict enough

and still leaves room for once-through cooling systems. On the other hand, the industry has raised

concerns about the proposal, which they claim could accelerate the retirement of some existing power

plants (NERC, 2010).

The NERC (2010) study focused on the hypothetical scenario where all existing power plants were

required to convert to recirculating cooling. The final rule proposal does not include cooling towers as the

BTA. However, most of the power plants using once-though cooling systems will have to invest in new

environmental systems or to convert to closed-cycle cooling system. Both options mean high capital costs

and higher operational costs for the sector. Although under the EPA regulations once-through cooling will

be still legally permitted, the complex permit process and the extra reporting requirements might prevent

power plant operators from using them. The NERC study gives us a magnitude of the impact of the

regulation on the power sector (if all power plants were to install cooling towers). The NERC report

argues that around 33 GW would be vulnerable to retirement and another 5 GW would be lost due to

derating of the power plants once the cooling tower is installed. Retrofitting old plants with cooling

towers might not be worth it, due to the high capital investment costs and the energy penalty of cooling

towers. Moreover, the DOE (2008) report argues that some power plants close to urban areas might face

sitting constraints that prevent them from installing cooling towers (see Figure 7-5). However, in the area

where the study took place (NY Sub-region), one of the most dense in the country, only 3 plants out of 26

were identified as having sitting constraints.
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Figure 7-5. Ravenswood Power Plant, NY, might face sitting constraints.

Given that the new EPA regulation does not explicitly require power plants to install closed-cycle cooling

systems, power plant operators can install less costly available technologies to reduce entrainment and

impingement (EPRI, 2008) if the states do not impose stricter standards.

There are systems to minimize flow rates by using variable speed pumps during critical seasons (during

breeding season, for example) to reduce fish mortality. This option is cheap as it does not require major

infrastructure changes, however, there needs to be a good quality fish monitoring system. Another option

is to permanently reduce the water intake speed to avoid impingement and let the fish swim away from

the current. There are also systems to protect the intake structure to reduce entrainment and impingement

such as travelling screens, fine mesh screens, barrier nets or aquatic filter barriers, which are nets that

have micropores that allow water passage but block most floating or suspended organisms and objects.

Figure 7-6. Ovivo's Bio Acoustic Fish Fence system. It uses a combination of sensory stimuli that produces a
linear barrier to guide fish away from the point of abstraction to an exit or by wash. The sensory stimulus is

a combination of customized sound signals, directional strobe lighting and an air bubble curtain. (Source:
Ovivo's website)9

This last system has been used in several plants in NY and the NY state government has verified that the

system has been almost as effective in reducing impingement and entrainment as a closed-cycle cooling

101

9 http://www.ovivowater.com/en/FishGuidanceSystemBioAcousticFishFence



system 0 . However, in other areas it has not been proven as successful. Thus, again, the best-suited option

will vary site by site and plant operators should make specific evaluations and impact assessments to find

the best alternative. Another option are systems that guide the fish and other aquatic life away from the

water intake area, a.k.a. behavioral deterrent systems, such as acoustic systems, air bubble curtains,

electrical barriers, light systems, water jet curtains, etc (see Figure 7-6).

Where water is plentiful, there are alternatives to continue using once though cooling systems and

minimize aquatic organisms deaths. However, some states enforce more stringent regulations that those of

the EPA and force power plants to use closed-cycle cooling systems. This is the case of the State of

California, which has adopted regulations that require all power plants to phase out once-through cooling

systems. The State of New York has not enforced retrofitting power plants with cooling towers through

regulation but has denied NPDES permits to a few once-through cooling power plants. One example is

the Indian Point nuclear power plant near NYC own by Entergy, whose permit is expiring and has not

been granted a new one yet. Entergy has said that converting to cooling towers would cost $1.1 billion

and would require closing down reactors for 42 days. The company wants to install a wedge-wire system

and to reduce the water intake speed in order to reduce impingement and entrainment. However, the state

understands that the "best technology available" rule requires switching to cooling towers. This might

cause an early retirement of the plant, which supplies around 30% of the NYC electricity demand. If so,

there will be a need for new transmission to supply electricity from new power sources, which is

expensive and often controversial".

Water withdrawn vs. water consumed

As explained in chapter 2, once-through cooling systems withdraw vast amounts of water. However, only

a small amount (around 1%) is consumed. On the other hand, cooling towers withdraw much less water

but consume almost all of it. The power sector accounts for around 40% of the freshwater withdrawals in

the US, but only 3% of the freshwater consumed (see chapter 2). This is due to the fact that there are still

many power plants using once through cooling systems. Therefore, a regulation that forces to install

cooling towers would completely change those percentages. The total water withdrawn would be

significantly lower, but the water consumed would increase. In most of the cases, that would not be a

problem, given that once through cooling systems have been installed where water is plentiful. However,

it is important to highlight this potential impact of the regulation. As an example, we have used the EIA

data to simulate what would happen if the regulation forced to shift from once through to cooling towers
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in 8 years. We have tonly taken the power plants using once through with freshwater and efficient enough

to be able to install a cooling tower. The results are not completely accurate since we have used the same

B, ksen, , nc and C for all power plants. However, since we have used the reported efficiencies, and we

know that efficiency (HR=3,600/efficiency) is one of the major drivers of water use, we get a good sense

of the magnitude of the change. The cooling towers adoption rate is assumed to be linear with 100%

adoption by year 8.

+ Consumption N Withdrawal

8 000

U 600

1,000

1 2 3 4 5 7 8

Years

Figure 7-7. Change in water withdrawn and water consumed if existing once through cooling systems shift to
cooling towers

7.3 Safe Drinking Water Act

The Safe Drinking Water Act (SDWA)12 is the main US federal law created to protect public health by

ensuring the quality of America's drinking water. It was passed by Congress in 1974 and amended in

1986 and 1996 adapting to the public needs. It applies to all drinking water sources that serve more than

25 individuals: lakes, reservoirs, rivers, springs and ground water. Under the SDWA, the EPA is

authorized to set regulations and national standards for drinking water quality and to protect the public

from pollutants that might be in the water source (both natural occurring such as dead animals and man

made such as chemical discharges). EPA works with states and local water suppliers to ensure that all the

standards are met. Although the SDWA does not apply directly to the power sector, the Act is relevant for

thermal power plants. The SDWA established additional limits on different pollutants, such as mercury,

arsenic and other metals that are often present in power plant discharges. Hence, when the power plant is

discharging to a drinking water source, it might be required to meet also those standards. In some states

these regulations are very stringent and allow a very small level of elements in the water source (i.e. parts

12 more information on the SDWA can be found in the EPA website: http://water.epa.gov/lawsregs/rulesregs/sdwa/index.cfm
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per trillion), which means that power plants might require additional water treatments to comply with the

regulation.

7.4 Summary

Water issues in power plants related to effluent discharges or to water intake systems are becoming

important due to the increasing environmental regulations. Most of the regulations require the power plant

operator to invest in expensive alternative cooling systems, extensive water treatment processes or other

systems to be able to comply with the regulation. The power sector is affected not only by those

regulations addressing water quality issues but also air quality standards. Often the implementation of

different technologies to control emissions is accompanied by new contaminated water streams, which

impose new challenges for wastewater treatment. More stringent regulations could potentially force an

early retirement of various old power plants due to permit denial or to compliance costs, which could

have a significant impact in the power sector.

While the EPA has been granted the authority to implement regulations by the CWA and the SDWA, in

most of the cases it is the states that implement and enforce the regulations (under EPA supervision).

Therefore, in states with stringent regulations, which do not necessarily correlate with more water

scarcity, water related issues could become a burden for the power sector, especially in terms of costs. In

addition, the public seems to be opposed to once-through cooling systems and sometimes are not well

informed about the existing technologies and the effects of each on the environment. In the comment

periods for the new EPA regulation on intake cooling systems, some individual public comments were

worried about the amount of consumed water by once-through cooling systems but at the same time want

cheap electricity, for example. It is important, hence, that all stakeholders are informed about water issues

in power plants and that all the views are taken into account. In the future, it will be critical that EPA,

DOE, FERC, state regulators and environmental organizations work together and collaborate to achieve

best results. New rules should minimize environmental impacts while also taking into account all the

possible implications for the power sector and for the American society as a whole (such as early

retirement of power plants which could lead to power outages). Regulations should be flexible enough to

accommodate site-specific requirements. The EPA should offer clarity and certainty to the power sector

so that they can plan ahead and adapt to the new regulations. However, given that the market on its own

would not solve environmental impacts of power plants due to the lack of incentives for the plant

operators, regulations are needed to solve this market failure and to ensure that water is used in a

sustainable and responsible way.
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8 Key findings and discussion

This thesis has explored the water energy nexus from the perspective of "water for energy", digging into

available reports and publications, using a model to identity, understand and analyze what drives water

usage in power plants, investigating the alternatives to reduce water use and dwelling into the impacts of

existing and future water regulations on the power sector. The key findings of this research are

summarized below:

1. Regionally, the amount of water withdrawn by power plants is usually much larger than the

amount consumed."Withdrawal" refers to water taken from a watershed or aquifer, while "consumption"

refers to water withdrawn that is not discharged back to the watershed (section 2.4.1). In the US, the

thermoelectric power sector withdraws account for about 40% of total freshwater withdrawals, but only

about 3% of freshwater consumption (see Figure 8-1). As explained in chapter 2, in the US there are still

many once-through cooling systems (especially in older power plants), which withdraw vast amounts of

water but return most of it to the water source. Large withdrawals can have a negative impact on the

aquatic organisms and the ecosystem (section 2.4.2.1 and section 7.2.2) at a site level. However,

consumption is the number that matters on a regional level. This ratio is likely going to change in the

future with the implementation of the new EPA regulations (section 7.2.2).

Figure 8-1. Sankey diagram of US water use in 2005 (DOE LLNL 2011 / USGS 2009)
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2. Field data on power plant water use is in many cases unavailable or of poor quality. There are

very few primary sources of data on US power plant water use, and those that exist are inaccurate and

incomplete (see section 2.5). In regions where water is plentyful, this problem is exacerbated, and existing

data is less accurate than for regions with water scarcity. Fortunately, the EIA is making an effort to

improve its data collection, acknowledging the importance for higher-quality data in this field to meet the

need of policy makers and the public and private sector decision makers. However, given the lack of

consistent and high-quality data today, the model developed in this thesis is very useful to obtain better

water estimates and to understand what drives water consumption.

3. In most cases, water use in thermal power plants is dominated by cooling. Thermoelectric

generation processes inherently produce large quantities of "waste" heat and most of it must be rejected to

the environment using a cooling system. As a result, for plants with similar heat rates, the type of cooling

system used in a generation plant has a greater effect on the water consumption intensity (liters consumed

per MWh generated) than the type of fuel (see section 3.2).

4. Different types of cooling system have different strengths and weaknesses. These tradeoffs, which

are explained in section 2.4.2, are summarized below (see Table 16). Currently, the most commonly used

are once-through cooling (especially in old power plants) and cooling towers. However, this might change

in the future. New US EPA regulations have been pushing towards the elimination of once-through

systems, which open a whole new set of possibilities for research in alternative cooling systems that

would replace the old once-through (section 7.2.2). Because of the differences in cost, effectiveness, and

water use between cooling system types, a mandated change away from once-through has strong

implications both for the energy mix of the US power fleet and for regional water consumption profiles.

Cooling Type Wtraer Capital Cost Plant Efficiency oogca
Withdrawal Consumption Impact

Once-Through '000

Wet Cooling Towers gWo d

Dry Cooling none none

Table 16. Summary of Cooling Systems Trade-offs

5. Among plants with the same cooling system type, the amount of cooling water consumed is

mainly determined by the power plants' heat rate, irrespective of the type of fuel used. Lower heat

rate means less waste heat to be rejected and thus less cooling water required per MWh generated (see

Figure 8-2). Hence, gas combined-cycle plants (around 7,200 kJ/kWh HHV) require less water than
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pulverized coal power plants (10,300 kJ/kWh HHV) and much less than solar thermal plants (12,000

kJ/kWh HHV) and geothermal (24,000 kJ/kWh HHV) (see chapter 0).

-1

X

0 5000 10000 15000 20000 - IGCC CCS
Heat Rate (kJ/kWh)

Figure 8-2. Water Withdrawn w/ Wet Cooling Towers ( Sources: DOE/NETL, EPRI, Ikeda)

6. A wet tower cooled power plant with carbon capture and storage (CCS) requires significantly

more water than an equivalent plant without CCS; the primary cause of this increase is the

efficiency penalty. Non-cooling water needs related to carbon capture are not significant, but the carbon

capture process does incur a substantial plant efficiency decrease, which increases water consumption

intensity as discussed above. For a new power plant with CCS, the water requirement can be up to double

that of a new non-CCS plant with the same electrical output. Retrofitting a plant with CCS, however,

would likely include some combination of capacity derating and the upgrade of older, less efficient

components; in absolute terms, then, the retrofitted plant would consume considerably less than double

what it consumed before retrofitting (see section 4.1.4)

7. Water constraints can be an incentive towards higher efficiencies and other innovative

alternatives to reduce fresh water usage in power plants. As explained in chapter 6, besides alternative

cooling systems, there are different options to minimize water use. One option is to re-use the waste heat

from the plant (see section 6.3). For example, where there is suitable demand, combined heat and power

can be implemented, which can drastically reduce the amount of heat that must be rejected through the

cooling system, and thus the amount of cooling water required. There are also alternatives to reduce the

water used in other plant processes (see section 6.4). Finally, fresh-water usage can be reduced by using

alternate water sources, such as municipal wastewater (see section 6.5). However, most of those

alternatives come at an extra cost. Hence, regulations are enacted to ensure that increasing electricity

demand is met in a sustainable way and with the minimal impact to the environment and the water

reorcsIGCC

resources.
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8. Low-carbon thermal generation technologies may be at risk from a water availability standpoint.

The dependence of water requirements on thermal efficiency is bad news for carbon capture, nuclear,

solar thermal and geothermal plants, which are less thermally efficient than conventional fossil plants.

Solar thermal and geothermal are at particular risk since these plants are usually sited in arid areas. There

are available solutions to overcome this problem, but they are more costly than the conventional

counterpart. For example, most of the solar thermal power plants have been forced to implement dry

cooling systems, which do not require any water but have a negative effect on efficiency and costs. It is

important to take into account all this information when making national level energy policies that might

change the fleet mix, due to the impacts that can have on the water resources.

9. From a regional water consumption perspective, non-cooling plant processes are usually

negligible; however, from a plant-level economic standpoint, they can incur very significant costs

related to treating wastewater for discharge under stringent regulations. We spoke with several

water specialists at US utilities, and wastewater disposal, especially at coal plants, seems to receive the

bulk of their attention. More cost-effective wastewater treatments and zero-discharge technologies are

areas of active research. Wastewater treatments will play an important role in the water-energy nexus,

especially with EPA planning on adding stricter regulations for power plant discharges.

10. Regulations, not price signals, are usually the drivers of water-related power plant decisions.

Moreover, US water regulations are becoming stricter, which will have an impact for the power

sector. The value of electricity is typically high compared to the cost of the water required for wet tower

cooling. In many states, water is not priced and therefore, unless regulations force to do otherwise, it

nearly always makes economic sense to use a wet cooling tower, which results in increased electricity

output vs. a dry or hybrid system. On the other hand, most of the new regulations require the power plant

operator to invest in expensive alternative cooling systems, extensive water treatment processes or other

systems to be able to comply with the regulation. More stringent regulations could potentially force an

early retirement of various old power plants due to permit denial or to compliance costs, which could

have a significant impact in the power sector.

Discussion

Water usage in power plants is and will be a critical issue for the power sector, especially in water-scarce

areas. However, despite the interdependence between water and energy, frameworks for energy policies

are often developed separated from those for water policies. There is a need to start thinking of those

sectors as 2 interconnected worlds, where policy decisions made in one sector can have a large impact on
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the other. Energy policies focused to tackle the challenges of climate change will likely change the

existing fleet mix, which in turn could exacerbate the water energy nexus. Hence, when implementing

energy policies it is very important to also consider the impact that the policy might have on water

availability and what can be made to mitigate the problem. On the other hand, unlike the emission of

greenhouse gases, which is an intrinsically a global problem, the water energy nexus is a regional

problem. The regional variations in water resources, water demand, electricity demand, and energy mix

all combine to create 'hot-spots' where the water-energy nexus is more crucial than elsewhere. Therefore,

policies and regulations should also take this into account.

We know that there are many alternatives available, but most times they are costly. R&D on alternatives

to reduce water use in power plants will be a crucial part of this puzzle. Another aspect that has to be

improved is the data collection on water use from government agencies. Water withdrawal in the power

sector accounts for around 40% of all the freshwater withdrawals, and still the data collected is of very

poor quality. This information is crucial for policy makers and regulators to be able to make educated

decisions. The EIA has already announced that they are taking steps to improve the data collection

process. Another option could be to combine EIA and EPA efforts, given that EPA regulates water

intakes and water discharges. On the other hand, existing and future air and water pollution regulations

will most likely put an extra burden for power plants operators. Hence, new policies and regulations

should minimize environmental impacts while also taking into account all the possible implications for

the power sector and for the American society as a whole (such as early retirement of power plants which

could lead to power shortages). The model developed in this thesis should be useful in policy analysis and

informing policy decisions.
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Nomenclature and acronyms

Nomenclature

A

ACT C

ACT W

ADCC

ADC W

AHc c

AHc w

AOT-C

AOT W

B

C

CFG

CP

HR

hfg

I

kbd

ksens

MFG

mwater

Miater CP

ncc

Q sens

Q latent

AT

P

Water needed per unit of energy rejected

Parameter A for Cooling Towers - water consumed

Parameter A for Cooling Towers - water withdrawn

Parameter A for Dry Cooling - water consumed

Parameter A for Dry Cooling - water withdrawn

Parameter A for Hybrid Cooling - water consumed

Parameter A for Hybrid Cooling - water withdrawn

Parameter A for Once-through cooling - water consumed

Parameter A for Once-through cooling - water withdrawn

Heat to other sinks than the cooling system

Other process water needs

Specific heat capacity of the flue gas

Specific heat of water

Heat Rate

Latent heat of vaporization of water

Total water needs

Fraction of blowdown discharged to the watershed

Heat load rejected through convection

Flue gas mass flow rate

Flue gas water content

Water from the coal combustion process

Number of cycles of cooling water concentration

Flue Gas Sensible Heat

Flue Gas Latent Heat

Cooling range; inlet/outlet temperature difference

Density of water

Acronyms

ACC

BTA

Air Cooled Condenser

Best Technology Available
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[L/kJ]

[L/kJ]

[L/kJ]

[L/kJ]

[L/kJ]

[L/kJ]

[L/kJ]

[L/kJ]

[L/kJ]

[kJ/kWh]

[L/kWh]

[kJ/kg-K]

[MJ/kg-K]

[kJ/kWh]

[kJ/kg]

[L/kWh]

[%]

[%]

[kg/kWh]

[kg/kWh]

[L/kWh]

[#]

[kJ/kWh]

[kJ/kWh]

[0C]

[kg/L]



CCGT Combined Cycle Gas Turbine

CCS Carbon Capture and Sequestration

CSP Concentrated Solar

CHP Combined Heat and Power

COE Cost of Electricity

CWA Clean Water Act

DCC Direct Contact Cooler

DOE Department of Energy

EIA Energy Information Administration

EPA Environmental Protection Agency

EPRI Electric Power Research Institute

FERC Federal Energy Regulatory Commission

FGD Flue Gas Desulfurization

GAO Government Accountability Office

GHG Green House Gases

HHV High Heating Value

IEA International Energy Agency

IECM Integrated Environmental Control Model

IGCC Integrated Gasification Combined Cycle

MSF Multi Stage flash

NETL National Energy Technology Laboratory

NGCC Natural Gas Combined Cycle

NPDES National Pollutant Discharge Elimination System

NREL National Renewable Energy Laboratory

PC Pulverized Coal

POTW Publicly Owned Treatment Works

SDWA Safe Drinking Water Act

TDS Total Dissolved Solids

TSS Total Suspended Solids

USGS U.S Geological Survey

UCS Union of Concerned Scientists

WGS Water Gas Shift

ZLD Zero Liquid Discharge
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