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Abstract

Mist Cooling Technology for Thermoelectric Power Plants
Enes Gokkus, M.S.E.
The University of Texas at Austin, 2014

Supervisor: Vaibhav Bahadur

A novel mist-based cooling concept is analyzed with the objective of reducing
water consumption in thermoelectric power plants. Additionally, this concept offers the
potential to increase electricity generation capacity by lowering the steam condensation
temperature. The mist-based cooling concept consists of two independent technologies.
The first technology consists of replacing the cooling tower with a two stage heat
exchanger consisting of air-cooled and water mist-cooled heat exchangers. The mistcooled heat exchanger chills the cooling water to near wet bulb temperature ambients
which enables lowering of condenser pressures and temperatures. The mist is a saturated
air stream at wet bulb temperatures obtained by adding water droplets to ambient air. The
air-water ratios and droplet sizes can be optimized to reach wet bulb temperatures with
minimum water consumption. The enhanced control of evaporation through mist cooling
will allow the mist to reach closer to wet bulb temperatures than cooling towers. The
second technology consists of replacing the shell-and-tube condenser with a direct
contact condenser, wherein the steam from the Rankine cycle condenses on water mist
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streams. The large area offered by mist droplets increases heat transfer rates significantly,
resulting in compact and low maintenance condensers.
Technical and techno-economic analyses are carried out to map the potential of
mist cooling technology. The technical analyses show that mist cooling technology can
reduce water consumption by up to 65 %, compared to present-day cooling towers of the
same power output. Furthermore, by reducing the condenser pressure, the electricity
generation capacity can be increased by 4 % while still consuming less water than
existing cooling towers. First-order techno-economic analyses have also been conducted
to quantify the economic benefits of mist cooling for thermoelectric power plants in
Texas. These analyses reveal that mist cooling technology can greatly help 17 out of 18
coal-fired power plants in Texas. It is expected that this technology will significantly
benefit other U.S. power plants located in water-stressed areas.
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Chapter 1
Introduction

As the world’s population continues to steadily increase, both energy and
water resources are being increasingly stressed. In the U.S., the amount of water use
for power generation is substantial at both the national and state levels. Total U.S.
water withdrawals in 2005 were approximately 410 billion gallons per day, with 349
billion gallons per day being freshwater [7].
Approximately half of the U.S. withdrawals are for thermoelectric power
generation. Thermoelectric power plants run on coal, natural gas, nuclear, solar
thermal or biomass fuel [5]. Thermoelectric power plants provide 90 % of the
electricity in the U.S. [1]; furthermore, they are expected to continue to produce
nearly 90 % of the U.S.’s electricity over the next 30 years [2]. In these power plants,
chemical energy from the specified fuel types is first converted to heat and then to
electricity by means of thermodynamic power cycles. At the national level, in 2005,
a total of 201,000 million gallons of water were withdrawn per day (185,000 million
gallons for once-through cooling and nearly 16,000 million gallons for recirculation
cooling) for thermoelectric power generation of 3,190 million MWh [8]. In Texas in
2005, a total of 11,500 million gallons of water were withdrawn per day (10,000
million gallons for once-through cooling and nearly 1,500 million gallons for
recirculation cooling) for thermoelectric power generation of 222 million MWh [8].
1

Amongst the thermoelectric power plants, coal-fired plants produce almost
half of the total U.S. electricity (49 % in 2006) [6]. Due to thermodynamic
limitations, their average overall efficiency is around 33%; however, it fluctuates
between 26 % to 35 % depending on the specific plant design and operational
patterns [5]. Thus, only one-third of the total amount of chemical energy of the fuel
is converted to electricity, whereas the remainder is lost as heat to the atmosphere via
flue gas and cooling water. In general, most of the amount of heat rejected from a
power plant, which varies between 33 % [5] and 45 % [4], results from the
condensation of the steam coming from the exhaust of the turbine [4].
The cooling system is a very important part of the power plant process and
significantly influences power plant performance [5] and water consumption. Slight
improvements in the cooling system can result in substantial benefits in overall
power production and water consumption.

1.1. Overview of Cooling Systems for Thermoelectric Power Plants
The function of a cooling system for thermoelectric power plants is to absorb
the heat released via steam condensation and eventually reject the heat to the
atmosphere. There are four main types of cooling systems employed in today’s
power plants. The detailed description of these systems along with their advantages
and disadvantages are presented in this section.

2

1.1.1. Once-Through Cooling Systems
The term ‘once-through’ implies that the cooling water is used only once and
is not recirculated back to the condenser. These systems are also known as open-loop
systems. The cooling water is withdrawn from a large reservoir, such as a lake or
river, and then pumped through the condenser, where it absorbs the heat released
from the steam condensation. The cooling water temperature typically increases by
15 to 20 o F [4]. This heated water is then discharged back to its source. Evaporation
from the source to the atmosphere eventually cools this water [4].
Once-through systems have several drawbacks and are rapidly falling out of
favor. Water shortages in large parts of the U.S. imply that the water sources around
several power plants cannot supply the large amounts of water required for oncethrough systems.

Additionally,

environmental restrictions

and thermal pollution

considerations limit the use of such systems [4]. Regulatory requirements in several
U.S. states are forcing existing plants to switch from once-through to other systems
with lower water consumption rates, such as cooling towers, hybrid cooling systems
and dry cooling systems. Permitting and public acceptance issues have almost
eliminated once-through cooling from consideration [3] for new U.S. power plants.
Taking all these factors into account, the use of once-through systems in power
plants is expected to rapidly diminish in the future.
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1.1.2. Cooling Towers
Closed-loop cooling systems reject the heat absorbed by the cooling water (in
the condenser) to the atmosphere via either a cooling tower or some other outdoor
water body such as a spray pond or cooling lake [4]. Cooling ponds are utilized
where sufficient land is available [3], and are subject to similar environmental
restrictions as once-through systems. Cooling towers are the most widely used
closed-loop cooling systems.
In a cooling tower, the heated cooling water coming out of the condenser is
cooled by atmospheric air by spraying that water against a counter-flowing air
stream. A fraction of the cooling water evaporates during this process, and the
temperature of the cooling water drops by approximately 20 o F [3]. The water is then
pumped to the condenser, and the cycle continues. Cooling towers can also reduce
the water temperatures to below the ambient dry bulb temperatures.
The cooling tower operates as a closed-loop system; however, make-up water
is constantly added to the cooling tower basin to compensate for the loss of water
due to evaporation, blowdown and drift [14]. Evaporation water loss is inevitable as
cooling towers rely on evaporative cooling to reduce cooling water temperatures.
Blowdown water loss is the water discharged from the system to control the
concentration of salts or other impurities in the circulating water [12]. In a cooling
tower, water is exposed to atmospheric air; therefore, dust, minerals and other
contaminants can easily contaminate the water. Blowdown is essential to control
4

build-up of contaminants in the cooling water. Drift water losses result from
suspended water droplets entrained in the exit air stream [14] in the lower section of
the tower.
For a power plant with a cooling tower, the amount of make-up water is
calculated via Eqn. 1 [12]:
𝑀 = 𝐸 + 𝐷+𝐵

(1)

where M : make-up water flow rate
E : evaporation loss
D : drift loss
B : blowdown

Evaporation loss is approximately 1 % of the circulation water flow rate for
every 5.5 °C of cooling range [12], which is defined as the difference in temperature
between the hot water entering the tower and the cold water leaving the tower [44].
Drift loss is independent of evaporative loss, and typically ranges from 0.001 % to
0.1 % of the recirculation rate; the drift loss depends on system-specific factors such
as the age and design of the tower, the presence of drift eliminators, and on local
conditions such as the direction and velocity of the wind [15]. Because drift loss is
relatively insignificant compared to evaporative loss, they are often neglected. In
such cases, the make-up water requirement depends on the evaporation and
blowdown losses only [13].
5

For a typical 2,000 MWe nuclear power plant, nearly 65 % of the make-up
water is lost by evaporation or drift [11]. For a typical 500 MWe coal power plant,
the evaporation and drift losses correspond to 80 % of the total make-up water [3];
the remaining 20 % constitutes the blowdown loss.
Although cooling towers are widely used in today’s power plants, permitting
and public acceptance issues have created significant challenges to the use of this
technology in the future [3]. The primary driving factors for these issues to arise are
the insufficient water sources and the increasing need for water particularly available
for purposes other than cooling.

1.1.3. Other Cooling Systems
In addition to once-through cooling systems and cooling towers, dry and
hybrid cooling technologies have also been implemented. These systems consume
much less water, but may have many drawbacks that limit their utilization.
Dry cooling systems reject heat to the ambient air in an air-cooled condenser.
Power plants with dry-cooling towers consume and withdraw < 10 % of cooling
towers water withdrawals, but have capital and maintenance cost penalties [9] due to
large heat transfer surface areas, which are needed because of the poor air-side heat
transfer coefficients. Furthermore, a power plant with an integrated dry cooling
system can experience a 1 % decrease in efficiency for each 1 °F rise in the
condenser temperature [26]. The condenser temperature is determined by the inlet
6

cooling water temperature; for dry cooling, this is limited to the ambient dry bulb
temperature. This results in lower electricity production on hot days, when in fact the
demand for electricity is higher. Despite these disadvantages, dry cooling is used in
water-constrained regions where water is simply not available.
Hybrid cooling systems consist of combinations of both wet (closed-loop)
and dry cooling schemes. Hybrid cooling systems can have low water consumption
for much of the year by operating primarily in dry mode. At the same time, they
offer the flexibility to be more effective in wet mode during the critical and hot times
of the year [9].

1.2. Water Intensity of Existing Cooling Technologies
Water intensity is a key criterion when comparing the merits of various
cooling technologies. It is important to distinguish between water ‘withdrawal’ and
water ‘consumption’. Withdrawal refers to removing water from a surface or
groundwater source, whereas consumption (or ‘use’) refers to the subset of
withdrawn water that evaporates or is not returned to its original source [10]; thus,
water withdrawal is always greater than or equal to consumption [5].
The

primary

factor that determines the amount of withdrawal and

consumption is the cooling system. Less water is withdrawn by cooling towers than
by once-through cooling, but the consumption in cooling towers is a larger
percentage of the amount withdrawn [8]. In general, once-through systems withdraw
7

40-80 times more water than cooling towers, but consume less than 2 % of the
withdrawal value, which is around 100-400 gal/MWh [5]. The large water
withdrawal needs of once-through systems have drastic negative consequences near
the plant, especially in drought areas, since it reduces the availability of the water for
other purposes. From an environmental perspective, water intake structures can kill
marine life, and create the risk of thermal pollution of receiving waterways due to
returning water returning at higher temperatures [13]. The solubility of oxygen in
water decreases, which can have a detrimental impact on aquatic ecosystems [5].
Cooling towers withdraw less water than once-through systems. They lose
nearly 80 % of it due to evaporation [3], in addition to blowdown and drift losses.
The cooling tower water consumption rate varies between 110 gal/MWh and 850
gal/MWh [5].
Overall,

the

average

withdrawal

and

consumption

values

for

U.S.

thermoelectric plants are 21,000 gal/MWh and 500 gal/MWh [1]. For a 500 MWe
coal-fired power plant, the Electric Power Research Institute (EPRI) specifies the
amount of withdrawal-to-consumption value as 250,000-to-2,500 gpm for oncethrough cooling systems, and 6000-to-5000 gpm for cooling towers [3]. EPRI data
are the basis for all the thermodynamic and techno-economic analyses in Chapters 2
and 3.
In summary, the need for large amounts of cooling water at the right
temperatures introduces vulnerabilities such as droughts and heat waves for the
8

power plants [1].

In particular,

once-through systems are at a significant

disadvantage because of their large withdrawal rates; the power plant will have to
shut down if those quantities of water are not available [5].

1.3. Steam Condensers
Steam condensing systems account for about 90 % of power plant water
withdrawal and consumption [3]. There are mainly two types of condensers used in
power plants. Conventional steam condensation systems utilize a shell and tube heat
exchanger arrangement wherein steam condenses on the shell side and the released
heat is carried away by cold water flowing through banks of tubes. However, these
heat exchangers have high thermal resistances associated with film-wise steam
condensation and tube wall conduction. This is a major limitation of shell-and-tube
type heat exchangers. Additionally, such heat exchangers incur large operating costs
associated with periodic maintenance and descaling operations.
As an alternative, direct contact condensers (DCC) have been studied for
steam condensation. In such systems, the steam exiting the turbine condenses
directly on water films or water sprays. The cooling water needs to be of a very high
purity to avoid contamination of the Rankine cycle water [28]. Such condensers have
been used for vacuum pumping of vapor, steam condensation, and open feed water
heater applications [18]. Also, the concept of direct contact steam condensation in
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power plants has been demonstrated through the Heller cooling system [27], which
relies on steam condensation on water films in a direct contact jet condenser.
The advantages of DCC’s over the traditional shell and tube heat exchangers
include simplicity of design, lower capital and maintenance costs, high specific heat
transfer areas and higher heat transfer rates [18]. Their typical volumetric heat
capacity is around 0.4 MMBtu/h/ft3 in comparison to 0.06 MMBtu/h/ft3 of shell and
tube heat exchangers [29]. Larger capacity provided by advanced mixing of the two
fluids increases the efficiency of DCC’s under low terminal temperature differences
in the condenser. The intimate contact between steam and cooling water results in a
terminal temperature difference of less than 1

o

F, which eliminates condensate

subcooling at different loads [29].
Because of the numerous advantages of DCC’s over shell and tube heat
exchangers, a new DCC is studied to condense steam in the present work. Existing
DCC’s condense steam on water films or large (millimeter-sized) water droplets; the
DCC in the present work analyzes steam condensation on much smaller water
droplets (diameter on the order of 100 microns). Such droplets will have significantly
higher area-to-volume ratios than the existing DCC’s. It is important to note that the
creation of such small droplets does not require unrealistic amounts of energy;
detailed calculations will be presented in Chapter 2.
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1.4. Motivation of Current Study
This thesis analyzes mist cooling to reduce water consumption and increase
electricity output of power plants. The concept of misting the inlet stream to reduce
air temperature has been explored earlier in the power generation sector. Humid
compression is commonly employed on hot days as a power augmentation method,
wherein the air entering the gas turbine is sprayed with water [41]. Evaporative
cooling increases the density of intake air which results in larger power output from
the gas turbine. Mist cooling has also been demonstrated to cool power plant
condensers [20, 21, 22, 23]. However, all previous studies are of a very preliminary
nature, and very different from the technology that is analyzed in this thesis.
The proposed technology is an evaporative mist cooling system with a
closed-loop cooling cycle connected to the power plant. One embodiment of this
technology involves a shell-and-tube heat exchanger with a fully evaporated mist
flowing on the shell side, exchanging heat with cooling water flowing in a finned
tube bank. This enables cooling of the recirculating cooling water to near the wet
bulb temperature. It should be noted that mist cooling should be employed only to
sub-cool the water below the dry bulb temperature; air cooling can cool the water to
dry bulb temperature without the need for evaporative cooling. This water (at near
wet bulb temperature) can then be reinjected as fine water droplets into a direct
contact steam condenser, replacing the traditional shell-and-tube-based condenser
architectures. The large surface area of the water droplets significantly increases
11

condensation heat transfer coefficients, reduces condenser size and minimizes
maintenance. This technology also offers the potential for lowering the steam
condensation temperature, which will boost production and efficiency, especially on
hot days.
This thesis develops a first-order understanding of the abovementioned mist
cooling system. The objective is to minimize water consumption and maximize
electricity generation.

12

Chapter 2
Technical Analyses of Mist Cooling Technology

An innovative mist cooling technology is proposed to reduce water
consumption and increase power plant generation capacity. The schematic of the
cooling technology and its integration with the power plant is described in Figure 1.
The technology consists of a closed-loop cooling cycle (CLCC), which is integrated
with a power plant Rankine cycle through the condensing unit, and also with a mist
chamber. The steam from the turbine is brought in direct contact with atomized
water droplets in the direct contact condenser (DCC). The water droplets are
produced from the closed-loop cooling water. The mass flow rates of the steam and
the cooling water can be adjusted to achieve 100 % steam condensation, with no
vapor at the outlet. The condensate water accumulates at the outlet of the condenser.
Part of the condensate is routed back to the Rankine cycle, whereas the remaining is
sent to the CLCC. Thus, the Rankine cycle and the CLCC operate in an integrated
manner. The condensate water entering the CLCC at the condensation temperature is
cooled in two stages before it is injected back to the condenser. The first stage
utilizes dry cooling; the temperature of the cooling water is reduced from the
condensation temperature to the ambient dry bulb temperature (DBT). The second
stage uses the evaporative mist cooling; the temperature of the cooling water further
is further reduced from the DBT to near-wet-bulb temperature. The second stage
13

cooling takes place in the mist chamber, which includes a mist evaporator. Humid air
with 100 % relative humidity at wet bulb temperature (WBT) is produced in the mist
evaporator and then is sent to the second stage cooler, where it absorbs heat from the
cooling water. The heated humid air is then released to the atmosphere, which is the
only consumptive use of water in the entire system.

Fig.1. Schematic showing the integration of mist cooling technology with the overall power
plant. The three blocks represent the Rankine cycle (left), closed-loop cooling cycle (middle)
and mist chamber (right).

Overall, the mist cooling technology has two distinct innovations: a direct
contact steam condenser (DCC) and a two-stage cooling mechanism (where the first
stage uses dry cooling and the second stage uses evaporative mist cooling). These
14

two innovations are independent from one another; however, in this study, they are
analyzed jointly to quantify the technical and techno-economic potential of mist
cooling technology.

2.1. Advantages of Mist Cooling
Mist cooling technology offers the following advantages over existing
cooling platforms for power plants (once-through systems and cooling towers):


Higher electricity generation capacity: Mist cooling can enable cooling very
close to wet bulb temperatures. Cooling towers are also supposed to cool the
water below dry bulb temperatures; however, the local environment around an
evaporating water droplet can be controlled more precisely with mist cooling
than in cooling towers. This will allow mist cooling to reach lower temperatures
than cooling towers. Lower condenser temperatures opens up opportunities to
increase electricity generation.



Lower water consumption: Mist cooling can reduce the water consumption via
the following avenues:


Cooling towers evaporate water to reach to dry bulb temperatures. The
proposed two-stage cooling concept does not need water for cooling to
DBT’s. Water is only evaporated in the second stage to subcool the water.
This implies a significant reduction in water consumption as compared to
cooling towers.
15





There are no blowdown losses with the proposed version of mist cooling.



There are no drift losses in the proposed version of mist cooling.

The direct contact steam condenser using atomized water droplets leads to very
high heat transfer coefficients. The thermal resistances associated with film-wise
condensation and tube walls in conventional shell-and-tube heat exchangers are
completely eliminated. Overall, the DCC leads to compact heat exchangers, with
significantly lower maintenance requirements (no fouling).



Mist cooling offers enhanced control options to maximize electricity production
for wide-ranging ambient conditions. The misting parameters (flow rates, droplet
sizes) can be optimized to minimize water consumption and maximize electricity
generation for any given ambient condition. This kind of flexibility is not
possible for cooling towers, which are designed for a specific ambient condition;
the performance away from the design conditions is suboptimal.



There is no contamination of the cooling water since it is never exposed to air.
This eliminates the need for water treatment at the plant. Also, integrating the
closed-loop cooling cycle with the Rankine cycle does not affect the purity of the
Rankine cycle water.



The mist generation process requires very small amounts of power, compared to
the electricity output of the plant. As described later, the energy required to
create droplets as small as 100 micron diameter is very small.

16

2.2. Analytical Model
This section presents analyses of various components of the mist cooling
system. All analyses on the mist cooling system are conducted for a 500 MWe plant;
several operational and thermodynamic data points for a representative 500 MWe
coal-fired power plant are obtained from the Electric Power Research Institute
(EPRI) [3]. The mist cooling technology is mapped out by analyses in the following
order: Rankine cycle, closed-loop cooling cycle (CLCC), mist chamber.

2.2.1. Rankine Cycle
The Rankine cycle for power plants consists of four processes [16]: isentropic
compression in a pump (1-2), constant pressure heat addition in a boiler (2-3),
isentropic expansion in a turbine (3-4), and constant pressure heat rejection in a
condenser (4-1). Figure 2 shows a T-s diagram for a Rankine cycle.

Fig.2. Rankine cycle temperature-entropy diagram

For comparison of mist cooling with cooling towers and once-through
cooling systems, the plant capacity, the steam flow rate and the condensation
17

temperatures are held constant. Thermodynamic, water consumption and cost data
are obtained from EPRI [3] for a representative 500 MWe coal-fired power plant.
The prescribed steam flow rate is 315 kg/s, and the condenser temperature is 110 o F
(approximately 43 o C). The representative dry bulb temperature (DBT), which is the
ambient air temperature [16], is 90 o F (32 o C), whereas the wet bulb temperature
(WBT) is 70 o F (21 o C). However, the complete Rankine cycle data with all the
thermodynamic state properties are not detailed in EPRI [3]. Therefore, a model
Rankine cycle is conceptualized for mist cooling under the following assumptions:
1. The total electric power output is 500 MWe
2. The steam flow rate is 315 kg/s
3.

The steam exiting the turbine is at the saturated vapor state (quality is 1)
at 110 o F and condensation happens from State 4 to 1 on Figure 2.

As mentioned earlier, the turbine power output and the cooling load are kept
constants while comparing mist cooling with existing cooling technologies. The
turbine power output is calculated via Eqn.2, and the heat load is found via Eqn.3:
𝑊̇ 𝑡 = 𝑚̇ 𝑠 (ℎ3 − ℎ4 )

(2)

𝑄̇𝑐 = 𝑚̇ 𝑠 (ℎ4 − ℎ1 )

(3)

It should be noted that the turbine power output and electric power output are
related via the generator efficiency. In this study, an average generator efficiency of
92 % is assumed for all systems. Therefore, the electric power output of 500 MWe
actually corresponds to a turbine power output of 544 MW.
18

Equation 2 can be used to estimate State 3 (Figure 2) via knowledge of the
power output, the steam condensation temperature and the steam flow rate. However,
it is seen that solving Eqn.2 for h3 leads to a thermodynamically-impossible state for
State 3.

The ideal Rankine cycle is thus not the right candidate to evaluate the new

cooling technology. To overcome this problem and to satisfy all the three
assumptions made initially, an ideal ‘reheat’ Rankine cycle (IRRC) is conceptualized
instead of a simple ideal Rankine cycle. In other words, an ideal Rankine cycle with
two turbines, which operate at high-pressures and low-pressures, is used as the
platform for the analyses of mist cooling technology. Figure 3 shows the T-s diagram
of the IRRC, along with key operational parameters. This IRRC is the platform to
evaluate the benefits of mist cooling technologies.

Fig.3. T-s diagram of the Ideal Reheat Rankine Cycle (IRRC) for evaluating the benefits of
mist cooling technologies

19

2.2.2. Closed-Loop Cooling Cycle
As an intermediate step between the power plant and the mist chamber, the
closed-loop cooling cycle (CLCC) rejects the heat from the cooling water to a twostage heat exchanger mechanism. The 1st stage heat exchanger is air-cooled to the
dry bulb temperature, and is similar to existing dry cooling systems. The 2nd stage
heat exchanger is mist-cooled. In this study, the term ‘mist’ refers to a vapor-air
mixture. In the 2nd stage heat exchanger, a mist stream cools the closed-loop cooling
water to near-wet bulb temperature in a shell-and-tube configuration.
The direct contact condenser (DCC) is the interface between the CLCC and
IRRC. Low-pressure steam leaving the turbine of the IRRC condenses on atomized
liquid water droplets introduced into the DCC. The mass flow rate of the cooling
water can be adjusted to ensure 100 % steam condensation. The condensate water
accumulates at the outlet, and is separated into two streams as depicted on Figure 4.
The first stream is routed to the IRRC whereas the second one returns to the CLCC.
It is important to note that the condenser does not contain any noncondensables.

Fig.4. Schematic of the direct contact steam condenser
20

The heat absorbed by the cooling water in the DCC is dissipated in a twostage heat exchanger system in the CLCC. In the first stage, the cooling water is
cooled from the condensation temperature to the ambient DBT by dry cooling. Then,
it is further cooled from DBT to near WBT in the second stage heat exchanger by
mist cooling. The reason for employing the 2-stage heat exchanger mechanism is to
reduce the amount of cooling load on the 2nd stage cooler. This, in turn, reduces the
overall water consumption, which is an important goal of the proposed mist cooling
technology.
As an illustration, for the initial assumptions of 110

o

F condensation

temperature, 90 o F DBT and 70 o F WBT [3], the total heat load is approximately 755
MW. In proportion to the temperature differences, the heat loads on the 1st (aircooled) and the 2nd (mist-cooled) stage heat exchangers are 437 MW and 318 MW,
respectively. It should be noted that dry cooling does not use water, but requires
electricity to drive its cooling fans. However, on hot summer days, when the DBT is
equal or higher than the condensation temperature, the need for the 1st stage heat
exchanger is eliminated. In such cases, the entire cooling load is handled by the 2nd
stage heat exchanger. By this logic of operation, mist cooling works like a hybrid
technology. The DBT varies daily and regionally; the 2-stage cooling system
provides significant advantages when the difference between the DBT and the WBT
is substantial, since air cooling can only reduce the water temperature to near DBT.
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The local weather patterns are thus an important factor in the process of identifying
power plant sides, where mist cooling will have significant benefits.
Another important consideration in the analysis of the Rankine cycle is the
atomization process to create water droplets that are used to condensate steam (see
Figure 4). The atomization process is the production of liquid water droplets from a
continuous water stream. The term ‘atomizer’ refers to the nozzle, or other device,
through which the liquid flows, and downstream of which a spray is formed [30]. In
this study, a simple model is used to estimate the power required for atomization as:

𝑃=(

𝑚̇ 𝑐
4 3
(3𝜋𝑟 )

1

) ((4𝜋 𝑟2 ) 𝜎) ( )

(4)

𝜂

where P : power required for atomization (kW)
𝑚̇ 𝑐 : closed-loop cooling cycle water flow rate (kg/s)
r : radius of the water droplets produced (m)
 : density of water (kg/m3 )
σ : surface tension of water (N/m)
η : atomizer efficiency
The first term in parentheses on the right side of Eqn.4 is the number of
droplets produced per second; the second term is the surface energy required to
create the surface area for a single droplet, and the last term is the atomizer
efficiency. The closed-loop cooling cycle water flow rate is obtained through the
thermodynamic analysis of DCC in IRRC. The density of water is assumed to be
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1000 kg/m3 . It is assumed that all droplets have a uniform diameter of 100 m. The
surface tension of water is estimated [31] at the temperature of the cooling water at
its inlet to the DCC. An efficiency of 10 % is assumed for the atomizer, which is
representative of the low efficiencies associated with liquid droplet generation. The
power required for atomization is estimated under all the above assumptions and is
compared with the power plant output. As detailed later, it is seen that the power
required for atomization is insignificant compared to the power output of the plant.

2.2.3. Mist Chamber
The mist chamber consists of a mist-cooled heat exchanger (2nd stage) and a
mist evaporator, a schematic is shown in Figure 5. The mist evaporator provides the
premixed coolant fluid to the 2nd stage heat exchanger. Atmospheric air at DBT with
the ambient humidity enters the mist evaporator, and liquid water droplets are
sprayed into the incoming atmospheric air stream. Water droplets absorb heat from
air as they evaporate along the flow path. The air can be cooled to WBT, with its
relative humidity reaching 100 % at the outlet of the mist evaporator. For a properly
designed mist evaporator, the objective would be to cool and saturate the
atmospheric air before it enters the 2 nd stage heat exchanger.
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Fig.5. Schematic of the mist chamber, consisting of a mist evaporator connected to
2nd stage heat exchanger
In the 2nd stage heat exchanger, the heat is transferred from the closed-loop
cooling water to the mist, and the temperature of the cooling water decreases from
DBT to WBT. The heated mist is released to the atmosphere, which constitutes the
only water loss in the mist cooling system. As explained in Section 2.2.2, the
magnitude of heat transfer in this 2nd stage heat exchanger depends on the difference
between the DBT and the WBT. This cooling load is expected to be highly variable
in response to changing relative humidity conditions.

2.3. Case Studies
Two case studies are developed to explore the possible benefits of the mist
cooling technology. The main objective is to integrate the technology with a Rankine
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cycle operating at a lower condensation temperature, which increases the total power
output of the system. It should be noted that the overall water consumption also
increases with the heat load. Therefore, any increase in power generation has to be
balanced with the existing availability of water in that area. This energy-water will
become very significant in the area of power plant thermal management. For this
reason, the impact of mist cooling on a system-level energy-water relation is
investigated in depth with two case studies detailed ahead.
The first case (labeled as Case 1 in Table 1) utilizes the IRRC designed in
Chapter 2.2.1 with the only difference being the condensation temperature of 90 o F
instead of 110 o F. The DBT, WBT and the temperature of the cooling water at the
condenser inlet remain the same as the base case analysis of the mist technology. All
the other assumptions in the base case analysis remain valid.
The second case (labeled as Case 2 in Table 1) specifies the condensation
temperature as 95 o F and the temperature of the cooling water at the condenser inlet
as 82 o F, as opposed to initially-assigned values of 110 o F and 75 o F, respectively.
Similar to the first case, all the other assumptions in the base case analysis remain
true.
In both cases, the percentage change in water consumption is quantified
along with the percentage increase in power production, when mist cooling
technology is in place. The Rankine cycle heat load and the cooling cycle heat load
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values are compared, along with a comparison of overall mist cooling technology
and the existing systems.
In Section 2.4, the performance metrics are presented from the technical
evaluation of mist cooling technology. Chapter 3 presents techno-economic analyses
for the base case (Section 2.2) to emphasize the economic benefits of the technology,
mainly from the perspective of overall cost savings due to less water consumption.
Revenues from increased power output are also estimated for the case studies.

2.4. Analyses of Mist Cooling Technology
The amount of heat transfer, 𝑄̇2 , and the water consumption for the overall
cooling system can be calculated in two steps.
In the first step, the control volume is selected as the mist-flow side of the 2nd
stage heat exchanger. The mist enters at WBT of 70 o F. The mixture is analyzed by
separating dry air and water vapor terms in the heat equation, as seen in Eqn.5. The
humidity ratio, ω, which is defined as the ratio of the mass of the water vapor to the
mass of the dry air [17], is found via psychrometric chart as 0.0157 at WBT of 70 o F
and relative humidity of 100 %. These WBT and relative humidity conditions are the
selected conditions for the mist inlet. Eqn.6 gives the humidity ratio relation.
𝑄2̇ = [(𝑚 𝑎𝑖𝑟,𝑑𝑟𝑦
̇
)(𝐶𝑝,𝑎𝑖𝑟 ,𝑑𝑟𝑦 ) + (𝑚 𝑤𝑎𝑡𝑒𝑟
̇ )(𝐶𝑝,𝑤𝑎𝑡𝑒𝑟 )][𝑇𝑚𝑖𝑠𝑡 ,𝑜 − 𝑊𝐵𝑇]

(5)

(𝑚 𝑎𝑖𝑟,𝑑𝑟𝑦
̇
) = (𝑚 𝑤𝑎𝑡𝑒𝑟
̇ )/𝜔

(6)

26

By substituting Eqn.6 into Eqn.5, the heat equation becomes a function of a
single flow rate parameter (𝑚 𝑤𝑎𝑡𝑒𝑟
̇ ). However, the outlet temperature of the mist
(𝑇𝑚𝑖𝑠𝑡 ,𝑜 ) and the isobaric specific heats of dry air and water (𝐶𝑝,𝑎𝑖𝑟 ,𝑑𝑟𝑦 and 𝐶𝑝,𝑤𝑎𝑡𝑒𝑟 )
are also unknown parameters. The substitution yields one equation with four
unknowns. At this point, additional assumptions are made for the three listed
unknown parameters, so that the water flow rate term remains the only unknown in
Eqn.5. These assumptions are as follows:
i.

The 2nd stage heat exchanger is a counter-flow heat exchanger with closedloop cooling water flowing on one side and mist flowing on the other side.
The reason for the counter-flow heat exchanger selection is that it enables the
two streams to exchange more heat within the same length, which leads to
material-reduction and lower costs [24], in comparison to a parallel-flow
configuration.

ii. The outlet temperature of the mist, 𝑇𝑚𝑖𝑠𝑡 ,𝑜 , is assumed to be fixed at a number
within the temperature limitations for counter-flow heat exchangers.
iii. The isobaric specific heat of water remains constant as 4.179 kJ/kg-K, which
is the value corresponding to 300K in Table A-19 [17] during the heat
transfer process. Similarly, the isobaric specific heat of air remains constant
as 1.005 kJ/kg-K.
Based on (i), a simple counter-flow heat exchanger design with the following
specifications is considered:
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1. The hot fluid (cooling water) enters the heat exchanger at DBT of 90 o F.
2. The cold fluid (mist) enters the heat exchanger at WBT of 70 o F.
The remaining two temperatures for the heat exchanger are the hot fluid and
the cold fluid outlet temperatures, with the cold fluid outlet temperature appearing as
𝑇𝑚𝑖𝑠𝑡 ,𝑜 in Eqn.5. According to the counter-flow heat exchanger design principles
[25], the outlet temperature of the cold fluid (Tc,o = Tmist,o ) cannot be greater than the
inlet temperature of the hot fluid (Th,i = 90 o F). Similarly, the outlet temperature of
the hot fluid (Th,o ) cannot be lower than the inlet temperature of the cold fluid (Tc,i =
70 o F). Taking all these into account, it is assumed that Th,o and Tmist,o are 75 o F and
89

o

F, respectively. This assumption needs to be checked at the end of the

calculations to satisfy the fluid heat capacity rate ratio for both fluids [25]. Under
these conditions, the heat capacity rate of the hot fluid should be greater than that of
the cold fluid.
Eqn.5 yields 467 kg/s of water in the mist stream. Based on this result, heat
capacity rates of the hot and cold streams are calculated as 39,783 and 31,843 kW/K,
respectively. Thus, the last assumption is verified. It should be noted that 467 kg/s is
not the overall water consumption rate of the cooling system, because it includes
water present in the atmospheric air in addition to the amount of water added to the
air stream. The latter is the water consumption value, and is estimated in the second
step of the mist chamber analysis.
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In the second step, the mist evaporator is selected as the control volume and
calculations are carried out to find the overall water consumption of the cooling
system. The mist evaporator consists of two inlets and one outlet. Atmospheric air at
DBT flows through the primary inlet and liquid water is sprayed into the air stream
at the secondary inlet. The water droplets evaporate as they make their way towards
the outlet. For a properly designed mist evaporator, the air temperature at the exit
would be the WBT. It should be noted that droplet evaporation depends on the
droplet size and the local relative humidity around the droplet; these parameters can
be controlled to ensure 100 % droplet evaporation at the outlet. The exit is directly
connected to the 2nd stage heat exchanger, and therefore the conditions specified at
the inlet of the mist-flow side of the 2nd stage heat exchanger are imposed as the exit
conditions of the mist evaporator in this step (see Figure 5).
Conservation of mass principles can be applied to dry air and water
separately in the mist chamber. The water flow rate value obtained through the first
step of the analysis is used to calculate the dry air flow rate in the 2 nd stage heat
exchanger required to satisfy Eqn.6. The dry air flow rate of 29,743 kg/s is equated
to the atmospheric dry air flow rate at the primary inlet of the mist chamber. The
relative humidity and humidity ratio at the primary inlet are found as 37 % and
0.011, respectively, from a psychrometric chart at DBT of 90 o F and WBT of 70 o F.
Using the humidity ratio and the dry air flow rate, the water flow rate at the primary
inlet is calculated as 327 kg/s using Eqn.4. The difference between the water flow
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rates at the outlet and the primary inlet of the mist chamber is the water flow rate at
the secondary inlet, which is 140 kg/s. Assuming that the water density is 1000
kg/m3 , the flow rate of the water added at the secondary inlet is found as 2,216 gpm
(Base Case in Table 1).
Since once-through cooling systems require an abundance of water and
cannot be implemented at inland power plants without access to a large reservoir, it
is more meaningful to compare mist cooling technology with cooling towers, which
withdraw much less water than once-through systems. Thermodynamic calculations
are carried out to quantify the amount of water consumption for cooling towers.
Eqn.7 is the equation for the cooling tower energy balance:
𝑚̇ 𝑎 ℎ𝑎 = 𝑚̇ 𝑎 (1 − 𝑥 𝑒 )ℎ𝑏 + 𝑚̇ 𝑎 𝑥 𝑒 ℎ𝑓𝑔

(7)

where 𝑚̇ 𝑎 : mass flow rate of cooling water at the tower inlet (kg/s)
𝑚̇ 𝑏 : mass flow rate of cooling water at the tower outlet (kg/s)
𝑥 𝑒 : mass fraction of evaporated cooling water
ℎ𝑎 : enthalpy of cooling water at the tower inlet (kJ/kg)
ℎ𝑏 : enthalpy of cooling water at the tower outlet (kJ/kg)
ℎ𝑓𝑔 : latent heat of vaporization at 102 o F (kJ/kg)
Based on the cooling tower data provided by EPRI [3], the inlet and outlet
temperatures of the cooling water are 102 o F and 82 o F, respectively, inside the
cooling tower domain. The cooling water flow rate is 250,000 gpm. This means that
the tower chills the cooling water by 20 o F with a DBT is 90 o F and a WBT of 70 o F;
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the temperature of the cooling water drops from 102 o F to DBT at first, and then
from DBT to 82 o F. Water evaporation occurs for both these temperature decreases,
and is the bulk of water consumption in cooling towers. Figure 6 shows the
schematic of the cooling tower model.

Fig.6. Schematic of cooling tower for analyzing water consumption

2.5. Results and Discussion
In this section, mist cooling technology is compared to the existing cooling
systems based on performance parameters.

2.5.1. Effect of Mist Cooling on Water Consumption
The rate at which water is irrecoverably lost when mist-based cooling
technology is in place is estimated to be 2,216 gpm for a 500 MWe coal-fired power
plant. This is referred to as the ‘Base Case’ for mist cooling in Table 1. It is noted
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that withdrawal is equal to consumption in mist cooling technology. When compared
to the irrecoverable water consumption rates of once-through cooling systems and
cooling towers (2,500 gpm and 6,270 gpm, respectively), the mist cooling system
significantly lowers the overall water consumption without any compromise on
performance of a 500 MWe coal-fired power plant.

Table 1. Comparison of mist cooling to once-through cooling and cooling towers
COOLING TECHNOLOGIES
OnceThrough*

Cooling
Tower

Base Case

Case 1

Case 2

Dry-bulb Temperature (F)

90

90

90

90

90

Wet-bulb Temperature (F)

70

70

70

70

70

Condensation Temperature (F)

110

110

110

90

95

Cooling Water Temperature at
Condenser Inlet (F)

90

82

75

75

82

Electric Power (MWe)

500

500

500

524

518

Total Turbine Power (MW)

544

544

544

570

563

0

0

0

4.8

3.5

Water Withdrawal (gpm)

250,000

250,000*

2,216

5,176

2,972

Water Consumption (gpm)

2,500

6,270

2,216

5,176

2,972

2,500

5,013

2,216

5,176

2,972

Blowdown Losses (gpm)

-

1,254

-

-

-

Drift Losses (gpm)

-

3

-

-

-

Rankine Steam Flow Rate (kg/s)

315

315*

315

315

315

Cooling Water Flow Rate (kg/s)

15,800

15,800

9,500

22,200

25,500

Rankine Cycle Heat Load (MW)

733

733

755

743

747

Cooling Cycle Heat Load (MW)

-

733

318

743

427

Atomization Power (kW)

-

-

412

963

1,096

Input

Mist Cooling

Output

Increase in Turbine Output (%)

Evaporative Losses (gpm)

*: EPRI data [3]
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For the cooling tower analysis, the fraction of water evaporated in the tower
is found to be around 2 % for the given conditions via Eqn.7. The result is 5,013 gpm
of evaporative water loss. This is the amount of water consumed in the cooling tower
to bring the temperature of the cooling water from 102 o F to 82 o F at DBT of 90 o F.
Blowdown loss and drift loss correspond to 1,254 gpm and 3 gpm (as explained in
the breakdown of Eqn.1). The total make-up water is calculated as 6,270 gpm in a
cooling tower connected to a 500 MWe power plant. It should be emphasized that
cooling towers evaporate water to reach DBT. The mist cooling concept avoids this
evaporative loss by air-cooling the water to DBT.
When mist cooling is employed, it is observed that 42 % of the Rankine cycle
heat load is handled by the 2nd stage cooler, which is the only part in the entire
system where water is lost. Consequently, the evaporation loss reduces to 2,216 gpm.
This result is the primary performance benefit of a mist cooling system; water is not
evaporated, hence not consumed, for cooling from the condensation temperature to
DBT; it is only consumed while subcooling from DBT to WBT. The significance of
the drop in water consumption under the same power generation specifications can
be seen in the Base Case column of Table 1, which gives a detailed performance
comparison of a mist-based cooling system to a once-through cooling system and a
cooling tower under the same set of operating conditions.
The power required for atomizers employed at the IRRC/CLCC interface of
mist cooling system is calculated via Eqn.4; it is linearly proportional with the
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cooling cycle flow rate. Considering all three cases for mist cooling, it is observed
that the atomization power required to generate 100 micron-sized droplets varies
between 0.4 MW and 1.1 MW, whereas the total turbine power varies between 544
MW and 570 MW. This leads to the conclusion that the power required to atomize
cooling water at DCC inlet is negligible compared to what a power plant produces in
all scenarios (<1%).

2.5.2. Effect of Mist Cooling on Electricity Generation
Table 1 shows that mist cooling technology will consume significantly less
water than the other two cooling systems for the same 500 MWe coal-fired power
plant (11 % less consumption than a once-through system, and 65 % less than a
cooling tower). Two additional scenarios are evaluated to map the potential of mist
cooling for generating more electricity by lowering the condensation temperature.
The mist cooling system is responsible for handling the heat load on the condenser.
Higher power output will entail more water consumption; therefore, the two
scenarios (Case 1 and Case 2 in Table 1) aim to find out whether the mist technology
under extreme load conditions consumes less or more water than the other cooling
systems at their fixed base capacity of 500 MWe.
Case 1 uses the same IRRC used in Base Case, except the condensation
temperature being at 90 o F rather than 110 o F. The inlet states for both turbines
remain the same; the outlet state of the low pressure turbine falls in the two-phase
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region in the T-s diagram in Figure 3. In other words, lowering the condensation
temperature from 110 o F to 90 o F creates 97 % quality steam, which then enters the
condenser. The outlet state of the condenser lies on the saturated liquid water line in
the T-s diagram at 90

o

F. The pump power changes; however, it is negligible

compared to the overall power generation, and is not included in the calculations.
Case 2 sets the condensation temperature to 95 o F and the cooling water
temperature at the condenser inlet to 82 o F. In this scenario, 98 % quality steam
enters the condenser. All the other assumptions made for Case 1 are applicable to
Case 2.
The highlights of the Case 1 findings are 5,176 gpm water consumption and
the 4.8 % increase in power generation, which is a very significant capacity increase.
Lowering the condensation temperature can always produce more power output;
however, achieving 26 MW more power generation with a water consumption of
5,176 gpm is the key benefit of mist cooling technology. Case 1 shows that the mist
cooling technology is capable of consuming less water than the once-through
systems (2,500 gpm) and the cooling towers (6,270 gpm), while enabling 4.8 %
increase in power production for the same power plant. It should also be noted that in
Case 1, the DBT and the condensation temperature are equal; therefore, the entire
heat load from the condenser is transferred to the mist cooling unit (2 nd stage cooler).
The dry cooling unit (1st stage) is eliminated, which leads to elimination of fan
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pumping power costs. The cooling water flow rate increased by more than twice;
however, it is a closed system and does not entail water losses.
Case 2 reveals a more optimized scenario, in which the power production is
increased by 3.5 % with a water consumption of 2,972 gpm. The improvement in
power generation is still significant, but it is lower than that in Case 1. However, the
water consumption is almost half of that in Case 1. Because the latter criterion can be
relatively more important, Case 2 conditions present a more reasonable compromise
between energy production and water consumption at power plants cooled by mist
technology.
It is an important conclusion that all cases for mist cooling promise
significant reductions in water consumption, compared to today’s existing cooling
technologies. Furthermore, two case studies with mist cooling show tremendous
potential for increased power output.
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Chapter 3
Techno-Economic Analyses of Mist Cooling Technology

In this chapter, preliminary techno-economic analyses are conducted for the
mist cooling technology analyzed in Chapter 2. The primary focus of this work is on
pulverized coal-fired power plants in Texas. The ongoing drought in Texas,
especially the extreme of summer 2011, has raised significant concerns regarding the
availability of water for power plant cooling [35]; therefore, it is appropriate to
quantify the benefits of mist cooling on power plants in Texas.
There is an ongoing trend of retrofitting once-through cooling systems with
cooling towers at existing power plants. The U.S. Environmental Protection Agency
(EPA) 2014 revision to the Clean Water Act under Section 316(b) states that “the
location, design, construction and capacity of cooling water intake structures reflect
the best technology available for minimizing adverse environmental impact [36].
Cooling towers have significant advantages over once-through cooling systems since
they do not cause thermal pollution. However, cooling towers introduce other
environmental impacts such as noise, salt drift, fogging and visible vapor plumes
[37]. Most of these impacts are caused by the large amount of water evaporating in
cooling towers. Mist cooling does not eliminate water evaporation completely, but it
can reduce it substantially. Mist cooling is thus a potential replacement candidate for
once-through cooling systems (as they get phased out) and existing cooling towers.
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3.1. Methodology
The economic aspects of utilizing mist cooling technology in thermoelectric
power plants are investigated. Since the thermodynamic analysis was done for coalfired plants, the cost analysis is also performed for coal-fired plants. The data for
freshwater consumption rates at Texas pulverized coal-fired power plants [32, 33]
are the basis for the techno-economic study of mist cooling. In this thesis, eighteen
Texas coal-fired plants have been evaluated. Eleven of these plants use once-through
cooling, and the remaining seven use cooling towers.
The cost of water for cooling varies regionally and is subject to both
regulations and the availability of water at the particular location. Based on
published studies on the wet and dry cooling systems for pulverized coal-fired power
plants [34], the water cost is determined as $0.26/m3 . The water cost and plant
performance data (cooling water consumption) are combined in Eqn.8 to find the
total cost of water consumption per year ($/yr).

 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 𝐶𝑤𝑎𝑡𝑒𝑟 ∗ 𝜃𝑐𝑜𝑜𝑙𝑖𝑛𝑔

(8)

where the term on the left side is total cost of water consumption ($/yr), the first term
on the right (Cwater) is the assumed cost of water per unit volume ($/m3 ), and the
second term on the right is total water consumption for cooling purposes (m3 /yr).
The values calculated by Eqn.8 are normalized for each power plant by
estimating the ratio of total water cost and the individual generation capacities; the
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results have the units of $/MWh. This metric indicates the cost of cooling water to
produce 1 MWh of energy.
The cost of providing water for mist cooling can be obtained from knowledge
of the reduced water consumption rates (Base Case in Table 1) and the assumed
water cost of $0.26/m3 . The water cost for the mist cooling technology is compared
to the existing water costs in each Texas plant, and annual cooling water savings
(both consumption, in Mgal, and cost, in $Million) are calculated for the scenario in
which the existing cooling systems are

completely replaced with the mist

technology.

3.2. Results and Discussion
In this section, the impact of mist cooling technology on cooling-related costs
at pulverized coal-fired power plants in Texas is analyzed. The first part of the
techno-economic analysis estimates the cost savings resulting from decreased water
consumption, whereas the second part focuses on the economic significance of
increased power generation capacity because of lower condensation temperature.
The amount of water consumption along with its related cost for 18 coal-fired
power plants in Texas is presented in Table 2. Table 2 also details the power plant
capacities and their cooling system types (once-through or cooling tower) for 2007.
The last row of Table 2 shows the cooling water consumption and its corresponding
costs for the IRRC cooled by mist technology (DCC and 2-stage heat exchanger
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structure). It should be noted that the assumptions made in Base Case of the
performance analysis (see Table 1) are applicable in this part of the techno-economic
analysis; the total cooling water consumption is calculated as 1,165 million gallons
for the mist cooling technology annually. Normalizing this value by the generation
capacity, the cost of consumed water for mist cooling is $ 0.24 per MWh of energy
produced.

Table 2. Cost of water at Texas coal-fired power plants and potential savings due to
mist technology.

PLANT
NAME

COOLING
SYSTEM

GENERATION
CAPACITY
(MWE)

J T Deely
Sandow No 4
Martin Lake
Pirkey
Monticello
Big Brown
Welsh
J K Spruce
Fayette
Power
Project
Coleto Creek
Gibbons
Creek
San Miguel
Twin Oaks
Power One
Harrington
Oklaunion
Tolk
Limestone
W A Parish

Once-Through
Once-Through
Once-Through
Once-Through
Once-Through
Once-Through
Once-Through
Once-Through

607
508
2063
551
1758
976
1199
469

3778
1559
6507
4246
3388
2479
5778
2916

0.643
0.317
0.326
0.796
0.199
0.263
0.498
0.643

COOLING
WATER COST
SAVINGS VIA
MIST COOLING
($M/YR)
2.57
0.39
5.26
3.03
2.19
1.29
4.54
1.72

Once-Through

1386

4251

0.317

3.04

Once-Through

481

1518

0.326

0.35

Once-Through

393

9192

2.417

7.90

Cool i ng Tower

310

2361

0.787

1.18

Cool i ng Tower

264

1366

0.534

0.20

Cool i ng Tower
Cool i ng Tower
Cool i ng Tower
Cool i ng Tower
Cool i ng Tower

834
480
818
1552
2291

4750
1514
3871
5165
10235

0.588
0.326
0.489
0.344
0.462

3.53
0.34
2.66
3.94
8.93

Mi s t Cool i ng

500

1165

0.241

Model IRRC

TOTAL COOLING
WATER
CONSUMPTION
(MGAL/YR)

TOTAL COST
FOR WATER
CONSUMPTION
($/MWH)
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Sandow No 4 and Oklaunion plants have similar generation capacities as the
IRRC model. When these particular plants are considered, it is observed that the mist
technology will save nearly 400 and 350 million gallons of water per year,
respectively. These numbers correspond to three quarters of the original water
consumption values in both plants. Therefore, the water savings made via mist
technologies are at a significant level. It should be noted that the metric of cooling
water cost per MWh of $ 0.24 is lower than all existing power plants except
Monticello. In the last column of Table 2, the annual economic savings from the
replacement of existing cooling system types (Column 2) by mist cooling technology
are presented. These savings can be substantial and will likely increase as the cost of
water increases in the future.
The second part of the techno-economic analysis focuses on the benefits of
increased power generation capacity due to lower condensation temperatures. In
order to conduct a detailed performance analysis on the influence of mist technology
on the turbine output of existing power plants in Texas, detailed Rankine cycle data
are needed for each plant. Therefore, an approximation is made in this study for the
average percentage increase in the power output of 18 pulverized coal-fired power
plants in Texas. Cases 1 and 2 in Table 1 quantify the increase in power generation
due to lowering of condenser temperatures. It is seen that the power generation
increases by 4.8 % and 3.5 % for condensation temperatures of 90 o F and to 95 o F,
respectively. Based on these two numbers, it is assumed that a power cycle with
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lower condenser temperature due to mist cooling can increase its generation capacity
by an average value of 4 %. Based on this number, the generation capacity of each
power plant in Texas is assumed to increase by 4 %, upon the deployment of mist
technology. It is also assumed that all the extra-produced electricity is directly
transferred to the grid and sold to residents at residential retail prices. The most
recent data found in U.S. Energy Information Administration (EIA) resources
indicate that, as of August 2014, the average retail price of electricity for residential
use in Texas is 12.01 cents per kilowatt-hour [39].

Table 3. Revenue from additional electricity generation by replacing existing cooling
platforms with mist cooling technology in coal-fired power plants in Texas.
ORIGINAL
GENERATION
CAPACITY (MWE)

ADDITIONAL
GENERATION VIA MIST
COOLING (MWE)

ADDITIONAL REVENUE
VIA MIST COOLING
($M/YR)

J T Deely
Sandow No 4
Martin Lake
Pirkey

607.35
508.47
2063.23
550.77

24.29
20.34
82.53
22.03

25.56
21.40
86.83
23.18

Monticello
Big Brown
Welsh
J K Spruce

1757.88
975.90
1199.17
468.85

70.32
39.04
47.97
18.75

73.98
41.07
50.46
19.73

Fayette Power Project
Coleto Creek
Gibbons Creek
San Miguel
Twin Oaks Power One
Harrington
Oklaunion
Tolk
Limestone

1386.34
481.48
393.01
309.81
264.39
834.22
480.12
818.29
1551.62

55.45
19.26
15.72
12.39
10.58
33.37
19.20
32.73
62.06

58.34
20.26
16.54
13.04
11.13
35.11
20.21
34.44
65.30

W A Parish

2290.88

91.64

96.41

PLANT NAME
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Table 3 summarizes the findings on the increase in electricity production (in
MWe) and the corresponding revenues from direct residential sales of this extraproduced electricity. As seen from the last column of Table 3, a 4 % increase in
power output results in increasing revenues in the range of 11-to-96 million dollars
annually, which is extremely significant.
It should be noted that the cost of electricity in Texas in August 2013 was
11.47 cents per kilowatt-hour [39], and it increased by nearly 5 % in one year. It is
thus likely that the revenue due to excess electricity production can be even more
significant in the future than at present. Furthermore, the increased power output by
the use of mist cooling technology can also solve the issues associated with
additional electricity demand on hot days. In this context, the increased generation
capacity is beneficial for consumers as well as the utility companies.
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Chapter 4
Conclusions and Recommendations

There is a critical need for new technologies that reduce the water footprint of
electricity production. Amongst U.S. thermoelectric power plants with generation
capacity >100 MW, 42 % use wet recirculating cooling towers [38] and 43 % use
once-through cooling. The remaining 15 % uses other types of cooling such as ponds
and dry cooling. Once-through cooling systems are cheaper to build [40]; however,
they cause thermal pollution of the reservoir from which they draw and have very
high water withdrawal rates. Cooling towers withdraw less water than once-through
systems; therefore, their geographic restrictions are not as harsh. However, cooling
towers require greater infrastructure from a construction stand point, and have
negative impacts such as noise, salt drifting, fogging, and visible vapor plumes [37].
For all these reasons, EPA regulations on power plant cooling are getting
increasingly stricter, with the objective of driving the development of new cooling
technologies [36].

4.1. Significant Findings
Mist cooling technology aims to reduce water consumption in thermoelectric
power plants, while also boosting the power generation capacities. The technology
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consists of two innovations: a direct contact condenser (DCC) to condense steam,
and a 2-stage heat exchanger (the second stage being an evaporative mist cooler).
Technical analyses reveal that mist technology can reduce the cooling water
consumption by up to 65 %, compared to present-day cooling towers of the same
power output. Lowering the steam condensation temperature can lead to electricity
generation capacity increases of more than 4 %.
The techno-economic analysis for 18 coal-fired power plants in Texas
indicate that existing thermoelectric plants can benefit from the mist cooling
technology by reducing their water use and increasing generation capacity. The
additional revenue from replacing the existing cooling systems with mist cooling
technology in eighteen Texas power plants is estimated in the range of 11-to-96
million dollars annually. While the present analyses were done for coal-fired power
plants, the results are applicable to any thermoelectric power plant that runs on the
Rankine cycle.

4.2. Future Work
Future work can be categorized as technical or techno-economic in nature,
and is briefly described below.
Technical analyses include thermodynamic- and heat transfer-related designs
and modeling. Attention should be focused on the following:
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It is necessary to develop a nozzle for atomizing water without air at the inlet of
the direct contact condenser. Typical spray nozzles atomize water by using an
air-stream. Development of airless water spray nozzles is essential for the
realization of this technology.



Detailed designs of the mist-cooled heat exchanger are beyond the scope of the
present thesis. A counter-flow heat exchanger configuration was assumed in the
present work; however, more studies are needed to arrive at optimum heat
exchanger configurations for mist cooling.



Dry cooling system (1st stage heat exchanger) needs to be further investigated.
The design of the dry cooling mechanism as well as the fan power required
should be determined.
Techno-economic analyses are essential to quantify the long term economic

benefits of mist technology.


The first step is to estimate CAPEX associated with mist cooling. CAPEX
includes equipment and installation cost as well as the cost of secondary systems
(such as the water supply system for the water to be evaporated to generate mist).
This should be compared to once-through systems and cooling towers.



The second step would be to obtain projections of long-term benefits. EPA and
EIA data for power plant fuels, electricity generation rates and water sourcing
costs should be used to estimate the monetary benefits of mist cooling
technology over a 20 year time frame.
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It is also important to analyze local weather patterns while deciding sites to
employ mist cooling. Mist cooling enables cooling to WBT and the benefits
would be greater in low-humidity areas, where the difference between the DBT
and WBT is significant.

Fig.7. Month-averaged DBTs and WBTs in Houston,TX and El Paso,TX. The large
difference between DBT and WBT in El Paso implies greater potential for implementing
mist cooling in hot and dry conditions.

Figure 7 shows month-averaged dry bulb temperatures [42] and monthaveraged morning relative humidity [43] for Houston, TX and El Paso, TX.
Although both cities have similar trends in dry bulb temperatures throughout the
year, their relative humidity is substantially different; Houston is in general more
humid than El Paso. This results in lower wet bulb temperatures in El Paso relative
to Houston. It is seen from Figure 7 that the difference between the dry bulb and wet
bulb temperatures is significant in El Paso (2-9 o C), but much smaller (1-2 o C) in
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Houston. These comparisons indicate that mist cooling will have higher impact in
hot and dry climates like in El Paso instead of hot and humid climates like in
Houston.
Overall, the cost of sourcing water, the need for additional electricity
generation capacity and the local climate are the primary factors that should
determine the economic viability of implementing mist cooling.
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