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a b s t r a c t

Thermoelectric power plants require significant quantities of water, primarily for the purpose of

cooling. Water also is becoming critically important for low-carbon power generation. To reduce

greenhouse gas emissions from pulverized coal (PC) power plants, post-combustion carbon capture and

storage (CCS) systems are receiving considerable attention. However, current CO2 capture systems

require a significant amount of cooling. This paper evaluates and quantifies the plant-level performance

and cost of different cooling technologies for PC power plants with and without CO2 capture. Included

are recirculating systems with wet cooling towers and air-cooled condensers (ACCs) for dry cooling. We

examine a range of key factors affecting cooling system performance, cost and plant water use,

including the plant steam cycle design, coal type, carbon capture system design, and local ambient

conditions. Options for reducing power plant water consumption also are presented.

& 2010 Published by Elsevier Ltd.
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1. Introduction and objectives

Water is an integral element of electricity generation at
thermoelectric power plants, primarily for the purpose of cooling.
Thermoelectric power plants account for approximately 39% of
freshwater withdrawals in the United States, ranking slightly
behind agricultural irrigation as the largest source of freshwater
use (Feeley et al., 2008). Future water demands for electricity
generation will increase as thermoelectric generating capacity is
projected to grow by approximately 18% by 2030 relative to 2005
(NETL, 2009). To minimize adverse environmental impacts, the
Clean Water Act (CWA) requires the use of best available control
technologies for new power plants, which has promoted the
widespread use of closed-loop evaporative cooling systems
employing wet cooling towers in place of once-through cooling
systems (EPA, 2008).

If evaporative cooling towers continue to be utilized in new
power plants, consumptive water use for electricity production in
the U.S. could more than double by 2030 (DOE, 2006). In the
meanwhile, to address growing concerns about greenhouse gas
emissions from pulverized coal (PC) power plants, post-combus-
tion carbon capture and storage (CCS) is receiving considerable
attention. However, as will be seen in this paper, significant
quantities of water are required to cool the post-combustion
capture processes that are now commercially available for
removing carbon dioxide (CO2). This puts further pressure on
97
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Rthe demand for water resources (IPCC, 2005; NETL, 2007a).

Population and electricity demand growth, along with an
increasing possibility of droughts in some areas, could induce
water shortages that would further exacerbate this problem
(Sovacool and Sovacool, 2009). In some regions of the U.S., limited
water supplies already have led to deployment of alternative
cooling technologies such as dry cooling systems in order to
reduce power plants water use, albeit at a higher cost than
conventional systems (EPRI, 2004). Given the growing importance
of power plant water use, it is important to have a more complete
picture of the performance and cost implications of alternative
cooling technologies, particularly in the context of low-carbon
power generation with CO2 capture.

The major objectives of this paper, therefore, are to: (1)
evaluate the plant-level performance and cost of current wet and
dry cooling technologies for PC power plants, including systems
with post-combustion CO2 capture; (2) identify and display the
effects of key factors affecting cooling system performance and
cost for different plant designs; (3) compare the impacts of wet
and dry systems on overall power plant water consumption,
efficiency and cost for cases with and without CCS; and (4) draw
out policy implications for integrating energy production and
water resource management, especially in the context of climate
change. The cooling technologies considered include recirculating
evaporative towers for wet cooling and air-cooled condensers
(ACC) for dry cooling. The performance evaluation emphasizes
makeup water usage for wet systems and ACC sizing for dry
systems. The cost assessment focuses on total capital cost and
total levelized cost of electricity (COE) generation.
99
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2. Analytical approach

In a wet tower design, the water used to cool the steam turbine
exhaust is in turn cooled by contact with ambient air, then
recirculated to the main condenser (Fig. 1). The wet tower relies
mainly on the latent heat of water evaporation for cooling
(Threlkeld, 1970). Makeup water is then needed to replace the
losses due to evaporation, as well as the smaller losses from drift
and blowdown. In contrast, dry systems employing ACCs utilize
the sensible heating of atmospheric air passed across finned-tube
heat exchangers to reject the heat from condensing steam (Fig. 2)
(Kroger, 2004; EPRI, 2005).

To evaluate each process, a complete cooling system perfor-
mance model was developed using detailed mass and energy
balances for a PC power plant. The performance models are linked
to engineering-economic models that calculate the capital cost,
annual operating and maintenance costs and total annual
levelized cost of the specified system and plant. The water
systems modules are embedded in the Integrated Environmental
Control Model (IECM) developed by Carnegie Mellon University
for the U.S. Department of Energy’s National Energy Technology
Laboratory (USDOE/NETL). The IECM is a well-documented
publicly available model that provides systematic estimates of
performance, emissions, cost and uncertainties for preliminary
design of fossil-fueled power plants with or without CO2 capture
and storage (IECM, 2009; Rubin et al., 2007a). Detailed technical
documentation for each of the IECM cooling options and power
UNCORRECTED P
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(from condenser)
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Fig. 1. Schematic of a wet recirculating cooling tower system.

Air-Cooled Condensers

Steam

Condensate

Air Air

Fig. 2. Schematic of a dry cooling system.

Please cite this article as: Zhai, H., Rubin, E.S., Performance and cost
with and without carbon capture and storage. Energy Policy (2010)
plant systems discussed in this paper are available elsewhere
(Zhai et al., 2009a, 2009b; Versteeg et al., 2009; Rubin et al.,
2007a; Rao and Rubin, 2002).

The main factor affecting the size and cost of a cooling system
is the heat load rejected at the primary condenser. This, in turn,
depends mainly on the plant’s gross size and thermal efficiency,
including the influence of environmental control systems such as
a CO2 capture process. To account for the many factors that
directly or indirectly affect the water requirements of a PC power
plant, the IECM Version 6.2 was employed for this paper. A series
of sensitivity analyses was conducted to investigate the effects on
plant performance and cost of key factors including the plant
design, fuel type, cooling system type, ambient conditions, carbon
capture option, and steam turbine design (for dry cooling
systems). The results of this analysis are summarized below.
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3. Base case studies

Base case studies were conducted to characterize the perfor-
mance and cost of wet and dry cooling system options for
subcritical PC power plants without carbon capture (typical of
most current plants). Major environmental control systems
included selective catalytic reduction (SCR), an electrostatic
precipitator (ESP) and flue gas desulfurization (FGD). Key
technical and economic design assumptions for the base case
plants are given in Table 1. The resulting performance and costs of
the base plant with wet and dry and cooling systems are given in
Table 2. To compare cases with different design parameters and
configurations, all plants in this paper are evaluated on a basis of
550 MW power net output.

Table 2 shows that the plant with a conventional wet tower
has a smaller gross size and higher efficiency than the plant with
R
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Table 1
Key assumptions for the baseline cases.

Parameters Value

Technical parameters

Net plant output (MW) 550.0

Boiler type Subcritical

Environmental controls SCR+ESP+FGD

Coal type Illinois #6

Ambient air pressure (kPa) 101.4

Ambient air temperature (1C) 25

Ambient relative humidity (%) 50

Cooling water temperature drop across the wet tower (1C) 11

Cycle of concentration in the wet cooling systema 4

Turbine backpressure for the dry cooling system (in.Hg) 4

Air-cooled condenser (ACC) plot area per cell (m2)b 110

Configuration of air-cooled heat exchanger Multiple-row

Initial temperature difference for ACCs (1C) 27

Economic/financial parameters

Cost year 2007

Plant capacity factor (%) 75

Fixed charge factor 0.148

Plant life time (years) 30

Water cost ($/m3) 0.26

Coal cost ($/tonne) 46.3

General facilities capital (% of PFCc) 10

Engineering and home office fees (% of PFC) 10

Project contingency cost (% of PFC) 15

Process contingency cost (% of PFC) 0

a The cycle of concentration is defined as the concentration ratio of the

pollutant dissolved in cooling water versus makeup water.
b A condenser cell consists of multiple heat exchanger bundles arranged in the

form of ‘‘A’’ frame and is serviced by a large fan.
c PFC represents process facilities capital cost.

of wet and dry cooling systems for pulverized coal power plants
, doi:10.1016/j.enpol.2010.05.013
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Table 2
Results for the baseline cases using the IECM.

Performance and cost
measures

PC plant with a wet
cooling system

PC plant with a dry
cooling system

Gross power output (MW) 593.3 600.7

Net plant efficiency, HHV (%) 36.1 34.6

Tower evaporation loss

(tonnes/h)

1012 0

Tower blowdown (tonnes/h)a 337 0

Tower drift loss (tonnes/h)b 0.6 0

Total cooling system makeup

water (tonnes/MWh)

2.46 0

Number of air cooled

condenser cells

63

Cooling system total capital

requirementc ($/kW)

90.4 224.4

Cooling system levelized

annual costc ($/MWh)

3.9 7.2

Plant total capital requirement

($/kW) c

1788 1940

Plant revenue requirement

(COE) c ($/MWh)

69.1 73.1

a Salts or other impurities accumulate in the cooling water due to water

evaporation. To avoid scaling of the surface within the tower, it is necessary to

blow down a portion of the water and replace it with the fresh water (Li and

Priddy, 1985).
b The drift loss is a relatively small amount of entrained water lost as fine

droplets in the air discharge from a tower (Li and Priddy, 1985). It is estimated as

0.001% of the cooling water (NETL, 2007a).
c All costs are in constant 2007 US dollars.
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dry cooling because less auxiliary power is required to run the
wet cooling system. Total makeup water for the wet system is
2.5 l/kWh (net), which is about 2.3% of the total recirculating
cooling water volume. Tower evaporation accounts for 75% of
water losses, while blowdown accounts for approximately 25%.
Tower drift and other losses are small, less than 1% of the total.
The tower blowdown rate is affected both by evaporation losses
and by the cycles of concentration, a design parameter related to
cooling water quality. Tower operation at higher cycles of
concentration reduces the cooling tower blowdown loss, but
results in greater buildup of impurities in the cooling water. This
may increase system costs for additional water treatment
processes needed to maintain water quality. For the dry cooling
system there is no makeup water required.

The total capital requirement (TCR) for each power plant sub-
system is calculated using the procedure and cost categories
established by the Electric Power Research Institute (EPRI, 1993).
Cost elements include the process facilities capital (PFC), general
facilities cost, engineering and home office fees, contingency costs
and several categories of owner’s costs (including interest during
construction). All costs in IECM v.6.2 were updated to 2007 U.S.
dollars based on recent studies by the USDOE (NETL, 2007a). The
resulting TCR for the base plant design is $90/kW for the wet
cooling system and $224/kW for the dry cooling system. The wet
system accounts for approximately 5% of the total plant capital
cost, whereas the dry system represents about 12% of the total
plant capital cost. As a result of its higher capital cost and lower
efficiency, the total cost of electricity (COE) for the plant with dry
cooling is $4.0/MWh more than for the base case plant with the
wet cooling.
118
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Fig. 3. Effects of plant design, fuel type and air temperature on wet cooling

system.
4. Sensitivity analysis for wet cooling systems

Sensitivity analyses were conducted to investigate the impacts
of the several factors noted earlier. In each case, other parameters
were kept at their base case values, unless otherwise noted.
Please cite this article as: Zhai, H., Rubin, E.S., Performance and cost
with and without carbon capture and storage. Energy Policy (2010)
4.1. Effects of plant type

The effects on the cooling system cost and water requirements
were evaluated for three types of PC power plants with increasing
efficiency: subcritical, supercritical and ultra-supercritical units.
The steam cycle heat rates for three plant types are 8220, 7760
and 7070 kJ/kWh, respectively, corresponding to HHV efficiencies
of 43.8%, 46.4% and 50.9%. For a given net power output, the
supercritical and ultra-supercritical plants have smaller cooling
duties than the subcritical plant due to their higher thermal
efficiencies. Fig. 3 shows that this has pronounced effects on the
performance and cost of the cooling system. Compared to the
subcritical PC plant, the supercritical and ultra-supercritical
plants require 10% and 26% less cooling water makeup,
respectively. The TCRs for the supercritical and ultra-
supercritical plant cooling systems are approximately 90% and
75% that of the subcritical plant. There are similar reductions in
the total levelized cost of the cooling system, reflecting the
benefits of higher thermal efficiencies.
4.2. Effects of fuel type

Coal quality is another important factor affecting the perfor-
mance and cost of a PC power plant (Rubin et al., 2007b).
However, few studies have evaluated coal quality impacts on the
plant cooling system. Here, we evaluate three coal types that are
widely used in studies of U.S. power plants (Table 3). Fig. 3(a)
of wet and dry cooling systems for pulverized coal power plants
, doi:10.1016/j.enpol.2010.05.013
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Table 3
As-fired properties of three US coals.

Coal type Pittsburgh #8 Illinois #6 Wyoming PRB

Coal rank Bituminous Bituminous Sub-bituminous

Heating value (kJ/kg) 30,840 27,140 19,400

Carbon (%) 73.81 63.75 48.18

Hydrogen (%) 4.88 4.50 3.31

Oxygen (%) 5.41 6.88 11.87

Chlorine (%) 0.06 0.29 0.01

Sulfur (%) 2.13 2.51 0.37

Nitrogen (%) 1.42 1.25 0.70

Ash (%) 7.24 9.70 5.32

Moisture (%) 5.05 11.12 30.24

Cost ($/tonne) 49.9 46.3 9.6
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Fig. 4. Schematic of an amine-based capture system.

Table 4
Major performance parameters of the amine-based carbon capture system.

Parameters Values

Process sorbent Econamine FG+

CO2 removal efficiency (%) 90

Sorbent concentration (wt%) 30

Temperature exiting direct contact cooler (1F) 113

Maximum CO2 train capacity (tonnes/h) 209

CO2 compressor capacity (tonnes/h) 299

Lean CO2 loading (mol CO2/mol sorbent) 0.19

Nominal sorbent loss (kg/tonne CO2) 0.3

Liquid-to-gas ratio (mol MEA liquid/mol flue gas) 3.015

Gas phase pressure drop (psia) 1

Solvent pumping head (psia) 30

Pump efficiency (%) 75

Regeneration heat requirement (kJ/kg CO2) 3500

Capture system cooling duty (tonnes H2O/tonne CO2) 91.2

H. Zhai, E.S. Rubin / Energy Policy ] (]]]]) ]]]–]]]4
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shows that coal quality does not significantly affect the makeup
water requirement for cooling. Thus, from the perspective of
water savings coal quality is not a significant factor for a wet
system. Similarly, Figs. 3(b) and (c) show that difference in coal
quality had only a slight effect on both the capital cost and total
levelized cost of the wet cooling system. As exemplified by
Fig. 3(c), changes in coal quality produced no more than a $0.1/
MWh difference in total cooling system cost for a given plant type.

4.3. Effects of ambient air temperature

Ambient air temperature affects the performance of a wet
cooling system via the evaporative process. We evaluated three
levels of ambient air temperature and assumed that the relative
humidity is 50% for all cases. Fig. 3(a) shows that makeup water
usage increases by 14% when the average ambient temperature
increases from 15 to 25 1C. Thus, more water is required for plants
with wet cooling systems operating in areas with higher average
air temperatures. Nevertheless, Fig. 3(b) shows that ambient air
temperature does not significantly affect the cooling system
capital cost, while Fig. 3(c) shows a small effect on the total
levelized cost because of the variable operating expense for
makeup water. For the base case plant design, the levelized cost of
the wet cooling system increases by about 2% when the ambient
air temperature increases from 15 to 25 1C. As illustrated later,
however, higher costs for water could have more significant
impacts on overall cost.

4.4. Effects of carbon capture system

An amine-based post-combustion CO2 capture system is used
to evaluate effects on plant water requirements. Fig. 4 presents a
schematic of the amine-based capture system. Major performance
parameters of the capture system are given in Table 4 based on
recent studies by USDOE (NETL, 2007a). The addition of a carbon
capture system affects PC plant performance in two major areas:
the steam cycle and the cooling system. To separate captured CO2

from the rich amine solvent, heat is applied using low-quality
steam extracted from the steam turbine. With a regeneration heat
requirement of approximately 3500 kJ/kg CO2 product, the steam
cycle heat rate increases by about 25% and the net plant efficiency
decrease by roughly 11–12% across the three plant types.

Additional cooling water also is required to support the
operations of the direct contact cooler (needed to lower the flue
gas temperature), the CO2 absorption and stripping processes and
CO2 product compression (which is considered to be part of the
capture system; Rao and Rubin, 2002; Fluor and Statoil, 2005a,
2005b). As a result, the total cooling duty for the carbon capture
system requires 91.2 tonnes of cooling water per tonne of CO2

product for the base case design, which could be reduced through
Please cite this article as: Zhai, H., Rubin, E.S., Performance and cost
with and without carbon capture and storage. Energy Policy (2010)
Rimproved heat integration, dependent on the specific design. This
cooling water is provided by the plant cooling system. The total
makeup water required for the plant cooling thus increases in
proportion to the added demand of the CO2 capture system.

As shown in Fig. 5(a), the net result of lower thermal efficiency
(steam cycle effect) and increased cooling demands for CO2

capture (cooling system effect) is a substantial increase in the size
and makeup water requirement of the plant’s cooling system.
With CO2 capture, consumptive water use for cooling increases by
83–91% across the three plant types. Thus, the availability of
cooling water is critically important for low-carbon power
generation using CCS. In addition, the amount of wastewater
due to tower blowdown (plus other low-volume waste streams
modeled in the IECM) also increases significantly. In turn,
Figs. 5(b) and (c) show that the wet cooling system capital cost
increases by 63–74% relative to a plant without CO2 capture,
while the total levelized cost of cooling increases by more than
90%. The latter increase includes higher operating costs for energy
and other items.
5. Sensitivity analysis for dry cooling systems

Here we present results of sensitivity analyses for the dry
cooling system using ACCs. In addition to the factors above, we
investigate the effects of steam turbine backpressure on dry
system operation.

5.1. Effects of plant type

As illustrated in Fig. 6, the performance and cost of the dry
cooling system are strongly affected by the boiler type. The
of wet and dry cooling systems for pulverized coal power plants
, doi:10.1016/j.enpol.2010.05.013
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UNCORRECTEDnumber of ACC cells required to handle the cooling load for the
base case ambient air temperature (25 1C) is 63, 57 and 47 cells
for the subcritical, supercritical and ultra-supercritical units,
respectively. The corresponding steam cycle efficiency for each
unit with an ACC is 42.5%, 45.0% and 49.4% (HHV), respectively.
Both the capital cost and total levelized cost of the dry cooling
system shown in Fig. 6 are approximately 10% lower for the
supercritical plant compared to the subcritical plant and 25% less
for the ultra-supercritical plant. Higher plant efficiency thus
reduces the size and cost of a dry cooling system, just as with the
wet system.

5.2. Effects of fuel type

The effects of coal type also were evaluated for the three coals
shown in Table 3. Similar to the findings for wet cooling systems,
coal type did not have a significant effect on the performance or
cost of the dry cooling system.

5.3. Effects of ambient air temperature

As seen in Fig. 6, the ambient air temperature also has a
significant impact on dry cooling system performance and cost.
For the base case steam turbine backpressure, the size of the dry
cooling system for each type of plant increases by approximately
40% when the average ambient air temperature changes from 15
Please cite this article as: Zhai, H., Rubin, E.S., Performance and cost
with and without carbon capture and storage. Energy Policy (2010)
to 25 1C. As a result, the capital cost and levelized cost of the dry
system increase by more than 35% over this temperature range.
These results show that the use of a dry cooling system in high-
temperature areas will significantly increase costs.
5.4. Effects of turbine backpressure

The steam turbine backpressure affects both the steam cycle
efficiency and the dry cooling system design. In general, the
temperature of steam exiting the steam turbine (and entering the
primary condenser) increases with higher turbine backpressure
(EPRI, 2005). This is usually not desirable since it decreases the
steam cycle efficiency. However, for dry cooling systems, a higher
inlet temperature for the condensing steam reduces the size of the
ACC system for a given ambient air temperature. Thus, when ACCs
are used, the steam turbine generally is designed for a higher
backpressure (up to 8 in.Hg) compared to designs with a wet
cooling system (EPRI, 2004).

A sensitivity analysis for the base case power plant (Table 1)
illustrates this effect. To cover a broad range of ACC operating
conditions, the turbine backpressure design was varied from 2 to
8 in.Hg (6.8–27.1 kPa). The temperature of condensing steam was
empirically estimated as a polynomial function of the back-
pressure with an R2 value near unity over the range modeling
(EPRI, 2005). Fig. 7(a) shows how the size and capital cost of the
of wet and dry cooling systems for pulverized coal power plants
, doi:10.1016/j.enpol.2010.05.013
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dry cooling system are affected. Increasing the backpressure from
2 to 8 in.Hg reduces the number of ACC cells from 135 to 45. The
cooling system capital cost thus decreases dramatically.

A key parameter in ACC design is the initial temperature
differential (ITD), defined as the difference between the inlet
condensing steam temperature and the inlet ambient air
temperature (EPRI, 2005), The ITD reflects the joint impact of
the turbine backpressure and the ambient air temperature.
Fig. 7(b) shows its effects on performance and cost based on the
results in Fig. 6(a), where ITD varied from 13 to 42 1C. Both the
ACC size and capital cost fall significantly with increasing ITD (up
to a factor of three for the range shown).

As noted above, an increase in the turbine backpressure has an
adverse impact on steam cycle performance. The thermal
efficiency of the base case (subcritical) steam cycle decreases
from 43.4% to 40.1% when the turbine backpressure increases
from 2 to 8 in.Hg. On the other hand, the auxiliary power required
to operate the dry cooling system decreases because of the
smaller cooling system size. As a result, the net effect on overall
plant efficiency is small, as seen in Fig. 7(c). That figure also shows
that the overall cost of electricity generation (COE) decreases
Please cite this article as: Zhai, H., Rubin, E.S., Performance and cost
with and without carbon capture and storage. Energy Policy (2010)
OOF

slightly as the backpressure increases from 2 to 3 in.Hg, and does
not change significantly beyond 4 in.Hg (13.5 kPa) backpressure.
Thus, the adverse impacts of a high turbine backpressure on
steam cycle efficiency are offset by favorable impacts on the dry
cooling system.

5.5. Effects of carbon capture system

The addition of a post-combustion CO2 capture system poses a
design challenge for a PC plant with dry cooling since there is no
cooling water readily available to meet the cooling demands of
the capture unit. Therefore, an auxiliary cooling system is
required for the capture process. A variety of hybrid (wet–dry)
cooling system designs are conceivable. For the purposes of this
study, we assume the auxiliary system is a wet recirculating
system of the type described earlier. Its total cost is treated as an
added operating cost for the capture system, estimated to be
$0.035 per tonne of cooling water required. The size of the power
plant dry cooling system and the makeup water required for the
carbon capture unit are given in Fig. 8 for the three PC plant types.

For these cases, the steam extracted from the steam cycle for
use in CO2 sorbent regeneration reduces the cooling duty of the
primary dry cooling system. For example, with CO2 capture, the
number of condenser cells for the subcritical plant drops by three
relative to the base plant without capture. However, Fig. 8 also
shows that for a given plant type, the makeup water required for
auxiliary cooling of the CO2 capture system is comparable to that
of the wet cooling system at a plant without carbon capture (see
Fig. 3). Thus, a large amount of water is still needed if an amine-
based CO2 capture system with conventional water cooling is
added to a plant with primary dry cooling. Alternatively, other
types of cooling or refrigeration systems that do not require water
would have to be designed for CCS applications.
R
6. Comparisons of wet and dry cooling systems

Here we compare the performance and cost of PC plants with
dry and wet cooling systems, with and without CO2 capture, for
the baseline assumptions given in Table 1 that are applicable to all
boiler types. Fig. 9 first shows that the ratio of capital cost for dry
versus wet cooling systems is approximately 2.5 for all three plant
types without CCS. Note that this cost ratio is sensitive to the ITD
because it strongly affects the capital cost of a dry cooling system,
as demonstrated in Fig. 7(b).

Fig. 9 further shows that the ratio of the total levelized cost for
the dry versus wet cooling technology is close to a factor of two
of wet and dry cooling systems for pulverized coal power plants
, doi:10.1016/j.enpol.2010.05.013
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for all plant types. However, further analysis shows that this ratio
falls from 1.9 to 1.6 if the cost of water at the base case plant
doubles from 0.26 per cubic meter ($1.0/kgal) to $0.53 per cubic
meter ($2.0/kgal). If water cost escalates to $1.61 per cubic meter
the levelized costs of wet and dry systems are equal (ratio of 1.0).
This result implies that in addition to water resource availability,
future increase in water cost can be another factor motivating the
use of dry cooling technology in some areas, since the cost of
water can vary significantly with location (Czetwertynski, 2002).

Fig. 10 compares the impacts of cooling technology on overall
plant performance and cost for cases with and without carbon
Please cite this article as: Zhai, H., Rubin, E.S., Performance and cost
with and without carbon capture and storage. Energy Policy (2010)
capture. Across all cases the net plant efficiency is approximately
one to two percentage points higher for the plants with primary
wet cooling systems than for plants with dry cooling (including
the hybrid of dry plus wet system with CCS). The levelized COE is
$3–$6/MWh lower for plants with wet cooling systems. Thus,
while the cost of cooling systems alone may differ significantly, at
the overall plant level cooling system designs with ACCs rather
than wet towers yields only a modest decrease in efficiency and
increase in the cost of electricity generation for the new PC plants
modeled here. As seen in Fig. 10, it is the addition of CO2 capture
and storage that has the most pronounced impacts on overall
plant performance, cost and water use.
 P
ROOF

7. Policy implications

Energy production at PC plants is tightly linked to water. In the
face of growing demands for electricity, water resources must
therefore be carefully planned to avoid potential shortages. As
seen in this paper and another recent study (e.g. NETL, 2007b),
technologies to control greenhouse gas emissions can signifi-
cantly exacerbate future power plant water needs.

Technological options to reduce water use at PC power plants
include improving water use efficiency, improving plant energy
efficiency and using dry cooling systems where feasible (Smart
and Aspinall, 2009). Water use efficiency can be improved via
measures such as improving water quality and reusing or
recycling plant wastewater. For example, the use of water
treatment systems to improve cooling water quality can increase
the cycles of concentration for wet towers; thus, decreasing tower
blowdown and makeup water requirement. The tower blowdown
can also be recycled or reused as ash sluicing water (already
common practice) or makeup water after appropriate treatment.
Some non-traditional water sources such as coal mine water and
produced water from oil and gas extraction have been studied as
alternative cooling water supplies to replace fresh water (EPRI,
2003; Veil et al., 2003; NETL, 2009). All of these approaches tend
to increase overall plant costs, which must be considered in
energy and environmental policy analyses involving future power
generation.

Perhaps the strongest policy implication underscored by the
results presented here is the need for close coordination of energy,
climate change, and water resource policies to ensure that the
potentially large new water demands for reducing power plant
CO2 emissions are taken into account in water resource manage-
ment and planning for the electric power industry. Avoiding
water supply–demand conflicts must be an integral part of
planning to secure low-carbon energy production. In addition,
lowering consumptive water use should be a more prominent
metric in R&D programs focused on developing new low-carbon
technologies and carbon capture systems for power plants and
other industrial facilities.
8. Conclusions

This paper has systematically evaluated the performance, cost,
and water requirements of wet and dry cooling systems for PC
power plants with and without carbon capture systems. Cooling
water systems are the dominant source of water consumption for
power generation. Comparisons between wet and dry cooling
technologies also were presented for a range of illustrative power
plant configurations. The study also identified and quantified the
effects of key factors influencing the choice of wet vs. dry cooling
systems for PC plants. Increasing the plant efficiency can decrease
cooling system size and cost as well as consumptive water use.
of wet and dry cooling systems for pulverized coal power plants
, doi:10.1016/j.enpol.2010.05.013
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Average ambient air temperature also affects makeup water
requirements for a wet cooling system, but does not significantly
affect its overall cost unless the price of water more than doubles.
In contrast, both the performance and cost of a dry cooling system
are extremely sensitive to local air temperature as well as the
steam turbine backpressure. This requires careful attention to the
design of the power plant steam turbine, as well as the cooling
system, in order to minimize overall plant costs with dry cooling.
In general the design of a dry cooling system is more sensitive to
site-specific conditions and plant characteristics compared to wet
cooling systems.

Current post-combustion carbon capture and storage (CCS)
systems have additional cooling demands that nearly double the
consumptive water use at a PC plant with conventional wet
cooling towers. For a plant with dry cooling, a large-scale auxiliary
cooling system would be required to support the CO2 capture
process. If a recirculating wet tower system is employed, the
water consumption of the auxiliary system would be comparable
to that of a water-cooled plant without CCS.

Finally, although dry cooling systems were found to be much
more capital-intensive than wet cooling systems, the plant-level
impacts for the cases modeled in this paper were generally more
modest, i.e., a 1–2% point reduction in overall plant efficiency and
a $3–$6/MWh increases in the levelized cost of electricity
compared to a similar plant with wet cooling (with or without
CCS). Future limitations on water availability and increases in
water cost would lead to greater increases, however. The
modeling tool employed in this study (IECM, 2009) allows a wide
range of alternative plant configurations and design assumptions
to be evaluated.
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