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ABSTRACT

The technical and economic feasibilities of wet/dry cooling towers for water
conservation and vapor plume abatement are studied. Results of cost optimi-
zations of wet/dry cooling for 1000-MWe fossil-fueled power plants are pre-
sented. Six sites (five in the western coal region and one in New York) are
evaluated for water conservation, and four urban sites (Seattle, Cleveland,
Newark, and Charlotte) are used in the plume abatement analyses.

Results are given as the total evaluated cost (TEC) of the cooling system,
Separate cost components include initial capital cost, operating expenses
and penalties for the cooling system operation capitalized over a plant life
of forty years, The plant start-up date is 1985,

For the water conservation analyses, optimized wet and dry cooling towers
are the reference systems, The wet/dry system has separated wet and dry
mechanical draft towers, Costs are related to the make~-up water requirement
expressed as a percentage of the water required by a wet system, Parametric
and sensitivity analyses show the effect of changing the system design and
economic factors.

A parallel air-flow hybrid wet/dry tower is used in the plume abatement
studies, Costs are presented for an allowable number of hours of fogging.
A wet system, optimized solely for cost, serves as the reference,

)
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SECTION 1

INTRODUCTION

1.1 PURPOSE

The purpose of this report, prepared for the Environmental Protection Agency
(EPA) by United Engineers & Constructors Inc. (UE&C) is twofold:

1. Document an economic and engineering evaluation of separate
wet and dry cooling towers operating in combination to limit
consumptive water use.

2, Document an economic and engineering evaluation of hybrid
wet/dry cooling towers designed to minimize ground
fogging.,

This study is limited to an evaluation of wet/dry cooling for fossil-fueled
generating stations with special emphasis on specific site conditions. Com-
bination wet/dry systems for water comservation were evaluated at six loca-
tions (five in the coal areas of the Western United States and one in New
York State) and hybrid wet/dry systems for plume abatement were evaluated

at four urban sites (Seattle, WA; Cleveland, OH; Charlotte, NC; and Newark,
NJ). A separate and complementary study of the use of wet/dry cooling for
water conservation for light water reactor fueled stations was completed

by UE&C for the Energy Research and Development Administration (ERDA)(1).

In the ERDA study wet/dry cooling systems were evaluated at three hypothet-
ical sites representing the Southwest, Southeast, and Northeast regions of
the United States. This ERDA study included engineering and economic sensi-
tivity analyses which formed the basis for the site specific analyses per-
formed for the EPA. Both studies used the same basic analytic and evaluation
tools.,

1.2 BACKGROUND

The increasing use of evaporative (wet) cooling towers to dissipate power
plant waste heat loads has focused attention on two inherent characteristics
of such devices: consumptive water use and vapor plume emissions. Con-
sumptive water use, because of its cumulative impact, is evolving as a major
environmental concern in all parts of the United States. An immediate con-
cern is the development of the coal resources of the Western United States,
The limiting factor in this development may be the availability of water

for cooling purposes.

Many efforts to determine the impacts of water eonsumption and energy pro-
duction in the coal-rich regions of the Western United States have been



initiated. One such effort reported in Reference 2, entitled 'Western
States Water Requirements for Energy Development to 1990", was prepared by
the Western States Water Council (WSWC). Figure 1.1 taken from that report
shows the cumulative capacity of projected installation of thermal electric
power plants in the states which are members of the WSWC.

Figure 1.2 shows the quantity of water consumed by evaporative cooling in
meeting those power plant projections.

The Western United States is an area of highly regulated water flow. Much
of this flow has been allocated significantly into the future, and in
drought years the annual allocation exceeds the annual stream flow. Devel-
opment of the regional coal resources will require significant amounts of
water. Since no new water sources are expected, existing water users may

be required to change their patterns of use to accomodate energy develop-
ment. Intense competition for the limited water resources between indus-
trial, agricultural, recreational, urban, and energy segments of the economy
as well as the in-stream flow needs of fish and wildlife will provide a
major dilemma to local and regional planners,

The resolution of these conflicts will not be based on a conventional price/
demand relationship. The WSWC believes that an increased price of water
would not have a significant effect on the amount of water used for energy
production. Even if the price was to increase substantially, the percentage
of water cost to total cost of generation would remain low. This lack of
cost sensitivity does not apply to all water users. Agricultural and muni-
cipal growth would both be significantly impacted by changing water costs.
In the introduction to its report the WSWC states, '"Unless planners and
administrators recognize the energy industry's needs for water and its small
dollar incentive for water conservation, much of the water resocurce planning
in the past and in the future could be for naught" (2). 1In the future, the
problems associated with the consumptive use of water will not be confined
to the Western United States,

Another potentially adverse impact associated with evaporative cooling sys-
tems is the creation of ground fog or the aggravation of natural fogging
conditions. This can be an especially important consideration for power
plants which are sited in urban areas and are required to operate on a
closed-cycle system.

One technology which can virtually remove both of these site constraints is
dry cooling. However, the application of dry cooling would require signifi-
cantly greater capital expenditures and incur substantial losses in plant
performance during high temperature periods as compared with wet systems.
The costs assoclated with the construction and operation of a dry cooling
system are approximately three times those associated with wet tower opera-
tion. Substitution of dry cooling for wet cooling as determined in this
study could increase the total cost of generation by 10 to 15 percent.

Wet/dry cooling systems combine desirable features of wet and dry cooling

towers into one operational unit. When a wet/dry system is designed for
water conservation, the dry tower limits the quantity of water evaporated

2



and the wet tower limits the losses in plant performance. When a wet/dry
system is designed for plume abatement, the dry sections cause a reduction of
the relative humidity of the plume from the tower and its fogging potential.
With respect to economics, the combination of wet and dry operation presents
the opportunity for numerous trade-offs between capital costs and operating

penalties. 1In addition, these systems have significant implications for
power plant site selection.

Two basic criteria for fossil plant site selection are fuel and water
availability. Planners must evaluate the ecomomic and environmental trade-
offs of transporting coal and water to the plant and transmitting electrical
energy to the load center., 1In this report, for the mine-mouth sites the
cost of coal ranges from $0.47 to $1.10 per million Btu in 1985, while the
fuel cost at the New Hampton, N,Y. site is projected to be $5.44 per million
Btu. The cost of transporting make-up water to the plant site can also be
large. To provide condenser cooling water for a wet cooling system at the
Kaiparowits, Utah site (30 miles from and 3600 ft. in elevation above Lake
Powell) would cost. 35 million dollars in capital and pumping costs over the
plant lifetime. Water transportation costs usually limit sites selected

for power plants using evaporative cooling to areas within 25 to 30 miles

of a major water source or require the construction of a major impoundment
along a smaller waterway. The use of wet/dry cooling permits relaxation

of the water supply criterion and greatly increases the number of possible
sites. The use of wet/dry cooling may also enable power plant siting

in sensitive areas (e.g., urban) which have a high potential for ground fog
formation.,

The economic analysis provided in this report attempts to identify the op-
timumm or minimum cost cooling system, wherein the capital costs of the
cooling system are balanced with the economic penalties associated with
operating the cooling system. The sum of the capital and penalty costs is
defined as the Total Evaluated Cost (TEC). The economic optimum occurs
because of the nature of the capital and penalty cost functions., For most
cases, the more capital paid initially for the cooling system the smaller
will be the capitalized penalty, and vice versa. These costs and penalties
can, therefore, be balanced to provide an economic optimum.

1.3 REPORT ORGANIZATION

The general system description and cost evaluation method are given in
Section 3. The comparative results for six sites evaluated for water con-
servation are given in Section 4. Section 5 presents the results of a
detailed engineering and economic sensitivity analysis at one water conser-
vation site. The model which was used for plume analysis is described in
Section 6 and the results of the system optimization for plume abatement
at four sites are given in Section 7. ‘
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SECTION 2

SUMMARY AND CONCLUSIONS

2.1 SUMMARY

This report presents the results of a design cost study for wet/dry cooling
tower systems used in conjunction with 1000 MWe coal~fired power plants to
reject waste heat while either comnserving water or minimizing ground
fogging. The purpose of this report, prepared for EPA by UE&C, is to docu-
ment :

1. An economic and engineering evaluation of separate wet and dry
cooling towers operating in combination to limit consumptive
water use

2. An economic and engineering evaluation of wet/dry cooling
towers designed to minimize ground fogging

The wet/dry cooling tower designed for water conservation is one which com-
bines physically separated wet towers and dry towers into an operational
system. In designing the wet/dry system, a dry cooling tower is sized to
carry the plant heat load at low ambient temperatures, and a separate wet
tower is added to augment the heat rejection of the dry tower at higher
ambient temperatures. These wet/dry systems are designed to operate with
conventional low back-pressure turbines. The component wet and dry towers
are state-of-the-art designs.

The wet/dry cooling tower designed for plume abatement is one which com-
bines wet and dry heat exchanger modules into a single structure. In de-
signing the wet/dry tower for plume abatement, the wet cooling tower is
sized to carry the plant heat load at all ambient temperatures and separate
dry modules are integrated into the cooling tower structure, physically
oriented so that the air stream which cools the dry heat exchangers dries
the wet plume,

The method used in the economic analysis is a fixed source-fixed demand
method. A reference plant is assumed to have a constant energy input rate
(fixed heat source) and a constant fixed demand for its output. It is
against this fixed demand that each cooling system must be gauged. In-
ability to meet this demand is charged as a penalty cost which is added to
the capital cost of the cooling system, Other penalty costs include the
cost of supplying make-up water and the cooling system maintenance cost.
The sum of the penalty costs and the capital cost of the cooling system is
called the total evaluated cost (TEC).



The evaluations of wet/dry towers designed for water conservation were per-
formed for five mine-mouth sites in the coal-rich Western United States and
one Eastern site which will require coal shipment for operation. The eval-
uations of wet/dry towers designed for plume abatement were performed for
four urban sites in the United States. The basic economic factors used to
develop the system costs are shown below:

Plant Start-up Date 1985
Average Plant Capacity Factor 0.75
Annual Fixed Charge Rate 18%
Plant Life 40 years
Capacity Penalty Charge Rate $485/kWe

2.2 CONCLUSIONS

1. Wet/dry cooling tower systems can be designed to provide a
significant economic advantage over dry cooling, yet closely
match the dry tower's ability to conserve water. The wet/dry
systems which save as much as 98 percent of the make-up water
required by a wet tower can maintain that economic advantage.
Therefore, for power plant sites where water is in short supply,
wet/dry cooling is the economic choice over dry cooling. Even
where water supply is remote from the plant site, this advan-
tage holds.

2. VWhere water is available, wet cooling will continue to be the
economic choice in most circumstances. However, for sites
with remote water supply sources, the advantage of wet cooling
over wet/dry cooling may be small. In cases where resource
limitations or environmental criteria make water costs excess=-
ive, wet/dry cooling can reach economic parity with wet cooling.

3. Ground fogging from low profile wet cooling towers can be
significantly reduced by increasing the number of cells, thereby
reducing the liquid water concentration in the plume. These
design changes can be made without significantly increasing
the total evaluated cost of the wet cooling tower. 1In cases
of restrictive site conditions or fogging limitations, hybrid
wet/dry cooling towers may be used effectively at costs which
approximate those of enlarged wet towers.



SECTION 3

SYSTEM DESCRIPTION AND METHOD OF ECONOMIC EVALUATION

3.1 CHARACTERISTICS OF THE REFERENCE POWER PLANT

The reference power plant for the wet/dry cooling tower system evaluation

is a nominal 1000 MWe coal-fired electric generating station. The power
plant steam supply is assumed to be constant and fixed at 2541 MW thermal.
This heat source may be coupled with either a conventional low back-
pressure turbine, which has an operating limitation ranging from 5 to 6 in-
HgA (127 to 152.4 mm-HgA) depending on the turbine manufacturer, or a high
back-pressure turbine. When coupled with the conventional turbine, the
generator for the reference plant delivers 1039 MWe at a back-pressure of

2 in-HgA (50.8 mm-HgA). This output, which is assumed equal to the constant
fixed demand, is referred to as the base output of the reference plant. The
selection of these quantities was based on a typical coal-fired plant design
as described in Reference 3.

The high back-pressure turbine is of the intermediate annulus type with an
operating limitation of 15 in-HgA (381 mm-HgA). This type of turbine is
offered by the General Electric Company for fossil plants. A 330 MWe fossil
unit with dry cooling towers, which is currently under construction at the
Wyodak Station near Gillette, Wyoming, will utilize such a turbine. Accord-
ing to General Electric, the maximum rating commercially available is 750
MWe. 1In this study, the high back-pressure turbine is only used with dry
towers.

The effect of cooling system performance on the turbine-generator output is
calculated using the heat rate versus back-pressure curves shown in Figures
3.1 and 3.2. Figure 3.1 shows the typical heat rate curve for a steam plant
in the 1000 MWe range coupled with a conventional turbine. Figure 3.2 shows
a hypothetical heat rate curve projected for the same plant coupled with a
high back-pressure turbine of the intermediate annulus type.

3.2 COOLING TOWER CONFIGURATIONS

3.2.1 Wet and Dry Towers

Three types of wet and dry towers were considered in the design of combina-
tion wet/dry towers. These are:

1. Mechanical draft wet tower
2. Mechanical draft dry tower
3. Natural draft dry tower



A}l three towers are of conventional state-of-the-art designs. A descrip-
tion of these towers can be found in Appendix A.

The mechanical draft wet and dry towers can be either of modular design or
integral design, such as the currently marketed round mechanical tower. The
modular configuration, selected for investigation in this study, allows more
flexibility in the design and evaluation of the wet and wet/dry towers., The
natural draft dry tower was assumed to be a concrete tower with fin-tube
heat exchangers mounted vertically around the base of the tower.

Specific designs commonly offered by cooling tower manufacturers were used
for the mechanical draft wet tower module, the dry tower module, and the
finned-tube heat exchanger module of the natural draft dry tower. The de-
sign specifications of these three modules are given in Appendix A.

In addition to their use as components of the wet/dry towers, the mechanical
draft wet and the mechanical draft dry towers were also evaluated indepen-
dently. These tower systems are referred to as reference tower systems, and
they serve as benchmarks for comparison with the wet/dry towers.

3.2.2 Wet/Dry Cooling Towers for Water Conservation

A number of possible arrangements exists for combining separate wet and dry
towers into wet/dry towers which can conserve make-up water. Many of these
wet/dry towers have been described in the literature (4,5). Evaluation of
all possible arrangements is beyond the scope of this study. After prelimi-
nary evaluation and discussions with the EPA, the following wet/dry combina-
tions were selected for evaluation:

1. Mechanical series wet/dry tower - This system combines separate
mechanical draft wet and dry towers by means of a cooling
water circuit which flows through the dry and wet towers in
series.

2. Mechanical parallel wet/dry tower - This system combines
separate mechanical draft wet and dry towers by means of a
cooling water circuit which flows through the wet and dry
towers in parallel.

3. Natural series wet/dry tower - This system combines separate
natural draft dry towers and mechanical draft wet towers by
means of a series water circuit,

The separate arrangement of wet and dry towers provides flexibility in tower
design and operation. It allows independent sizing and control of the com-
ponent wet and dry towers, thus making possible different size combinations
and operational modes, These design variables affect both the thermal per-
formance and water consumption.

3.2.2.1 Design and Operation of Series Flow Wet/Dry Systems--
A schematic diagram for the series water flow towers is shown in Figure 3.3.

The two cooling towers are connected so that water flows first to the dry
tower and then to the wet cooling tower,

9



The dry tower is designed to reject the entire heat load at a low amb%egt
temperature while maintaining the turbine back-pressure within a specified
limit. The other equipment sized at this design point are the condenser,
and the circulating water pumps and pipeline. The performance of the dry
tower is then evaluated at the peak ambient temperature and the specified
limiting back pressure to determine the heat rejection capability of the
dry tower at these conditions. This result is then used to size the wet
helper tower needed to reject the remaining waste heat.

For the three wet/dry cooling systems evaluated, dry cooling is the basic
heat rejection mechanism, and wet cooling is used to provide supplementary
heat rejection, The dry tower is designed to operate continuously during
the year although provision is included to shut down dry cells if they are
not needed at low ambient temperatures.

Two different modes of operation were analyzed and are described below.

Mode S1 - The first mode is termed the Sl mode (S for series). The
main objective of this mode is to operate the wet helper tower as
little as practically possible. During the peak summer ambient
temperature, both the wet and dry towers are operated at full
capacity. As the ambient temperature falls, the wet cells are
turned off in succession to maintain the turbine back-pressure
essentially constant at the wet tower design value. The back-
pressure of a typical turbine operating with this system is schemat-
ically presented in Figure 3.4. When Point 3 is reached, all of
the wet cells have been shutdown and the dry tower can reject the
entire heat load. The back pressure curve between Points 2 and 3
is saw-tooth shape because a discrete number of wet cells are taken
out of service as the ambient temperature and the turbine back-
pressure decrease, Although operation of the tower system produces
a characteristic saw-tooth operation for the S1 mode, throughout
this document, all subsequent figures will show the wet tower
operation at the constant back-pressure as shown by Point 2 in
Figure 3.4

Mcde S1 requires continuous feedback controls for the operation of
the wet towers. Most new stations are being designed with sufficient
computer capacity to provide for this additional measure of station
control. The cost of this control system has not been included in
the wet/dry cooling costs described in this study.

It should be noted that, for the $1 mode, the cut-eff point for
wet cooling is, in general, at a higher ambient temperature than
the dry tower design temperature (Figure 3.4).

Mode S§2 - The second mode of operation analyzed represents a
system operating with much less control of the wet tower. In this
mode, all the wet cells are operated continuously until the dry
tower design temperature is reached. As the ambient temperature
decreases, the turbine back-pressure is allowed to fall. When the
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dry tower design temperature is reached, all of the wet cells are
shutdown and the entire heat load is handled by the dry tower. A
schematic of this system operation is presented in Figure 3.5. As
the ambient temperature passes through the dry tower design point,
an appgrent instantaneous jump in back-pressure occurs. However,
in reality, this transition would occur over a long enough time
span so as not to create any damaging thermal shock to the turbine
and associated equipment. Mode S2 is more energy conservative at

the expense of higher water consumption than the same system
operating in the S1 mode.

3.2.2.2 Design and Operation of Parallel Flow Wet/Dry Systems--

Figure 3.6 is a schematic diagram of the parallel water flow wet/dry
cooling system. The cooling water leaving the condenser is divided into
two streams which flow through the wet and dry towers in parallel., The
two streams are rejoined before entering the condenser.

The design procedure is similar to that of the series water flow wet/dry
towers. One major difference between parallel and series flow is that
during wet/dry operation, the dry tower operates with partial flow. The
modes of operation considered are described below.

Mode Pl - This mode (P for parallel) is analogous to the series Sl
mode with the following exceptions:

1. During wet/dry operation, the dry tower operates
with partial water flow.

2. As the wet cells are sequentially shutdown, the
water is diverted back through the dry cells.

Mode P2 - The second mode is analogous to the S2 mode with the
following exceptions:

1. During wet/dry operation, the dry tower operates
with a constant partial water flow.

2. When the ambient temperature reaches the design
dry bulb temperature, all the wet cells are taken
out of service, and the entire wet tower flow is
returned to the dry tower.

3.2.3 Wet/Dry Cooling Towers for Plume Abatement

The wet/dry cooling system for plume abatement is schematically depicted in
Figure 3.7. The cooling tower design consists of a conventional evaporative
fill section atop which are located dry heat exchangers.

The hot water from the condenser travels through the dry section and then
falls through the evaporative fill. In many cases, due to size limitations
of the heat exchanger and the design temperatures of the cooling system,
only a portion of the total circulating water travels through the dry sec-
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tion. At all times during operation, however, the entire flow is cooled in
the evaporative fill section.

Air flows in parallel streams through the wet and dry sections during wet/
dry operation. 1In the fan stack, the saturated air from the wet section
mixes with the hot dry air from the dry section before exiting from the
tower. Air inlet louvers are provided to close off the air flow through the
dry section during times when plume abatement is not required. With the

air flow through the dry section blocked, the tower operates in an all wet
mode and all of the air travels through the wet section.

Due to reduced efficiency during wet/dry operation, the wet/dry towers for
plume abatement are designed to operate in the wet/dry mode only when plume
fogging potential is great. This operation can be accomplished through the
use of meteorological monitoring and a cooling tower control system connected
to the computer control system for the plant. The cost of such a system has
not been included in the wet/dry cooling system costs described in this
report.

3.3 METHOD OF ECONOMIC EVALUATION

For a valid economic comparison of alternate cooling systems, the costs of
different systems are assessed on a common basis. The method used in this
study for the cooling tower system is consistent with that used in Reference
6. The method may be classified as a fixed source-fixed demand approach.

It assumes that the reference plant has a fixed energy input rate and that
there is a constant fixed demand for the plant output. The demand is fixed
to establish a basis for system comparison., As the plant performance changes
due to the change in cooling system performance, the plant output is compared
to the fixed demand. Since the energy input rate to the plant is fixed,

any deficit between output and demand is provided by an outside source, A
penalty equivalent to an increase in capital cost of the outside source is
added to the capital cost of the cooling system. A credit is taken if the
plant operates above the demand. A penalty is also assessed for the cooling
system power and energy requirements,

The treatment of the loss of plant performance is illustrated in Figure 3.8.
The figure shows the typical gross plant output of the reference power plant
as a function of ambient temperature over an annual cycle. The ambient
temperatures affect the plant output since the performance of a cooling sys-
tem determines the lowest temperature of the thermodynamic cycle, and con-
sequently, the plant output. The figure also shows the net plant output
which is detemmined by deducting from the gross plant output the power re-
quired to run the cooling system auxiliary equipment.

The maximum plant capacity deficit with respect to the fixed demand occurs
at the highest ambient temperature and represents the capacity replacement
needed. This includes both the maximum loss of gross plant output (AKW),.x»
and the coincidental auxiliary power requirement, (HP),,.. The hatched
area in Figurc 3.8 above the gross plant output curve represents the energy
deficit caused by the changes in cooling system performance, whereas the
hatched area between the gross plant output and the net plant output curves

12



represents the energy requirement by the cooling system auxiliary equipment;
€.8., pumps and fans.

In general, as the size of the cooling system becomes larger, its performance
improves and its capital cost increases, but the penalty cost decreases.

At some point, a minimum exists for the combined cost of capital and penalty
which represents the best trade-off between the two costs. Such a cooling
system is called an optimum or optimized system. The purpose of the econom-
ic evaluation is to determine and compare these optimum systems.

3.3.1 Economic Penalty Evaluation

The cost of a cooling system is composed of its capital cost plus the penal-
ties which are assessed to reflect the cost associated with its operation.
These penalties evaluated on an annual basis include degradation of plant

performance, cooling system power and energy requirements, water supply
costs, and system maintenance.

3.3.1.1 Capacity and Energy Penalties--
The equations used to evaluate the penalty costs associated with loss of
plant output and cooling system operation are given below. In evaluating

these penalties, it is assumed that the plant has an average capacity fac-
tor and operates at full capacity or is off-line.

Capacity Penalty (Pl):

P, = Keafer-(8kW) .. (3-1)

Replacement Energy Penalty (Pz):

8760
P, = CFI [ OAM + F-HR(T)] DkW(T)dt (3-2)
0
Cooling System Auxiliary Power (P3):

P3 = K-afcr-(HP)aux (3-3)

Cooling System Auxiliary Energy (P4):

8760
P, = CF[O [oaM + F-HR(T)] HP(T)dt (3-4)
where (BkW)pax, AKW(T), (HP),,y» and HP(T) are shown in Figure 3.8 and:

afcr = annual fixed charge rate, %/100.

CF = gaverage capacity factor of the plant, %/100.
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F = fuel cost for the generating unit used to make up
the loss of energy, $/Btu ($/KJ).

(HP)aux = cooling system auxiliary power requirement at
Thax» KW.
HP (T) = cooling system auxiliary power requirement at

ambient temperature T, kW.

HR(T) = heat rate as a function of ambient temperature for
the generating unit used to make up the loss of
energy, Btu/kWh (kJ/kWh).

K = capacity penalty charge rate, $/kW.

QSkw)max = maximum loss of capacity, kW.

ARW(T) = loss of capacity at ambient temperature T, kW.

OAM = operation and maintenance cost for the generating
unit used, $/kWh.

T = ambient temperature (T is a function of time), °F
°c).

= ; op (O

Thax peak ambient tempfrature, F (°C).

{
t = time, hr.

The capacity penalty, Pj, and auxiliary power penalty, Py, are first cost
penalties. They represent the capital expenditure of generating equipment
needed to supply the extra power, either by the addition of peaking units,
e.g., gas turbine or pumped storage generating units, or by providing excess
capacity from base load units in the utility system.

The replacement energy penalty, P, and the cooling system auxiliary energy,
P4, are cost penalties which will accrue over the lifetime of the plant.

They are evaluated by capitalizing the respective annual energy costs charged
to the cooling system. These annual energy costs are evaluated by integra-
ting the energy costs for a series of time periods which add up to a year.
Each time period has a constant ambient dry bulb temperature and a coinci-
dent and constant wet bulb temperature.

The sources of capacity replacement which serve as the basis for the assess-
ment of the associated economic factors K, F and OAM may include any of the
following:

high capital cost, low operating cost base load units
low capital cost, high operating cost peaking units

a mixture of generating unit types

purchased power from another utility system

PN~
e & »
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The selection of the capacity replacement is dependent on economics and on
the type of duty. For duties which require relatively constant loads or
large amounts of energy, the replacement cholice, on economic grounds, should
be a base load capacity. Such is the case for the auxiliary power and the
capacity loss due to ambient temperature change for the wet/dry and dry
cooling concepts. Therefore, all the economic factors used in this study
were assessed on the basis of base load units similar to the reference plant.
A discussion of the economic factors is given in Appendix B; the numerical
values of these factors are given in Table 4.1,

3.3.1.2 Cooling System Make-up Water Cost Penalty--

One of the disadvantages of wet cooling towers is the requirement of large
amounts of make-up water to replenish the water evaporated and the water
lost in blowdown. When wet cooling is used to augment dry cooling in wet/
dry towers, the water requirement can be substantially reduced. 1In situa-
tions where the cost of supplying the make-up water is high, this penalty
cost can be a significant factor in comparing dry, wet, and wet/dry towers.

The cost of supplying the make-up water to a plant consists of three compo-
nents:

1. Annualized capital cost for the make-up water system which
includes pipelines, pumps, and associated structures (Cj)

2. Pumping cost which includes both the capacity charge for the
power required by the pumps and the energy charge for pumping
the water (Cj)

3. Water purchase and treatment cost (C3)

For the specific power plant sites considered in the study, all these com-
ponent costs can be separately estimated.

Make-up Water Penalty (Pg):
3.3.1.3 Cooling System Maintenance Cost Penalty--

The cooling system maintenance penalty is the cost charged to a cooling sys-
tem for services which inciude periodic maintenance and replacement of parts.
it is calculated on the basis of in-house engineering data, condenser tube
cleaning costs and data supplied by cooling tower vendors. Cooling tower
maintenance mainly consists of:

Lubrication and general inspection of the fan motors and gearboxes
Partial replacement of motors and gearboxes

Cleaning of the cold water basins of the wet towers

Partial replacement of finned tubes for the heat exchangers in
the dry towers

5. Cleaning of dry heat exchangers

PWN -
® o

Condenser tube cleaning was assumed to be required yearly. The circulating
water pumps, motors and associated equipment will require periodic mainten-
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ance. All of the maintenance costs were calculated, based on a percentage
of the capital cost of the three componments: condensers, pumps, and cooling
towers.

Cooling System Maintenance Penalty (Pg):

Pg = aC, + bC, + cCp (3-6)
where:
C. = capital cost of condensers.
Cp = capital cost of pumps.
Cp = capital cost of cooling towers.
a,b& = coefficients for estimating the penalty cost for each

component; a=0.0075, b=0.0750, cqry=0.0115, and cye=0.0122.

3.3.2 Total Evaluated Costs

In summary, there are six penalties which are essential to the evaluation
of cooling systems. These penalty costs are evaluated on an annual basis

as shown in Equations 3-1 through 3-6. These penalty costs are then capi-
talized over the plant lifetime and added to the capital cost of the cooling
system., The sum of the capital cost and the capitalized penalty cost is
called the total evaluated cost and is expressed by the following equation:

6
cC. = C+ 1 P (3-7)
t afcr i
j=1
where:
Ct = total evaluated cost, $.

C = capital cost of cooling system, $.
afcr = annual fixed charge rate, %/100.
P. = annualized economic penalties, §.
This total evaluated cost represents the lifetime capital cost of the cooling
system and serves as the criterion for cooling system optimization and
comparison,

3.4 OPTIMIZATION PROCEDURE

In this study, cooling system optimization is governed by one of two con-
straints: the amount of water consumed or the duration of ground fog pro-
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duced. The particular design and optimization procedure is dependent upon

the constraint applicable and details are provided in the sections on water

con§ervation and plume abatement. The basic procedures used in the optimi-
zation are as follows:

1. Size and cost the major components comprising the cooling
system for a set of design parameters., The parameters for
sizing the water conservation wet/dry towers systems, for
example, include:

a) Turbine back-pressure for sizing the wet tower
b) Dry bulb temperature for sizing the dry tower
c) Condenser cooling range

d) Dry tower initial temperature difference

e) Wet tower approach

f) Mode of operation of the wet/dry tower

The definitions of temperatures in condensers and cooling
towers are illustrated in Figure 3.9.

2. Evaluate the performance of the cooling system in response to
ambient temperature changes during the annual cycle. The
annual cycle is divided into a series of time intervals; each
has a constant ambient dry bulb temperature and a coincident,
constant wet bulb temperature,

3. Determine the impact of cooling system operation on the plant
performance at the off-design conditions. For each time
interval, the gross turbine output, the pump and fan capacity
and energy requirements, and either the water consumption or
fogging potential are evaluated.

4, Assess the penalties due to loss of performance, make-up
supply, and cooling system maintenance. Penalties are calcu-
lated for each time interval, summed over the annual cycle,
and then capitalized over the plant life,

5, Calculate the total evaluated cost of the cooling system which
includes the capital cost as well as penalty costs.

6. Change the cooling tower and condenser design parameters and
repeat the procedure until the design with the lowest total
evaluated cost consistent with the system constraint is found.

The evaluation of the wet/dry cooling system for water conservation is
described in Sections 4 and 5, and the evaluation of the wet/dry cooling sys-
tem for plume abatement is described in Section 7. The evaluation includes
the detailed design procedures used to obtain the optimized systems and the
trade-offs among capital costs and penalty costs for representative systems.
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SECTION 4

RESULTS OF OPTIMIZATION OF WET/DRY TOWERS FOR WATER CONSERVATION

4.1 INTRODUCTION

The studies of wet/dry systems for water conservation involve evaluations
at six specific sites, five of which are located in the coal-rich regions
of the Western United States., One of these sites (Kaiparowits, Utah) was
selected for more detailed parametric and sensitivity analyses. Those
results are reported in Section 5. 1In this section, results are given
for wet, dry, and mechanical series wet/dry (S1 mode) cooling systems at
the six water comservation sites.

4.2 SITE LOCATION

Because the cooling water supply constraint is expected to be most severe
for power plant sites in the West, the emphasis of these studies is on that
region. 1In addition to the five sites in the Western United States, a sixth
site in New York State was studied for comparison. The sites, which are
shown in Figure 4.1, are:

Kaiparowits - Southern California Edison Company, Arizona Public
Service Company and San Diego Gas & Electric Com-
pany were, until mid-1976, planning to build a
3000 MWe coal-fired plant on the west side of Lake
Powell in Utah. This site was selected for more
detailed economic sensitivity analyses.

San Juan - Public Service Company of New Mexico operates a
plant at Farmington, New Mexico. The first water
conservation wet/dry towers for utility application
in the United States are planned to service two
additional 450 MWe units at this site,

Colstrip - Montana Power Company operates a plant at this
southeastern Montana location., Two units of 330 MWe
are in operation; two additional 700 MWe units are
planned for 1980 and 1981,

Young - Minnkota Power Cooperative, Inc. is operating a 250
MWe unit at Center, North Dakota.

Rock Springs - Pacific Power and Light Company operates a 1000 MWe
plant at this southwest Wyoming location.
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New Hampton - Orange and Rockland Utilities, Inc. has proposed
a plant at this southeastern New York site.

Utilities operating, constructing, or plamning power plants at these loca-
tions were contacted to obtain ecomomic and site data for use in the evalua-
tion. Some of these data are shown in Table 4,1, Data on make-up water
quality are in Appendix D, and the annual coincident ambient wet and dry
bulb temperature distributions are contained in Appendix 0.

4.3 METHOD OF OPTIMIZATION

The general optimization procedure is given in Section 3.4. Specific ex-
amples of the procedure applied for the wet, dry and wet/dry (water conser-
vation) cooling systems are provided in this section,

For the reference (wet and dry) cooling systems, different designs were
obtained by systematically varying the range and approach temperatures. For
each design, the capital cost and the capitalized operating penalties were
determined. The system with the lowest total evaluated cost was selected

as the optimum for a given set of design parameters. An example of the
trade-off between the capital cost and penalty cost for a reference wet
tower system is shown in Figure 4,2, This figure shows that, for a constant
approach, as the range increases, the capital cost decreases and the penalty
cost increases. These costs are added to identify the cooling system with
the minimum total evaluated cost. This procedure is performed for a series
of approach temperatures as shown in Figure 4.3. For the matrix of design
parameters, the least cost system is identified.

For wet/dry systems designed to conserve water, it is not realistic to de-
termine the optimum systems solely on the basis of economics. Therefore,
the make-up water requirement was used as an additional optimization
criterion., The make-up water requirement of a wet/dry system is defined

as the percentage of the total annual make-up water needed by the optimum
wet reference system. The method of optimization is as follows: by
varying the design parameters listed in Section 3.4, wet/dry systems with a
specific make-~up are sized; from these systems the lowest total evaluated
cost system is selected as the optimum system for that make-up water require-
ment. Figure 4.4 is an illustration of the total evaluated cost of a ten
percent make-up system (10% of all-wet) as a function of range for a series
of specified turbine back-pressures. The least cost systems for a set of
design back~-pressures are plotted on Figure 4.5 from which the optimum ten
percent system is obtained.

4.4 OPTIMIZED SYSTEMS AT SELECTED SITES

Detailed engineering and economic evaluations given in Section 5 and Refer-
ence 1 have indicated that there is a slight economic advantage of the
series-connected over the parallel-connected wet/dry systems and of the S1
mode over the S2 mode of operation. A larger economic advantage may be
available if natural draft instead of mechanical draft dry towers are used

in the wet/dry systems. For the analysis performed to compare the effects of
site conditions, the mechanical series type wet/dry system was selected
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because there is no natural draft dry tower experience in this country.

4.4.1 Results for Kaiparowits

The results of the optimized wet/dry tower systems designed for various water
make-up requirements and reference tower systems are shown in Tables 4.2
through 4.4. The make-up requirement is expressed as a percentage of the
annual make-up required by an optimized wet tower system.

Table 4.2 shows a sumeary of the major design data for the optimized cooling
systems. 1Included in this table are the number of tower modules and opera-
ting mode, the maximum operating back pressure, the gross generator output,
the condenser or tower heat load at the maximum back pressure, the heat load
distribution between the wet and dry towers at the maximum back pressure,
and the annual water make-up for the tower systems. All of the wet/dry sys-
tems had the minimum cost when designed to operate in Mode S1.

These data indicate that dry cooling tower systems of manageable size can
be designed for utility application by peak shaving the heat load with
evaporative helper towers. The number of dry cells needed for the wet/dry
option are comparable to or less than that required for the dry cooling
system using the high back-pressure turbine. The data also show that the
capacity deficit incurred with the dry tower and high back-pressure turbine
(121.8 MWe) can be reduced more than 70 MWe even with the wet/dry system
requiring two percent make-up.

Table 4.3 summarizes the major capital cost and the penalty cost elements
for the tower systems described in Table 4.2, As previously discussed, the
operating penalties are capitalized over the 40-year lifetime of the plant.
For the wet/dry systems, the costs range between the dry and the wet systems
and decrease monotonically as the make-up water requirement increases. The
total evaluated costs for all of the wet/dry systems are significantly
higher than those for the wet system, but significantly lower than that for
the dry system. As shown in Table 4.3, the total evaluated cost for the 40
percent make~up wet/dry system is 40 percent higher than the cost of the wet
system. The major capital and penalty cost elements are itemized in Table
4.4,

Additional design and cost details are included in Appendix F. The data in-
dicate that the tower cost of each of the wet/dry systems constitutes approx-
imately 30 to 40 percent of the capital cost of the cooling system and ap-
proximately 20 to 30 percent of the total evaluated cost. An examination of
the elements of the penalty cost shows that, for the two percent make-up wet/
dry system, the replacement energy cost is small. This occurs because the
low percentage make-up systems require a larger number of dry tower cells to
control water consumption. Operation of these dry tower cells at low ambient
temperature conditions allows this system to attain low back-pressure and
consequently high gross output,

4,4,1.1 Plant Performance--

An example of the change in plant output in response to changes in ambient
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temperatures during the year is shown in Figure 4.6 for the ten percent
make-up wet/dry tower. The figure also shows the variation in turbine
back-pressure and cooling tower make-up water flow rate,

When the wet and dry towers are operating together, the turbine back-
pressure is maintained near its design value of 4.5 in-HgA (114.3 mm-HgA),
and the gross and net plant outputs are at their lowest values. The wet
tower modules are gradually taken out of service as the ambient temperature
decreases. The dry tower takes over completely when it is able to carry

the plant heat load while maintaining the turbine back-pressure at or below
the design value. At this point all the wet towers are out of service and
no water is required as shown by the make-up curve. When the dry tower
operates alone and the dry bulb temperature falls, the efficiency of the dry

tower system increases, the back-pressure decreases, and the gross and net
generator outputs increase,

4.4.1,2 Variation in Water Usage--

An important factor in the design of cooling systems is the make-up water
requirement, whether determined on a daily, monthly, or annual basis. The
annual make-up is determined as the summation of the water usage during
each increment of an ambient temperature cycle.

Figures 4.7 and 4.8 show, for each month, the total amount of make-up re-
quired and the maximum flow rate for the San Juan site. The data were gener-
ated for San Juan and not for Kaiparowits for two reasons: (l) comparative
data are available in Reference 1 for a nuclear plant of the same nominal
capacity, and (2) monthly temperature distribution data were not available

for Kaiparowits. The data are typical of water consumption expected for the
western sites.

Although the annual make-up is small, the maximum flow rate can be large.

For example, even for the two percent make-up systems, the maximum make-up
flow rate is almost one-third that required by the wet system. The informa-
tion such as that given in Figures 4.7 and 4.8 can be used to detemmine
whether stream flow conditions match the make-up requirements, or to size a
reservoir or impoundment. All water supply evaluations reported in this
study used the maximum water flow conditions to size the water supply system.

There are many factors which influence the water supply costs for specific
sites; among them are water quality, distance from supply to the site, eleva-
tion differences, and legal requirements. The water supply costs should be
developed during a preliminary engineering or site selection phase of an en-
gineering program and added to total evaluated cost to compare the systems.

In the design and evaluation of the wet/dry cooling system for a specific
water make-up requirement, the optimization analysis is independent of the
water supply. All of the systems designed for a specific water make-up quan-
tity have essentially the same water supply cost. In this method of analysis,
water treatment and supply costs can be determined for each make-up require-
ment, The water supply costs can then be added directly to the total evalua-
ted costs of the wet and wet/dry cooling systems to permit a comparison. The
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capital and penalty costs are detailed in Table 4.5 to emphasize the water
supply cost.

The make-up supply capital cost, pumping power and energy cost, and the
water purchase and treatment cost are shown in Table 4.5. These three
quantities are summed to determine the total make-up water penalty cost.

4£.4.2 Site Comparisons

Major cost summaries for the other sites are given in Tables 4.6 through
4.15. Details of the design and costs are given in Appendices J through O.

4.4,2,1 Comparison Including Water Supply Costs--

A graphical comparison of the total evaluated costs for the six sites is
presented in Figure 4.9. Costs at the New Hampton site are significantly
greater than at the mine-mouth western sites primarily because of the higher
fuel costs. The effect of fuel cost on system selection is further illus-
trated in the cost summaries for the six sites. At the mine-mouth sites,
dry tower operation with a high back-pressure turbine is consistently less
expensive than a dry tower optimized with a low back-pressure turbine. How-
ever, at New Hampton, with fuel costs five to ten times higher, the reverse
is true because the high back-pressure turbine suffers significant fuel
penalties in the low pressure (1l to 5 in-HgA) region.

The total evaluated costs in Figure 4.9 include the cost of transporting the
make-up water from the source to the plant site. The water supply system

is designed to meet the maximum flow requirements. The associated costs
include the capital investment in pumps and pipelines and the operating
charges. Additional economic advantages may be obtained by optimizing the
water supply system (e.g., evaluating the trade-offs between on-gsite make-up
storage and pipeline capacity).

The results presented in Figure 4.9 reflect the site-specific water supply
conditions, For instance, the Kaiparowits cooling system is more expensive
than comparable systems for the other western sites primarily because of
costs associated with pumping water up 2600 ft (792 m) over 30 mi (48.3 km).

The general conclusion based on these results is that wet cooling maintains
a significant cost advantage over the wet/dry option. It is apparent that
the selection of wet/dry over wet cooling may be strongly influenced by
water availability and/or legal restrictions rather than traditional market
considerations,

Tables 4.6 through 4.15 break down the capital and penalty costs to emphasize
the make-up water supply costs for sites other than Kaiparowits.

4.4,2.2 Comparison Excluding Water Supply Costs--

The results shown in Figure 4.10 remove some of the site specificity by
excluding water supply costs. The water treatment and purchase costs shown
in Table 4.1 are included.
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With the water supply cost removed, the costs of comparable cooling systems
at the western sites differ by less than 20 percent. Again, the New Hampton
costs are significantly greater because of the fuel charges.
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TABLE 4.1

MAJOR ECONOMIC AND SITE DATA

Plant Start-up Date: 1985
Annual Pixed Charge Rate: 18%
Plant Size (Gross OQutput): 1039 MWe
Average Plant Capacity Factor: 0.75
Plant Life: 40 years
Capacity Pemalty Charge Rate: $485/kVe
Kaiparowits, | San Juan, Colstrip, Young, Rock Springs j New Hampton,
Utah New Mexico Montana North Dakota Wyoming New York
Levelized Coal Puel Cost, ¢/MBtu (¢/GJ) 100 (94.7) | 110 (104.2) 94 (89.0) 47 (44.5) 103.4 (97.9) { 544 (515.2)
Operation and Maintenance Costs, 2.54 2,54 2,54 3.56 2.54 2.54
Mills/kWhr
Make-up Water Purchase and Treatment 0.34 (0.090) | 0.30 (0.079) | 0.30 (0.079) | 0.30 (0.079){ 0.32 (0.085)} 0.02 (0.005)
Charge, §/1000 gal ($/m?)
Site Elevatiom, ft (-) 6100 (1859) | 5500 (1676) 3250 (991) 1960 (597) | 6750 (2057) 400 (122)
Maximum Dry Bulb/Wet Bulb 103/77 102/63 102/67 104/ 70 93/56 99/75
Temperatures, ®F/OF (°C/OC) (39.4/25.0) | (38.9/17.2) (38.9/19.4) | (40.0/21.1) | (33.9/13.3) | (37.2/23.9)
Average Dry Bulb/Wet Bulb 45.7/39.2 57.4/42.5 52.6/40.7 46.8/37.6 47.7/35.7 54.3/46.3
Temperatures, of/oF (oc/oc) (7.6/4.0) (14.1/5.8) (11.4/4,8) {8.243.1) (8.7/2.1) (12.4/7.9)
Make-up Pipeline Length, mi (km) 30 (48.3) 5 (8.0) 30 (48.3) 13 (20,9) 40 (64.4) 25 (40.2)
Make-up Pipeline Rlevation Change, 2600 (792) 200 (61) 700 (213) 0 (0) 0 (0) 400 (122)
fr (m)
Cycles of Concentration for 9 10 9 12 12 10

Circulating Water




TABLE 4.2

MAJOR DESIGN DATA FOR THE OPTIMIZED COOLING TOWER SYSTEMS

1%

SITE: KAIPAROWITS, UTAH BASE OUTPUT: 1039 MWe WET/DRY TYPE: MECHANICAL SERIES (S1)
Percentage Make-up Requlrement®
Mech. Mech. Mechanical Series Wet/Dry Mech.
[
Item Dry ()* | Dry (L) 2 10 20 30 40 Vet

Number of Tower Cells, 0/113 0/290 9/126 13/93 16/77 17/61 19/52 22/0
Wet Tower/Dry Tower
Maximun Operating Back 13.36 5.03 5.0 4.5 4.0 4.0 4.0 3.60
Pressure Pgax, in-HgA 339.3) | (127.8) | (127.0)] (114.3) | (r01.6) | (101.6) | (10t.6) | (91.4)
(mm-HgA)
Gross Plant Output at 914.3 989.0 989.8 999.1 1009.5 1009.5 1009.5 1017.4
Ppaxs Mie .
Heat Load at Ppgy, 10° 4.77 4.62 4.62 4.59 4.55 4,55 4.55 4.53
Btu/hr (1012 J/hr) (5.03) (4.88) (4.88)} (4.84) (4.80) (4.80) (4.80) (%4.78)
Heat Load Distribution 0.0/ 0.0/ 51.6/ 69.8/ 78.8/ 82,3/ 84,7/ 100.0/
at Pugx, (Wet Tower/Dry 100.0f 100.0 48.4 30.2 21,2 17.7 15.3 0.0
Tower), %
Annual Make-up Water 0.0 0.0 0.518 2.59 5.19 8.57 11.14 27.91
forﬁweg Towers, 108 gal (0.0) (0.0) (0.196) (0.98) (1.97) (3.24) ( 4.22) {10.57)
(10° m?) :

* H-High Back Pressure Turbine
' L-Conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower




TABLE 4.3

MAJOR COST SUMMARY FOR OPTIMIZED COOLING TOWER SYSTEMS (5106)

7t

SITE: KAIPAROWITS, UTAH YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (S1)
Percentage Make-up Requirement?
Mech. Mech. Mechanical Series Wet/Dry Mech.
* t

Ttem bry (H)* | Dry (L) 2 | 10 20 30 40 Wet
Total Capital Cost 79.37 179.90 120,42 105,37 101.85 95,58 92.28 68.84
(Direct & Indirect
Capital Costs)
Total Capacity 71.16 46.63 39.35 33.44 28.49 28.14 27.83 20,59
Penalty (Capacity ’
& Auxiliary Power)
Total Operating Penalty 38.56 22,17 17.78 20,46 21,22 23.97 25.08 15.37
(Replacement & Auxiliary
Energies, Make-up Water
& Maintenance)
Total Evaluated 189.09 248,70 177.55 159,27 151.56 | 147,69 145,19 104,80
Cost (Sum of Capital &
Penalty Costs)

* H-High Back Pressure Turbine
t 1-Conventional Low Back Pressure Turbine
4 Percentage of annual make-up required by optimized wet tower
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TABLE 4.4

MAJOR CAPITAL AND PENALTY COST COMPONENTS FOR OPTIMIZED COOLING TOWER SYSTEMS ($106)

SITE: 'KAIPAROHITS , UTAH YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (S1)

Mech. Mech. |Percentage Make-up ;gquirement-uech. Ser. Wet/DryT Hech.
Pry ()* § pry (L)' |, 10 20 30 40 Wet

Capital Cost:
Cooling Tower 39.42 101.06 49.23 40.07 36.26 31.30 29.34 12,98
Condenser 10,78 15.07 11.80 10,10 10.12 10.18 9.83 10,28
Circulating Water System 7.91 14,43 11.75 9.20 9.28 9.36 8.94 6,68
Make-up Facllity 0.00 0.00 15.48 18,52 20,08 20,64 21,13 23,58
Electrical Equipment 5.39 V13.27 8.08 6.41 5.74 4,98 4.58 1.56
Indirect Cost 15.87 35,97 24,08 21,07 20,37 19,12 18,46 13,76
Total Capital Cost 79.37 179.90 120,42 105,37 101.85 95,58 92,28 68,84

Penalty Cost:
Capacity 60.48 24.27 24.00 19.34 14,30 14,30 14,30 10.49
Auxiliary Power 10.67 22.36 15.35 14,11 14.19 13.85 ' 13.54 10,10
Replacement Energy 26.47 -0.76 3.29 8.1l 8.53 10.54 11.26 .31
Auxiliary Energy 8.29 14,32 9.35 7.68 7.75 8.15 8.20 6.94
Make-up Water 0.00 0,00 0.10 0.49 0.98 1.62 2.11 5.27
Cooling System Maintenance 3.81 8.61 5,04 4,18 3.95 3.67 3.52 1.84
Total Penalty 109.72 68.80 57.13 53,91 49,70 52,13 52,93 35.95

* H-High Back Pressure Turbine

"t 1 .Conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower




TABLE 4.5
BASE COOLING SYSTEM COST AND MAKE-UP WATER PENALTY COST COMPONENTS (‘105)

SITE: KAIPAROWITS, UTAH YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (Sl)
Percentage Make-up Requirement #
Mechanical Series Wet/Dry
Mech. Mech. : Mech,
Dry (H)* | Dry (L)* 2 10 . 20 30 40 Wet
Capital Cost:
Cooling Tower 39,42 101,06 49,23 40,07 36.26 31.30 29.34 12,98
Condenser 10,78 15.07 11.80 10,10 10.12 10,18 9.83 10.28
Circulating Water System 7.91 14,43 11.75 9.20 9.28 9.36 8.94 6.68
Electric Equipment 5.39 13,27 8,08 6.41 5.74 4,98 4.58 1.56
Indirect Cost 15,87 35.98 20,21 16.44 15.35 | 13.96 13,18 7.87
Total Capital Cost of
Base Cooling System#* 79.37 179.90 101,07 82.22 76,75 69,78 65,87 39.37
Penalty Cost:
Capacity Loss 60,48 24,27 24,00 19.34 14.30 14.30 14,30 10,49
Power for Tower Fans &
Circulating Water Pumps 9.67 22.36 12.96 10,88 10.52 10,02 9.57 5.43
Replacement Energy 26,47 -0.76 3.29 8.11 8.53 10,54 11.26 1,31
Fan Energy & Circulating 8
Water Pumping Energy +29 14,32 9.30 7.42 7.23 7.28 7,08 4.17
Cooling System Maintenance 3.81 8.61 5.04 4,18 3.95 3.67 3.52 1.84
Total Penalty Cost of
Base Cooling System* 109,72 68.80 54.59 49,92 44,53 45.58 45.71 23,25
Make-up Water Penalty Cost.
Make-up Water Purchase &
Treatment Cost 0.00 0,00 0.10 0.49 0.98 1.62 2.11 5.27
Capical Cost for Make-up
Water Supply Facilities+t 0.00 0.00 19.35 23,15 25.10 25.80 § 26.41 29.47
Power and Energy Cost for
Punping Make-up Water 0.00 0.00 2.44 3.50 4,20 4.70 5.10 7.44
g::l Make-up Water Penalty | g gg 0.00 21.89 27.14 30.28 32.11 33,62 42,18
Tocal Bvaluated Cost of the 248.70 15 151
Complete Cooling System 189.09 48.7 177.55 9.27 51.56 147,69 145,19 104,80
* H - High Back Pressure Turbine ** Base Cooling System - Cooling
system without make-up and
* L - Low Back Pressure Turbine water treatment facilities
# Percentage of annual make-up required by optimized wet tower 7+ Including 25% direct capital cost as

indirect capital coset
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TABLE 4.6

MAJOR COST SUMMARY FOR OPTIMIZED COOLING TOWER SYSTEMS (§10§)

SITE: SAN JUAN, NEW MEXICO YEAR: 1985 WET/DRY TYPE: WMECHANICAL SERIES (S1)
PETCentage e-up Wequicements
Mech. Mech. Mechanical Series Wet/Dry 17 Mech.
t

Item Dry (#)* | Dry (L) 2 10 20 30 40 Wet
Total Capital Cost 79.43 168.75 |122.74 101,92 92.43 87.90 81.33 47.63
(Direct & Indirect
Capital Costs)
Total Capacity 68.70 47.64 | 39.36 31.81 | | 25.84 | 20.99 19.84 12.04
Penalty (Capacity
& Auxiliary Power)
Total Operating Penalty 42.76 26.16 | 22.42 22.78 22.41 21.11 21.66 13.49
(Replacement & Auxiliary
Energies, Make-up Water
& Maintenance)
Total Evaluated 190.89 242.49 184,51 156.51 140.68 | 130,00 | 122.83 73.16
Cost (Sum of Capital &
Penalty Costs)

* H-High Back Pressure Turbine

* L-Conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower




TABLE 4.7
BASE COOLING SYSTEM COST AND MAKE-UP WATER PENALTY COST COMPONENTS (3108)

SITE: SAN JUAN, NEW MEXICO YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (81)
Percentage Make~up Requirementf
Mechanical Series Wet/Dry
Mech, Mech, Mech,
Dry (H)* | Dry (L)* 2 10 20 30 40 Wet
Capital Cost:
Cooling Tower 39,07 95.58 60,20 47.27 41,84 38.11 34.43 12.39
Condenser 11.26 14.46 12,07 10.81 10.12 10. 14 9.66 10.13
Circulating Water System 7.86 12.51 11,70 10.26 9.16 9.40 8.82 6.50
Electric Equipment 5.36 12.45 9.81 7.60 6.62 6.01 5.29 1.52
Indirect Cost 15,88 33.75 23,45 18,98 16,92 15.91 14.55 7.63
Total Capital Cost of
Base Cooling System’* 79.43 168.75 117.23 94,92 84.66 79.57 72,75 38.17
Penalty Cost:
Capacity Loss 57.54 24,27 24,01 19,37 14,30 9.64 9.64 6.48
Power for Tower Fans & 11,16 23,37 15,18 12.17 1122 10.99 9.82 5.12
Circulating Water Pumps
Replacement Energy 29,62 0.49 4.48 8.04 8.54 7.Q0 7.98 2,23
Fan Energy & Circulating '
Water Pumping Energy 9.23 17.45 12,19 9.52 8.62 8.51 7.82 4,23
Cooling System Maintenance 3.91 8.15 5.64 4,71 4,19 4,04 3.75 1.81
Total Penalty Cost of 111.46 73.73 61.50 53.81 46,88 40.18 39.01 19.87
Base Cooling System**
Make-up Water Penalty Cost:
Make~up Water Purchase & .
Treatment Cost 0.00 0.00 0.10 0,48 1.00 1.47 1.98 4,92
Capital Cost for Make-up
Water Supply Facilitiestt 0.00 0.00 5.50 7.00 7.76 8,32 8.59 9.46
Power and Energy Cost for'
Pumping Make-up Water 0.00 0.00 0.18 0.30 0.38 0.45 0.50 0.74
- Penal
tocal Make-up Water Penalty | .00 0.00 5.78 7.78 9.14 10.24 11.07 15,12
Total Evaluated Cost of the
Complete Cooling System 190.89 242,48 184,51 156.51 140.68 130.00 122.83 23.16
* H ~ High Back Pressure Turbine #% Base Cooling System - Cooling
system without make-up and
¢ L - Low Back Pressure Turbine water treatment facilities
# Percentage of annual meke-up required by optimized vet towsr ** Including 25% direct capital cost

a8 indirect capital cost

38




6t

TABLE 4.8
MAJOR COST SUMMARY FOR OPTIMIZED COOLING TOWER SYSTEMS ($106)

SITE: COLSTRIP, MONTANA YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (S1)
- Percentage Make-up Requirement#
Mech. Mech. Mechanical Series Wet/Dry Mech.
t
Item Dry (H)* | Dry (L) 2 10 20 30 40 Wet

Total Capital Cost 79.14 168,62 127,58 107,11 100,56 100,99 96,22 66.30
(Direct & Indirect
Capital Costs)
Total Capacity 68.23 47.28 38.65 32,08 26.53 21.88 21,09 14,86
Penalty (Capacity ’
& Auxiliary Power)
Total Operating Penalty 37,38 22,94 18.64 20,09 20.59 19,32 19.63 13.60
(Replacement & Auxiliary -
Energies, Make-up Water
& Maintenance)
Total Evaluated 184,75 238.84 184,87 159,28 147,68 142,19 136,94 94.76
Cost (Sum of Capital &
Penalty Costs)

* H-High Back Pressure Turbine
t . Conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower




TABLE 4.9
BASE COOLING SYSTEM COST AND MAKE-UP WATER PENALTY COST COMPONENTS ($106)

SITE: COLSTRIP, MONTANA YEAR: 1985 WET/DRY TYFE: MECHANICAL SERIES (S1)
Percentage Make-up Requirementf
Mechanical Series Wet/Dry
Mech. Mech. Mech.
Dry (H)* | Dry (L)* 2 10 20 30 40 Vet

Capital Cost:

Cooling Tower 39.07 93.49 57.44 41.36 36.94 36.74 33.40 11.80

Condenser 10.82 14.46 11.26 10.81 10.10 9.85 9.63 10.44

Circulating Water System 8.06 14,65 11,06 10,43 9.48 9.02 8,90 7.43

Electric Equipment 5.36 12.30 9.34 6.75 5.93 5.66 4,99 1,55

Indirect Cost 15.83 33.72 22,27 17,33 15.62 15.32 14.22 7.82

Total Caf)ital Cost of

Base Cooling System#*+ 79.14 168,62 111,37 86.68 78.07 76.59 71.14 39,04
Penalty Cost:

Capacity Loss 57.43 24,27 23,98 19.34 14.30 9.65 9.65 7.41

Power for Tower Fans &

Circulating Water Pumps 10.80 23,02 13.77 11.39 10.64 10.44 92,56 5.31

Replacement Energy 25,67 0,13 3.38 7.32 8.08 6.43 6.92 1.75

Fan Energy & Circulating :

Water Pumping Energy 7.91 14,98 9.73 7.74 7.25 7.13 6.66 3.89

Cooling System Maintenance 3.79 8.09 5.42 4,38 3.99 3.92 3.65 1.95

Total Penalty Cost of

Base Cooling System 105.61 70,23 | 56,28 50.17 4,26 | 37,57 36.44 20,31
Make-up Water Penalty Cost:

Make-up Water Purchase & )

Treatment Cost 0.00 0.00 0,09 0.51 1,01 1,45 1.91 4,78

Capital Cost for Make-up

Water Supply Facilities T+ 0.00 0.00 16.21 20.42 22.48 24.39 25.07 27.27

Power and Energy Cost for

Punping Make-up Water 0.00 0.00 0.92 1.50 1.86 2,19 2,38 3.36

Total Make-up Water Penalt

Cost w» v 0.00 0.00 17.22 22,43 25.35 28.03 29,36 35.41
Total Evaluated Cost of the
Complete Cooling System 184.75 238.85 184.87 159.28 147.68 142,19 136.94 94,76
* H - High Back Preasure Turbine %% Base Oooling Syetem - Cooling

system without make-up and

¢+ L - Low Back Pressure Turbine water treatment facilities

T+ Including 257 direct capital cost as

# Percentage of annual make-up required by optimized wat tower {ndirect capital cost
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TABLE 4.10

MAJOR COST SUMMARY FOR OPTIMIZED COOLING TOWER SYSTEMS ($106)

1%

SITE: YOUNG, NORTH DAKOTA YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (S1)
Percentage Make-up Requlrementy
Mech. Mech. Mechanical Series Wet/Dry Mech.
t
Ttem Dry ()* | Dry (L) 2 10 20 30 40 Vet
Total Capital Cost 78.89 171.16 113.63 90.39 90.75 82.68 76.66. 53.45

(Dlrect & Indirect
Capital Costs)

Total Capacity 68.61 ' 48.13 7.1 34.74 25.35 24,19 23.86 14.81
Penalty (Capacity
& Auxiliary Power)

Total Operating Penalty 28,22 18.73 14.46 16.17 15.17 16.30 17.46 10,54
{Replacement & Auxiliary
Energies, Make-up Water
& Maintenance)

Total Evaluated 175.72 238,02 165.80 141.30 131,27 123.17 117.98 78.80
Cost (Sum of Capital &
Penalty Costs)

* H-High Back Pressure Turbine
* L-Conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower




TABLE 4.11

BASE COOLING §YSTEM COST AND MAKE-UP WATER PENALTY COST COMPONENTS (310’)

SITE: YOUNG, NORTH DAKOTA YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (S1)
Percentage Make-up Requirement#
Mechanical Series Wet/Dry
Mech, Mech. Mech,
Dry (H)* | Dry (L)* 2 10 20 30 40 et

Capital Cost:

Cooling Tower 38.72 93.83 51.08 37.63 37.42 31,97 27.45 12.39

Condenser 11,23 15,77 11.79 10,09 9.87 9.59 9.63 10,11

Circulating Water System 7.85 14.80 11.62 9.16 8.94 8.83 8.91 6.50

Electric Equipment 5.32 12,52 8.41 6.13 5.91 4,92 4.28 1,52

Indirect Cost 15.77 34,24 20,72 15.75 15.53 13.81 12.56 7.63

Total Capital Cost of

Base Cooling System** 78.89 171,16 103.62 78.76 77.67 69.12 62.83 38,15
Penalty Cost:

Capacity Loss 57.49 24,27 23.90 23.86 14,30 14,30 14.30 9.05

Power for Tower Fans &

Circulating Water Pumps 11.12 23,87 13,52 10.51 10,59 9.40 9.06 5.16

Replacement Energy 18.45 -0.35 2.48 6.57 5.09 6.64 7.53 1.32

Fan Energy & Circulating

Vater Pumping Energy 5.88 10.64 6.79 5.18 5.18 4,68 4,66 2.77

Cooling System Maintenance 3.89 8.44 5.08 3.96 3.99 3.59 3.34 1.81

Total Penalty Cost of

Base Cooling Systemw 96,83 66,87 51.77 50.08 39,15 38.61 38,89 20.11
Make=-up Water Penalty Cost:

Make~up Water Purchase &

Treatment Cost 0.00 0.00 0.10 0.44 0.86 1.32 1.82 4.40

Capital Cost for Make-up

Water Supply Facilities+ 0.00 0.00 10.02 11.62 13.08 13.56 13.84 15.31

Power and Energy Cost for

Pumping Make-up Water 0.00 0.00 0.29 0.40 0.51 0.56 0.60 0.83

Total Make-up Water Penalty

cost 0.00 0.00 10.41 12,46 14,45 15.44 16.26 20.54
Tatal Evaluated Oost of tha
Complete Cooling Syatem 175.72 238.02 165.80 141.30 131,27 123,17 117,98 78.80

* H - High Back Pressure Turbine

* 1. = Low Back Preasurc Turbine

{# Percentage of annual make-up required by optimired wet tower

42

% Base Cooling System - Cooling
system without make-up and
water treatment facilities

*t Including 25% direct capital cost as

indirect capital cost
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TABLE 4.12

MAJOR COST SUMMARY FOR OPTIMIZED COOLING TOWER SYSTEMS ($106)

SITE: ROCK SPRINGS, WYOMING

YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (S1)

Percentage Make-up Requirement?
Mech. Mech. Mechanical Series Wet/Dry Mech.
t

Iten Dry (#)* | Dry (L) 2 10 20 30 40 Vet
Total Capital Cost 76.32 146,01 115.75 110.18 103,63 98,92 94,00 69,95
(Direct & Iundirect
Capital Costs)
Total Capacity 62,84 43,92 36.71 26,71 21,54 20,52 19,74 11,93
Penalty {(Capacity ’
& Auxiliary Power)
Total Operating Penalty 39.41 21,50 18.85 18,73 18,72 19,81 20.20 13.61
(Replacement & Auxiliary
Energles, Make-up Water
& Maintenance)
Total Evaluated 178,57 211.44 171.30 155,62 143,88 139.25 133,94 95,49
Cost (Sum of Capital &
Penalty Costs)

* H-High Back Pressure Turbine

* L-cConventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower




TABLE 4.13
BASE COOLING SYSTEM COST AND MAKE-UP WATER PENALTY COST COMPONENTS (310‘)

SITE: ROCK SPRINGS, WYOMING YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (S1)
Percentage Make-up Requirement#
Mechanical Series Wat/Dry
Mech. Mech. Mech,
bry (H)* | Dry (L)t 2 10 20 30 40 Wet
Capitsl Cost:
Cooling Tower 37.67 86.86 48.49 41,81 36.69 34.51 30.84 11,80
Condenser 10.79 11.18 11,28 10, 84 10.22 9.25 8.90 10,15
Circulating Water System 7.40 7.74 10.86 10.33 9.40 7.98 7.87 6.50
Electric Equipment 5.19 11,02 7.97 6.87 5.94 5.36 4.64 | 1.48
Indirect Cost 15.26 29,20 19.65 17.47 15.56 14.27 13.06 7.47
Total Capital Cost of
Base Cooling System+ 76.32 146,01 98.25 87.32 77.81 71.37 65,31 37.40
B
i Penalty Cost:
I Capacity Loss 52.39 24,26 23,86 14,30 9.64 9.64 9.64 5.14
Power for Tower Fans &
Circulating Water Pumps 10,46 19.66 12,24 11.42 10,67 9.53 8.65 5.04
Replacement Energy 27.49 0.37 4,48 5.34 5.68 7.20 7.73 1.74
Fan Energy & Circulating '
Water Pusying Enaray 8.22 14.30 9.41 8.36 7.76 7.13 6.62 3.99
Cooling System Maintenance 3.70 6.84 4.84 4.41 3,99 3.60 3.31 1.78
’Ibt_alx' Penalty Cost of
Base Cooling System¥* 102.25 65.43 54,83 43.83 37.74 37.10 35.95 17.69
Make=up Water Penalty Cost:
Make-up Water Purchase &
Treatment Cost 0,00 0.00 0.10 0.50 1.05 1.52 2.07 4,98
Capital Cost for Make-up .
Water Supply Facilitiestt 0.00 0.00 17.49 22.85 25,81 27.55 28.68 32.55
Power and Energy Cost for
Pumping Make-up Water 0.00 0.00 0.63 1.12 1.47 1.71 1,92 2.87
Total Make-up Water Peralt:
coaz ? 7 0.00 0,00 18.22 24.47 28.33 30.78 32,67 40.40
Total Evaluated Cost of the .
Complete Cooling System 178.57 211,44 171.30 155.62 143,88 119.25 133.94 95,49
* H - High Back Pressure Turbine %% Bage Cooling System ~ Cooling
Bystem without make~up and
t L - Low Back Pressure Turbine water treatment facilities

4t Including 25% direct capital cost as

# Percentage of annual make-up required by optimized wet tower indirect capltal cost
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TABLE

4.14

MAJOR COST SUMMARY FOR OPTIMIZED COOLING TOWER SYSTEMS ($106)

SITE: NEW HAMPTON, NEW YORK YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (51)
Percentage Make-up Requlrement#
Mech. Mech. Mechanical Series Wet/Dry Mech.
t

Item Dry (H)* | Dry (L) 2 10 20 30 40 Wet
Total Capital Cost 75.34 | 141,14 115,22 110.83 107.49 | 99.31 92,95 68,92
(Pirect & Imdirect
Capital Costs)
Total Capacity 64.70 44,54 | 37.74 27.78 22,80 | 21.80 21.43 13.64
Penalty (Capacity )
& Auxiliary Power)
Total Operating Penalty 156.86 .68.64 68.52 66.30 63.70 67.75 70.71 28.94
{Replacement & Auxiliary
Energtes, Make-up Water
& Maintenance)
Total Evaluated 296.90 254.32 [221.48 204.91 193.99 | 188.86 185.09 111.50
Cost (Sum of Capital &
Penalty Costs)

* H-High Back Pressure Turbine
t 1 -Conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower




TABLE 4.18
BASE COOLING SYSTEM COST AND MAKE-UP WATER PENALTY COST COMPONENTS (3108)

SITE: NEW HAMPTON, NEW YORK YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (S1)
Percentage Make-up Requirement#
Mechanical Series Wet/Dry )
Mech, Mech, Mech.
Dry (R)* | Dry (L)* 2 10 20 30 40 Wet
Capital Cost:
Cooling Tower 36.98 75,69 49.70 46,01 42,67 37.82 32,94 15.93
Condenser 10.79 14.39 11.82 10,82 10.45 10,15 10.17 10.83
Circulating Water System 7.40 12,67 11,63 10.58 10.53 9.48 9.56 7.53
Electric Equipment 5.11 10.16 8.20 7.42 6,77 5.73 5.04 1.92
Indirect Cost 15.06 28,23 20,33 18.71 17.60 15.79 14.42 9.06
Total Capital Cost of
Base 0,,0‘{1“8 Systemk 75.34 11,14 101,68 93,54 88,02 78.97 72.13 45.27
Penalty Cost:
Capacity Loss 54.29 24,72 23.99 14,30 9.65 9.65 9.64 5.99
Power for Tower Fans & .
Clrculating Water Pumps £ 10,41 15.83 13,14 12.54 12.00 10,90 10.5¢ 6.09
Replacement Energy 118,09 1,03 21,20 23,45 22,18 28.99 32.13 2,36
Fan Energy & Clrculatin .
Water Puising Energy 35,11 60.62 42.26 37.66 36.00 33.46 33.11 20.16
Cooling System Maintenance 3.66 6.98 5.00 4.75 4.65 4.01 3.74 2.21
Total Penalty Cost of
Base Cooling System 221.56 113.18 105,57 92.70 B4.48 B7.01 89.13 36.81
Make-up Water Penalty Cost:
Make-up Water Purchase & .
Treatment Cost 0.00 0.00 0.01 0.03 0.06 0.09 0.12 0.30
Capital Cost for Make-up 0.00 1 17.29 19.47 20,34 82
Water Supply Facilitiestt 0.00 3.54 7. , .3 20, 23.66
Power and Energy Cost for .
Pumping Make-up Water 0.00 0.00 0.68 1.35 1,96 2.45 2.89 5.46
Total Make~up Water Penalt
Cost P Y1 o.00 0.00 14,23 18.67 21.49 22.88 23.83 29.42
Total Evaluated Cost of the .
. . 32 N 204 . . .
Complete Cooling System 296,90 254,13 221,48 204.91 193,99 188.86 185.09 111,50
% I - High Back Pressure Turbine *k Bgse Oooling Syscem - Cooling
aystem without make-up and
¢ L - Low Back Presaure Turbine water treatment facilities
# Percentage of annual make-up required by optimized wet tower 4+ Including 25% direct capital cost as

indirect capital cost
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Total Evaluated Cost ($106)
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Figure 4.3 Effect of Approach Temperature on the Optimum Selection of the
Wet Tower System (Kaiparowits, Mechanical Wet Tower, 198S5)
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SECTION 5

ENGINEERING EVALUATION AND ECONOMIC SENSITIVITY ANALYSIS OF
WET/DRY COOLING SYSTEMS FOR WATER CONSERVATION

5.1 TINTRODUCTION

This chapter describes the engineering and economic evaluation of wet/dry
cooling towers for water conservation. The major objectives of this
evaluation are to determine the effect of the wet/dry tower system design
parameters on the economics of wet/dry cooling and to compare the costs of
the three types (see Section 3,2.2) of wet/dry tower systems. To accomplish
these objectives, a systematic study of each of the three systems was per-
formed using the Kaiparowits, Utah site conditions. Two operational modes,
S1 and S2, were considered., Conventional low back-pressure turbines limited
to 5 in-HgA (127 mm-HgA) were employed.

5.2 [EVALUATION OF SYSTEM CONFIGURATION AND OPERATING MODE
This section presents the results of a cost comparison of the operating
modes and the wet/dry system configurations (mechanical series, mechanical

parallel, natural series). All comparisons are based on optimized systems.

5.2.1 Operating Mode

An optimization was performed for mechanical series. wet/dry tower systems
operating in both the S1 and S2 modes. For each of the operational modes,
the optimized systems were obtained for a series of specific make-up water
requirements in increments of five percent. Comparison was made between
the two modes to select the least cost system.

Figure 5.1 shows the total evaluated cost versus percentage make-up for
wet/dry systems operating in the S1 mode optimized at constant specified
back-pressures. Each constant back-pressure curve is obtained by plotting
the minimum total evaluated cost of different percentage make-up systems
optimized at that back~pressure, Figure 5.2 shows similar information for
systems operating in Mode S2, Comparison of these two figures shows a
fundamental difference. Operating in Mode S1, the optimum design back-pres-
sure changes as the percentage make-up requirement changes, TFor systems
operating in Mode S2, however, the minimum cost system always occurs at the
maximum specified design back-pressure (5 in-HgA [127 mm-HgA]).

The summary results of the design, cost and penalty of the optimized systems

for the S1 mode are given in Tables 4.2 through 4.5 for the Kaiparowits site.
The summary results of design, cost and penalty of the optimized systems for
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the S2 mode are given in Tables 5.1, 5.2 and 5.3 Detailed results are given
in Appendices F and G.

Comparisons between the tabulated results for the S2 mode and the corres-
ponding results for the S1 mode presented in Section 4 indicate for the same
make-up percentage: 1) the system optimized for the S1 mode requires more
wet cells and less dry cells than that for the $2 mode, and 2) the optimum
systems designed for the S1 mode have consistently lower capacity penalty
cost, but higher energy cost.

A graphical comparison of the total evaluated costs of the optimized systems
for the S1 and S2 modes are given in Figure 5.3. The figure shows that ex-
cept for the 40 percent system the costs of the wet/dry systems designed to
operate in the Sl mode are consistently less expensive than those designed
to operate in the S2 mode. For this reason, the optimized systems presented
in Section 4 for the mechanical series are all designed to operate in the Sl
mode.

5.2.2 Mechanical Series vs. Mechanical Parallel

Detailed calculations for the parallel water flow configurations were
limited to Mode Pl because, analogous to series-connected wet/dry systems,
this operational mode was consistently less expensive than Mode P2.

A summary of the data for the optimized systems is given in Tables 5.4
through 5.6. Detailed results are given in Appendix H. A direct comparison
of the capital and penalty costs for the series and parallel systems is
given in Figure 5.4,

The comparison shows that the parallel systems are consistently more expen-
sive than the corresponding series systems. For systems with percentage
make-up less than 20 percent, the capital costs of the two types of systems
are approximately equal with the penalty costs accounting for most of the
difference in the total. For systems greater than 20 percent, the cost dis-
advantage of the parallel system is primarily in the capital cost.

5.2.3 Mechanical Series vs., Natural Series

In comparison with mechanical draft towers, the capital cost of the natural
draft cooling towers designed for the same heat rejection capability can be
more expensive than the mechanical draft because of the costs associated
with the massive concrete shell. The natural draft system can be less
expensive in terms of total evaluated cost because of the elimination of
both capacity and energy penalties for the cooling tower fans and a reduc-
tion in electrical equipment costs., To determine 1if there is an economic
advantage available with the use of natural draft dry towers, an evaluation
of the natural series wet/dry cooling system was performed.

A summary of the data for the optimized systems is given in Tables 5.7
through 5.9. Detailed results are given in Appendix I. A direct comparison
of capital, penalty, and total evaluated costs for the mechanical series

and natural series systems is given in Figure 5,5. The comparison of total
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evaluated costs demonstrates an economic advantage of natural over mechanical
series systems, for higher percentage make-up requirements,

This comparison clearly shows the trade-off of capital and auxiliary penalty
costs between the two types of systems. For the twenty percent make-up sys-
tem, the auxiliary penalty advantage of the natural draft system is practi-

cally offset by the capital cost of the tower, and the overall advantage of

the natural draft system is small., This advantage increases with increasing
percentage make-up requirement.

5.2.4 Comparison of the Three Types of Wet/Dry Cooling Systems

The overall comparison of the total evaluated cost of the three types of
wet/dry tower systems is shown in Figure 5.6. This comparison is included
to better portray the relative economic advantages of the three systems.

While the natural draft system enjoys a cost advantage, the economic and
performance data available from the manufacturers for natural draft dry
towers are limited. TFor this reason, there is some uncertainty associated
with the economics and performance values developed. The major advantage
of the mechanical draft system is its engineering and operational flexi-
bility. The modules are small, easily isolated for maintenance and repair.

The operation can be reasonably well predicted since the airflow is control-
led.

5.3 ECONOMIC SENSITIVITY ANALYSIS

The results presented in Sections 4 and 5.2 are projected 1985 costs based

on one set of economic factors. The principal economic factors which in-
fluence the cooling system design and system costs are: replacement capacity
charge ($/kWe), fuel cost ($/MBtu or $/Joule), annual fixed charge rate
(percent) and escalation rates of material, equipment and labor (percent).

A comprehensive economic sensitivity analysis was completed to detemmine

the effects that changes in the economic parameters will have on system size,
capital cost, and the total evaluated cost.

All of the systems described so far were optimized using a base set of
economic data representative of a 1985 start-up date. These systems are
referred to as the 'base systems'", The economic sensitivity analysis is
divided into two parts. In the first part, each cooling system was reopti-
mized using the economic factors shown in Table 5.10. This part of the
sensitivity analysis is called '"optimization analysis'. For this optimiza-
tion, each of the four factors was varied sequentially while keeping the
other three factors constant. 1In this way, optimized systems for each new
set of economic factors were obtained.

A second part of the sensitivity analysis is called "transfer analysis'.

In this analysis, the '"base system'" design is kept unchanged, and the indi-
vidual elements of the capital and penalty costs are adjusted by prorating

the cost elements affected by the new economic factors. Finally, a compari-
son is made between the results of the "transfer" and "optimization" analyses.
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The objectives of the sensitivity analysis were: (1) to determine how much
change would occur in the total evaluated cost of each of the optimized
cooling systems in response to the changes in economic factors; (2) to
determine how sensitive is the selection of the optimum design to changes
in the economic factors; and (3) to determine whether the '"transfer" type
analysis can be used to estimate the minimum total evaluated cost of cooling
systems without introducing significant errors.

5.3.1 Results of Economic Sensitivity Analysis

The sensitivity of the total evaluated cost corresponding to the change in
economics is shown in Table 5.11. 1In this table, the data are given in
terms of percentage change in the total evaluated costs relative to the

base values. The results presented can be used to estimate the total evalua-

ted costs of the tower systems for economic factors other than those used in
the base analysis.

The transfer analysis is performed by taking the '"base system' design and
adjusting the total evaluated cost for the new economics. For example, if
the escalation rate was 12 percent per year, rather than 6 percent, all of
the capital cost elements would be increased proportionately to provide a
new total evaluated cost value. Comparisons of the results of the "trans-
ferred analysis" and the optimization analysis are shown in Figures 5.7
through 5.10., The format for each of the figures is described below:

1. A single bar representing the optimum base 1985 cooling system
fixed charge rate of 18 percent, fuel cost of $1.00/MBtu
$0.95/GJ), replacement capacity of $485/kWe, material escala-

tion multiplier of 1.91 and labor escalation multiplier of
2.29).

2. Two sets of bars which represent the impact of the fixed
charge rate (12.5% and 25%).

3. Three sets of bars which represent the impact of material/labor
cost escalations (0%/0%, 12.2%/16.6%, 19%/21%).

4. Three sets of bars which represent the three fuel costs ($0.50,

$2.50 and $5/MBtu [$0.47, $2.37 and $4.74/G3)).

5. Three sets of bars which represent the three replacement

capacity charges ($225, $700 and $970/kWe).

By referring to the results shown in Figures 5.7 through 5.10, the following
observations can be made:

l. 1n most cases, variations of economic factors result in differ-
ent optimum cooling system designs. This 1s reflected in the
bar graphs by the slight difference in capital costs between
the optimized systems and the "transferred" systems. Among
the four factors studied, the trend is as follows:

a) Capital costs escalations (material and labor) have the

strongest effect of the selection of the optimized
systems. In almost all cases involving the effect of
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capital cost escalation, the reoptimized systems result

in significantly different designs compared to the ''trans-
ferred" systems.

b) Variation of annual fixed charge rate has minimal effect
on the selection of optimum systems, resulting in almost

the same costs for the optimized and the '"transferred"
systems.

2. Even for the large variations used in this study, e.g., material
and labor cost escalations which are three times the base
value, fuel charges five times the vase value and capacity
charges two times the base value, the difference in total

evaluated cost between the optimized and transferred systems
is less than four percent.

5.3.2 Conclusion of Economic Sensiltivity Analysis

An important conclusion can be drawn from the sensitivity analysis which
is useful for cost estimating purposes. In response to changing economics,
the minimum total evaluated cost of a cooling system can be estimated from
an optimized "base system" without requiring reoptimization using the new
set of economic factors. The adjustment can be made by simply prorating
the cost elements comprising the total evaluated cost of the base system.
A similar economic sensitivity analysis performed for nuclear power plant
cooling systems (1) has reached the same conclusion.

61



(4]

TABLE 5.1

MAJOR DESIGN DATA FOR THE OPTIMIZED COOLING TOWER SYSTEMS

SITE: KATPAROWITS, UTAH BASE OUTPUT: 1039 MWe WET/DRY TYPE: MECHANICAL SERIES (§2)
Percentage Make-up Requirement#
Mech, Mechanical Series Wet/Dry Mech.
+
Item Dry ()* | Dry (1) 10 20 30 490 et
Number of Tower Cells, bl 11/105 11/87 12/75 13/63 ek
Wet Tower/Dry Tower
Maximum Operating Back 5.00 5.00 5,00 5.00
Pressure P ., in-HgA (127.0) (127.0)] (127.0) (127.0)
(=m-HgA)
Gross Plant Qutput at 989.8 989.8 989.8 989.8
MWle
Heat Load at Pgax, 109 4.62 4.62 4,62 4,62
Btu/hr (1012 J/hr) (4.87) .87 ] (4.8 4.87)
Heat Load Distribution 59.5/ 65.7/ 70.4/ 74.8/
at Ppay, (Wet Tower/Dry 40.5 34.3 29.6 25.2
Tower), %
Annual Make-up Water 2.85 5.55 8.37 10,99
for Wet Towers, 108 gal (1.08) (2.10) (3.17) (4.16)
(106 m3)

* H-High Back Pressure Turbine
t L-Conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower

** Given in Table 4,2
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TABLE 5.2

MAJOR COST SUMMARY FOR OPTIMIZED COOLING TOWER SYSTEMS ($106)

SITE: KATPARQOWITS, UTAH YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (52)
Percentage Make-up Requirement?®
Mech. Hech.' Mechanical Series Wet/Dry Mech.
.Dry ()* | Dry (L) Wet
ltem 10 20 30 40
Total Capital Cost *k bl 109.94 101.15 94,88 89.02 *k
(Direct & Indirect
Capital Costs)
Total Capacity 38.40 37.76 36.85. 36.39
Penalty (Capacity
& Auxiliary Power)
Total Operating Penalty 16.76 16,74 16.50 17.09
(Replacement & Auxiliaxy
Energles, Make~up Water
& Maintenance)
Total Evaluated 165.10 155.65 148.23 142,50
Cost (Sum of Capital &
Penalty Costs)

* H-High Back Pressure Turbine

' L-conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower

~%% Given in Table 4.3
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MAJOR CAPITAL. AND PENALTY COST COMPONENTS FOR OPTIMIZED COOLING TOWER SYSTEMS ($106)A

TABLE 5.3

SITE: KAIPAROWITS, UTAH YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (S2)
Mech. Mech. [Percentage Make-up Requirement-Mech. Ser. Wet/Dry} Mech.
Dry (H)* | Dry (L)' Vet
10 20 30 40

Capital Cost: *k e bl
Cooling Tower 43,08 36.79 33.23 29,60
Condenser. 10.88 10.48 9.80 9.32
Circulating Water System 10.15 9.75 8.92 8.18
Make-up Pacllity 16.83 17.84 18.60 19.35
Electrical Equipment 7.01 6.06 5.35 4.77
Indirect Cost 21,99 20.23 18.98 12.80
Total Capital Cost 109.94 | 101.15 94.88 89.02

Penalty Cost:

Capacity 23,82 23.82 23.67 23,65
Auxiliary Power 14.58 13.94 13.18 12,74
Replacement Energy 3.31 . 3.49 3.33 3.62
Auxiliary Energy 8.42 8.13 7.94 7.94
Make-up Water 0.54 1.05 1.58 2,08
Cooling System Maintenance &.49 4.08 3.65 3.46
Total Penalty 55.16 54,50 53.35 53.48

* H-High Back Pressure Turbine

¥ L-conventional Low Back Pressure Turbine

# Percentage of annual make-up required by optimized wet tower

** Given in Table 4.4
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TABLE 5.4

MAJOR DESIGN DATA FOR THE OPTIMIZED COOLING TOWER SYSTEMS

SITE: KXAIPAROWITS, UTAH

BASE OUTPUT:

1039 Mwe WET/DRY TYPE: MECHANICAL PARALLEL (P1)

Percentage Make-up Requirement #

Mech. Mech. . Mechanical Parallel Wet /Doy Mech.
Ttem Dry ()* | Dry (L) 2 | 10 20 30 Wet
Number of Tower Cells, *% *k 9/123 11/88 16/77 17/64 *
Wet Tower/Dry Tower
Maximum dperating Back 5.0 5.0 4.0 4.0
Pressure P .., in-HgA (127.0) (127.0) (101.6) (101.6)
(mm-HgA)
Gross Plant Qutput at 989.8 989.8 1009.5 1009.5
Ppaxs MuWe
Heat Load at 109 6,62 4.62 4.55 4,55
Btu/hr (1012 J'?ﬁx) (4.87) (4.87) (4.80) (4.80)
Heat Ldad Distribution 35.9/ 39.1/ 42.7/ 47.3/
at Ppax, {(Wet Tower/Dry 64.1 . 60.9 | - 57.3 52.7
Tower), %
Annual Make-up Water ) 0,607 2,718 } 5.21 8.35
for Wet Towers, 108 gal (0.230) (1.05) (1.97) (3.16)
(106 w3y

* H~High Back Pressure Turbine
t L-Conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower

*% Given in Table 4.2




_ TABLE 5.5
MAJOR COST SUMMARY FOR OPTIMIZED COOLING TOWER SYSTEMS ($10%)

99

SITE: KAIPAROWITS,v UTAH YEAR: 1985 WET/DRY TYPE: MECHANICAL PARALLEL (P1)
Percentage Make-up Requirement#
Mech. Mech. . - Mechanical Parallel Wet/Dry Mech.
* .
Item bry (#)* | Dry (L) 2 10 20 30 Vet .
Total Capital Cost ¥k *% 120.87 -104.31 108.22 102.24 *k

(Direct & Indirect
Capital Costs)

Total Capacity : 39,28 37.63 29,51 1 28.92
Penalty (Capacity :
& Auxiliary Power)

Total Operating Penalty 4 18.08 22.17 21.35 23.70
(Replacement & Auxiliary .

‘Energies, Make-up Water
& Maintenance)

Total Evaluated 178.23 164.10 159.08 154.86
Cost (Sum of Capital &
Penalty Costs)

: ** GL 1 ble 4.3
* H-High Back Pressure Turbine ven in Table

t L-Conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower
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MAJOR CAPITAL AND PENALTY COST COMPONENTS FOR OPTIMIZED COOLING TOWER SYSTEMS ($106)

TABLE 5.6

SITE: KATPAROWITS, UTAH YEAR: 1985 WET/DRY TYPE: MECHANICAL PARALLEL (Pl)
Mech. Mech. Percentage Make-up Requirement-Mech. Para. Wet/D Mech.
bry (H)* | bry (L)' 2 10 20 30 Wet
Capital Cost: *% *% **
Cooling Tower 48.19 37.13 36.26 32.36
Condenser 11.79 10.44 10.83 10.44
Circulating Water System 12.31 10,59 12.03 11.73
Make-up Facility 16,4} 19.09 21.38 21.80
Electrical Equipment 7.99 6.20 6.09 5.47
Indirect Cost 24.17 20.86 21.64 20.45
Total Capital Cost 120,87 104,31 108.22 102.24
Penalty Cost:
Capacity 23.86 23.86 " 14.30 14.30
Auxiliary Power 15.642 13.77 15.21 14.63
Replacement Energy 3.53 9.86 7.99 10.05
Auxiliary Energy 9.32 7.45 7.73 7.62
Make-up Water 0.12 0,52 0.98 1.58
Cooling System Maintenance 5.10 4.33 4.65 4.h4
Total Penalty 57.36 59.80 50.86 52.62

* H-High Back Pressure Turbine
Y 1~Conventional Low Back Pressure Turbine

# Percentage of annual make-up required by optimized wet tower

%% Given in Table 4.4
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TABLE 5.7

MAJOR DESIGN DATA FOR THE OPTIMIZED COOLING TOWER SYSTEMS

SITE: KATPAROWITS, UTAH BASE OUTPUT: 1039 MWe WET/DRY TYPE: MNATURAL SERIES (S1)
Percentage Make-up Requirement#
Mech. Mech. . Natural Series Wet/Dry Mech,
Item Dry ()* | bry (L) 2 10 20 30 40 Wet
Number of Wet Tower Cells o *x 10 12 17 18 18 %
Number of Dry Towers 2 1 1 1 1
Number of Heat Exchangers 268 302 298 240 198
per Tower
Diameter/Height, ft (m) Yaa1/449 | 4977495 | 4907442 | 3957400 | 3267352
K134/137) | (151/151) §(149/135) |(120/122)] (99/107)
Maximum Operating Back Presl 5.0 5.0 4,0 4,0 4.0
sure Pmax’ in-HgA (mm-HgA) (127.0) (127.0) (101.6) (101.6) (101.6)
Gross Plant Output at 989.8 989.8 1009.5 1009.5 | 1009.5
Poax> MWe
Heat Load at B, ., 10° 4.62 4,62 4.55 4.55 4.55
Bew/hr (1012 57hr) .87y | «.81) | .80y | 4.80) | ¢4.80)
Heat Load Distribution 61.6/ 76.1/ 87.1/ 89.7/ 92.0/
at Ppo., (Wet Tower/Dry 38.4° 23.9 12,9 10.3 8.0
Towegg s %
Annual Make-up Water 0.583 2.75 5.40 8.23 11.51
for Wet Towers, 10° gal (0.221) | (1.04) (2.04) (3.12) (4.36)
(106 md)
* H-High Back Pressure Turbine ** Given in Table 4.2

' L-Conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower




69

TABLE 5.8
MAJOR COST SUMMARY FOR OPTIMIZED COOLING TOWER SYSTEMS ($106)

SITE: KAIPAROWITS, UTAH YEAR: 1985 WET/DRY TYPE: NATURAL SERIES ,(S1)
Percéntage Make-up Requirement#
Mech. Mech. Natural Series Wet/Dry Mech.
* t

Item Dry (i)* | bry (L) 2 10 20 30 40 Wet
Total Capital Cost *k * 144,97 111.92 111.40 | 103.12 96.32 ek
(Direct & Indirect
Capital Costs)
Total Capacity 31.45 31.90 23.32 23.46 23.57
Penalty (Capacity
& Auxiliary Power)
Total Operating Penalty 9.63 15.66 14.94 17.82 20,23
(Replacement & Auxiliary
Energies, Make-up Water
& Maintenance)
Total Evaluated 186.0S 159.48 149.65 } 144.40 140.13
Cost (Sum of Capital &
Penalty Costs)

* H-High Back Pressure Turbine
t L-Conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower

** Given in Table 4.3
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TABLE 5.9

MAJOR CAPITAL AND PENALTY COST COMPONENTS FOR OPTIMIZED COOLING TOWER SYSTEMS ($106)

SITE: KATPAROWITS, UTAH YEAR: 1985 WET/DRY TYPE: WNATURAL SERIES (S1)
Mech, Mech. | Percentage Make-up Requirement-Nat. Ser. Wet/Dry [ Mech.
by W* oy W[, | o 20 30 40 Vet
Capital Cost: Kk *t *k

Cooling Tower

Condenser

Circulating Water System

Make-up Facility

Electrical Equipment

Indirect Cost

Total Capital Cost
Penalty Cost:

Capacity

Auxiliary Power

Replacement Energy

Auxiliary Energy

Make-up Water

Cooling System Maintenance

Total Penalty

72.19 46.37 46.91 46.01 40.37

12.41 11.25 10.15 10,13 10.10
12,90 11.06 9.21 9.21 9.22
17.09 19.48 21.34 21.76 22.08
1.40 1.37 1.50 1.54 1.54
29.00 22,38 22,28 20.63 19.26

144.97 111.92 111.40 103.12 96.32

23.86 23.86 14.30 14.30 14.31

7.59 8.05 9.02 9.16 9.27
2.9 9.29 7.65 9.60 10.84
2.48 2,63 3.20 3.74 4.42
0.11 0.52 1.02 1.55 2.17
4.10 3.21 3.07 2.92 2.79

41.08 47.56 38.26 41.27 43.81

* H-High Back Pressure Turbine
"t 1 .Conventional Low Back Pressure Turbine

** Given in Table 4.4




TABLE 5.10

FACTORS USED FOR ECONOMIC SENSITIVITY ANALYSIS*

BASE
Variable 1985
Replacement Capacity, $/kWe 485 225 700 970
Fuel Cost, ¢/MBtu (¢/GJ) 100 (95) 50 (47) 250 (237) 500 (474)
Annual Fixed Charge Rate, % 18 12.5 25
MATERIAL 1,91 1.10 3.30 5.75
AND (6.0%) (0.0%) (12.2%) (19.0%)
ESCALATION EQUIPMENT
MULTIPLIER
(ANNUAL RATE)
LABOR 2.29 1.10 4,75 6.75
(8.0%) (0.0%) (16.6%) (21.0%)

* The economic sensitivity analysis is performed by holding any three
of the Base 1985 values constant and changing the fourth value.
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TABLE 5.11

{MPACT OF CHANGING ECONOMICS ON TOTAL EVALUATED COST (KAIPAROWITS, MECHANICAL SERIES, S1 MODE)

L

Percentage Change from Base Optimuem, %
Sensitivity Parameters Mech. Percentage Make~up Requirement - Mechamical Series Wet/Dry Mech.
Dry* 22 107 30% 0% Wet
Anmual Fixed Charge Rate, % = 12,5 + 9.0 4.4 + 5.7 + 6.2 + 7.1 + 7.3 + 6.9
(18] w= = 25,0 - 5.7 - 2.8 - 3.6 - 3.9 - 4.5 - 4.8 - 3.7
Fuel Cost, $/MBru ($/GJ) = 0.50 (0.47) - 7.0 - 2.7 - 3.8 - 4.1 - 4.8 - 5.1 - 2.4
[1.00 (0.95)] ** = 2.50 (2.37) +21.1 + 8.1 + 10,5 + 12.2 + 12,4 + 13.1 + 9.0
= 5.00 (4.74) + 56.2 + 21.4 + 26.6 +29.6 + 32,0 + 33.8 +22.9
Beplacement Capacity Cost, $/kW = 225 - 20.6 - 11.9 - 12,0 - 10.4 - 10.2 - 10.3 - 10.6
(4851 #= = 700 + 16.0 + 9.8 + 9.1 + 8.3 + 8.1 + 8.1 + 8.5
= 970 + 34.5 + 22,2 + 19.4 + 18.8 + 17.3 + 17.4 + 18.4
Bscalation Mulriplier =  1.1/1.1 - 20,7 - 33.2 - 32.6 - 32.5 - 32,7 - 32.2 - 32,3
(Material/Labor)
[1.91/2.29] bad = 3,30/4.75 + 35.1 + 58.6 + 55.7 + 56.4 + 56.1 + 55.8 + 58.4
= 5.75/6.75 + 8%.4 +140.8 +130.9 +128.3 +128.3 +123.7 +126.9
* High back pressure turbine
%% Base econcmic value
Nech. rcent = t - hanica t/Dry Mech.
Dry* 2% 10% 207% 30% 407 Wet

Base Total Evaluated Cost, s108 189.09 177.55 159.27 151.56 147.69 145.19 104,81
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SECTION 6

MATHEMATICAL MODEL FOR PLUME ABATEMENT ANALYSIS

6.1 INTRODUCTION

Fog from cooling towers occurs when a visible vapor plume containing liquid
water vapor droplets impacts the ground and reduces ambient visibility. Two
methods can be used to minimize this occurrence: (1) raise the height of the
visible plume centerline, or (2) reduce the moisture content of the plume.

The purpose of the plume abatement study was to assess the economic impact of
adding dry cooling sections on top of low profile mechanical draft cooling
towers to reduce the frequency of ground fogging. A tower designed with both
dry and wet sections contained in one structure and functioning as a single
unit is termed a hybrid wet/dry cooling tower and is shown in Figure 3.7.

In this section, the mathematical model for evaluating the plume impact of
cooling towers is presented. The optimization analysis which combines the
fogging evaluation and economic evaluation of the hybrid wet/dry tower is
presented in Section 7.

6.2 PLUME RISE AND DISPERSION

In order to determine whether the plume from an evaporative cooling tower
will touch the ground and cause surface fogging, the final height of the
plume, and the length, spread and density of the visible plume must be eval-
uated.

6.2.1 Plume Rise

Cooling tower plumes have been observed to be highly turbulent (8). One ex-
planation for this highly turbulent nature is that the energy released in the
form of latent heat enhances convective mixing within the plume and does not
significantly contribute to the overall rise of the plume. Following this
line of reasoning, only the sensible heat portion of the total heat in the
plume was used in the plume rise calculation. This same assumption has been
used by several investigators of plume rise from cooling towers (9, 10). The
calculated plume rises which result from the use of sensible heat alone repre-
sent conservative values because the predicted final rise of the plume is
lower than would be predicted by including the latent heat. This lower final
plume rise increases the probability that the plume will impact the ground
causing fog.
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One of the more widely accepted formulae for predicting plume rise has been
proposed by Briggs (1l1) and is stated as follows:

where:

Ah

X

Equation 6-1
a neutral or

An = 1.6 7l/3 g 2/3 1 (6-1)

plume rise above stack, ft (m).

= buoyancy flux parameter, ft4/s3 (m4/s3).

= (1 -%,k) gW,r 2.

= density of plume at tower exit, 1b/fe3 (g/m3).
= density of ambient air, 1b/ft3 (g/m3).

= acceleration due to gravity, ft/é2 (m/s2).

= plume exit velocity, ft/s (m/s).

= radius of tower at top, ft (m).

= average wind speed at top of tower, ft/s (m/s).

i

horizontal distance downwind of tower, ft (m).

expresses the plume rise as a function of downwind distance in
unstable atmosphere. The maximum plume rise occurs at a down-

wind distance Xpmax. Briggs reports this distance to be 119¥2/5 for neutral

and unstable

Under stable

conditions.

conditions, Briggs recommends the following formula for the

maximum rise of the plume centerline (11):

where:
S
S =
9 =
'I‘ =
VA =

1/3
Ab ., = 2.9 (~ﬂ€§—) (6-2)

restoring acceleration per unit vertical displacement
for adiabatic motion in the atmosphere (3-2)_

g ¢ E-1°) )
T Y
potential temperature of the atmosphere, °R (©K).

absolute temperature of the atmosphere, °R (°K).

elevation above ground, ft (m).
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The constant 1.6 in Equation 6-]1 is associated with an entrainment parameter
of ¥= 0.6, which has been postulated for chimney plumes (12) as indicated

below:
3 U3
C = -?. (6-3)
C1 = 1.6 when ¥= 0.6

In 27§h plume rise formulae 6-1 and 6-2, the comstants are proportional to
K_ L

It has been noted that a cooling tower plume is highly turbulent and it
should be expected that this turbulence is accompanied by increased entrain-
ment as compared with a chimney-stack plume., This expectation has been
supported by observational evidence of cooling tower plumes presented by
Slawson et al. (10). Slawson found best agreement between observed and cal-
culated plume rises by assuming a constant of 1.0 or 1.5 in Equation 6-1.

An entrainment parameter of ¥ = 0.8 corresponds to a constant of 1.3, and is
a reasonable fit to data reported by Slawson.

As a result, an entrainment parameter of ¥ = 0.8 has been assumed for the
cooling tower plume rise., This results in a reduction of estimated plume
rise, and Equations 6-1 and 6-2 now become:

Anh = 1.3 Fl/3 x 2/3 y-1 (6-4)

1/3
Biygx = 2.4 (i) (6-5)

For natural draft towers, the entire amount of sensible heat in the plume is
assumed to contribute to plume rise. For the rectangular (line) induced
draft towers, the sensible heat from two cells is used to simulate the rise
of the plume from a bank of cells., This assumption is supported by an analy-
sis of a bank of seven mechanical draft towers as reported by the Applied
Physics Laboratory of Johns Hopkins University (12).

This study concluded that the seven~port plume trajectory was best predicted
by assuming: (1) the exit conditions and buoyancy flux of a single-port
plume, and (2) an entrainment constant of ¥= 0.55. This is approximately
equivalent to using the buoyancy flux (F) for two cells and an entrainment
parameter of 0.8, Hence, the use of the sensible heat emitted from two cells

in Equations 6-4 and 6-5 is compatible with the conclusion of the Johns
Hopkins Study (12).

At present there have been no studies published which describe the behavior
of plumes from very large installations of mechanical draft towers. It is
recognized that the cooling towers studied in this report (25 to 40 cells)
are significantly larger than the "seven-cell tower studied by Meyer (12).
However, based upon common design practice, the number of cells per bank has
been limited to less than 13 in this study. For the 25-cell cooling tower,
one bank of 12 cells and one of 13 cells were assumed. The 40-cell tower is
assumed to have four banks of ten cells each. A distance of one-half of the
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length of a bank is provided between banks. For example, approximately 230
feet separate the two banks of the 25-cell tower. Due to this large initial
separation of the plumes, it is reasonable to assume that the plumes grow
independently. The extrapolation of the results from a seven-cell cooling
tower study to a 10~-to 13-cell bank utilizes the best data available for the
prediction of cooling tower plume behavior.

6.2.2 Length and Spread of the Visible Plume

The length of the visible plume is a function of tower operating conditions:
ambient saturation deficit, wind speed, and the rate of entrainment of am-
bient air into the cooling tower plume. At the end of the visible plume, a
sufficient amount of drier ambient air has been mixed with the moist cooling
tower effluent to reduce the water content of the plume to a level below the
saturation value.

One method of estimating the spread of the plume is to express the radius of
the plume as a function of the initial radius, exit velocity, wind speed,
plume centerline heights, and entrainment parameter. This type of relation-
ship has been used by Meyer et al. (12), and Hanna (13):
W, 1/2
Ro= R (—=)  + ¥ @h) (6-6)

where:

R = radius of visible plume, £t (m).

R, = initial radius of plume, ft (m).
W, = exit velocity of plume, ft/s (m/s).
¥ = entrainment parameter for plume spread.

Ideally, the value for Ah would be determined by using either Equation 6-4 or
6-5, depending on atmospheric stability. However, Equation 6-5 applies only
to the maximum rise in the stable case, and would not describe the radius of
the plume at distances other than point of maximum rise. For the stable
case, Briggs has noted that the plume follows the "2/3 power law" to the
point of maximum rise given by Xpax = WwUS™2 (8). For this reason, the ex-
pansion of the plume under all atmospheric conditions is described by using
Equation 6~4 to calculate 8h. Substituting this Equation 6-4 into 6-6 yields
the following expression for the plume radius as a function of downwind
distance X:
w. L/2

Ry = Ry (=) o+ ¥, (L3P 213 41y (6-7y
The maximum height of the centerline of the plume is given by Equation 6-4
with Xpax = 11952/5 (neutral or unstable cases), or by Equation 6-5 (stable
cases).

The visible plume is considered to continue expanding beyond the distance of
maximum rise by Equation 6-7 for those situations where the plume is visible
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beyond Xpax. It should be noted that for both natural draft and induced
draft towers the entire buoyancy flux (F) of the plume was utilized in the
analysis of the spread of the plume. This assumption is consistent with the
results of the study performed by Meyer et al. (12), which concluded that the

visible length was best handled by assuming entrainment into the plume from
all seven cells,

Since the plume rise has been estimated from formulae where x== 0.8, it
might be assumed that ¥g = 0.8 should be substituted in Equation 6-7. It
is noted, however, that Slawson obtained the best agreement with observed
visible plumes by using a value of ¥4 = 0.3, Likewise, Meyer et al. found
it necessary to "tune" their model for visible plume length by introducing
a "peak factor'. The apparent inconsistency probably arises, as suggested
by Meyer (12), from a model which assumes a uniform water vapor content
across the entire visible plume, as opposed to a real condition of a concen-
tration of water vapor toward the center of the plume. It is the edges of
the plume which are eroded most by the ambient atmosphere.

The relative shielding of the plume core from the drier envirommental air can
be accounted for by assuming ¥g = 0.3 in Equation 6-7. However, possible
plume impaction on the ground requires an almost saturated environment.

Under such a condition the edge effect may be less predominant, i.e.,
¥s>0.3, than with lower relative humidities encountered in most field ex-
periments. This consideration of the physical situation, and the observa-
tions summarized in References 9 and 10, led to an estimation of plume shapes
from Equation 6-7 through the use of both ¥ = 0.3 and KS = 0.6. Possible
ground impaction was calculated for these alternative values of ¥g.

The volumetric flow rate of the plume at distance X is:
Vg = T URg? (6-8)

A water vapor balance for the plume yields the following expression for the
water vapor in the plume at any downwind distance X:

a = .‘\%2_ (dg - &) + dg (6-9)
where:
dX = water vapor density at distance X, lb/ft3 (g/m3).
d, = water vapor demsity at tower exit, 1b/ft3 (g/m3).
d, = water vapor density of the ambient air, 1b/ £t (g/m3).
Vo = volumetric flow rate at tower exit, ft3/s (m3/s).

volumetric flow rate at distance X, ft3/s (m3/s).

Similarly the temperature of the plume at distance X is given by:
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Vv

o
= e— - -10
Ty T (To = Tg) + T, (6-10)
where: :
Ty = temperature of plume at distance X, OR (°K).
T0 = plume exit temperature, oRr (OK).

T, = temperature of ambient air, °R °x).

In order for the plume to be visible at a given downwind distance X, the
plume must be supersaturated, i.e., the water vapor content of the plume, d,
must be greater than the saturation value at the plume temperature, dg (Ty).

The difference between dy and dg in an estimate of the liquid water content
of the plume. At the end of the visible plume, the liquid water content is
assumed to be zero.

6.2.3 (Criteria for Ground Level Fogging

In order for the tower plume to cause ground level fogging at a certain dis-
tance from the tower, it is assumed that two conditions must be met simul-
taneously:

1. The plume must be visible (contain liquid water droplets).
2. The radius of the plume must exceed the sum of the plume rise
and tower height.

If the plume has been determined to impact the ground for a particular
weather observation, the liquid water content of the plume and corresponding
visibility reductions are calculated. An experimentally detemined relation-
ship developed by Radford and reported by George (14), is used to estimate
the visibility in the plume from the liquid water content. Figure 6-~1 gives
the relationship in graphical form. The calculated visibility within the
plume is then compared to the natural visibility to determine if (1) the
plume has enhanced (thickened) any existing Patural fog, or (2) if it has
caused the occurrence of ground level fog.

The total number of occurrences or hours of fog caused or enhanced by the
cooling tower within a radius of five kilometers of the tower under construc-
tion is used as a measure of the tower's 'fogging potential'. Each occur-
rence of fog is counted as three hours in the results presented in the next
section because the meteorological data used in the fogging analysis were
recorded at three-hour intervals.

6.3 METEOROLOGICAL DATA BASE FOR PLUME ABATEMENT ANALYSIS

In performing the plume abatement analysis, the following ambient meteoro-
logical information is needed:
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Ambient dry bulb temperature
Relative humidity

. Wind speed and direction

+ Visibility

. Cloud cover

. Ceiling height

v SN

This information is available from surface weather observations. Ten recent
years of surface weather observations for each of the four geographical loca-
tions studied in this section were obtained on TD 1440 format tapes from the
National Climatic Center, Asheville, North Carolina, Each ten-year record
contains data for eight observations per day taken at three-hour intervals.

The number of ambient data points for ten years is too numerous to be con-
sidered in the calculations. Therefore, a two-step selection process is
performed for each site to reduce the number of ambient data points for plume
abatement analysis.,

First, all weather observations with relative humidity less than 92 percent
are eliminated, It has been often observed, with the use of the UE&C cooling
tower fogging model, that cases of fogging seldom occur when the ambient
relative humidity is less than about 92 percent.

Second, three years of ambient data with maximum fogging potential are select-
ed from the ten-year data. This is done by performing the plume analysis for
the optimized wet tower system with the data obtained in Step 1 and then
selecting the three years which have the worst fogging conditions.

This selection process yields a different three year data base for each cool-
ing tower location studied., The data bases are presented in Section 7.

In addition to the data selection process described above, the Pasquill

Stability Class is estimated from the surface data and used in the plume rise
portion of the model.

Since the wind speed recorded near the surface is not representative of the

wind speed at the top of the cooling tower, the following power law adjustment
is made:

H 0.2

U = U, (—zo—)

where:
U = wind speed at tower exit height, ft/s (m/s).
U, = measured wind speed, ft/s (m/s).
H = height of cooling tower, ft (m).

2y = height at which wind speed is measured, ft (m).
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A minimum wind speed of 2 knots is assigned to those observations recorded
as calm,

In order to better represent the ambient air entrained into the cooling tower
plume, thre relative humidity is adjusted to account for its vertical gradi-
ent, In certain cases, the relative humidity at plume height will be greater
than that recorded near the surface; in other cases it will be less.

When low clouds are present, the mean humidity between the surface and plume
height is assumed to be the mean value of the surface relative humidity and
100 percent, the value assumed at the cloud base. This adjustment is made
whenever the ceiling height is less than 900 feet.

Another special case which required an adjustment is the nighttime surface
observation with clear sky or scattered clouds, high ground level relative
humidity, and a stable atmosphere (E, F or G Pasquill Stability Category).

This condition usually occurs when the air near the ground is cooled by ra-
diation and brought near the point of saturation. When this occurs, the air
a few hundred feet above the ground is generally drier than the near-surface
air. To more accurately represent the humidity of the entrained air, the
surface relative humidity is reduced by three percent,

A similar adjustment of relative humidity is performed on those observations
where the relative humidity is reported to be above 97 percent when the
ceiling is greater than 800 feet. For these observations, an average rela-
tive humidity of 97 percent is assumed.

6.4 TOGGING DURING AERODYNAMIC DOWNWASH

A cooling tower structure presents an obstacle to the normal flow of the
wind, As a result, a high pressure zone is created on the windward side of
the tower while a low pressure zone in the form of a wake is present immedi-
ately downwind of the tower. When a large turbulent wake is formed, the
vapor plume exiting from the top of the tower can be deflected downward and
captured by the wake. This phenomenon is known as aerodynamic downwash., 1In
certain cases, enough of the plume is drawn into the wake to cause fogging
immediately downwind of the tower.

In general, the turbulent wake extends between 10 and 20 tower heights down-
wind., As a result, any occurrence of cooling tower fog caused by aerodynamic
downwash is expected to be quite localized and limited to the plant site.

The hours of fog presented in this report do nmot include downwash fogging.

In order to evaluate the cooling tower impact on the area surrounding the
plant site, the far-field model presented in Section 6.2 was utilized.
Fogging impact was analyzed at distances ranging from 0.3 to 5 kilometers,
and the 16 cardinal directions.
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Figure 6.1 Relationship Between Liquid Water
Content of Fogs and Visibility (12)
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SECTION 7

ECONOMIC OPTIMIZATION OF WET/DRY TOWERS FOR PLUME ABATEMENT

7.1 TINTRODUCTION

The optimization of wet/dry tower systems for plume abatement includes the
following elements: (1) the determination of sizes and total evaluated costs
of various cooling systems, (2) the determination of fogging potentials of
these cooling systems during annual operation, and (3) the selection of min-
imum total evaluated cost systems from the systems with the same fogging
potentials.

The scope of the plume abatement study includes the evaluation of both the
mechanical draft wet and the mechanical draft hybrid wet/dry tower systenms
at four urban sites across the conterminous United States. The four sites
are: Seattle, Washington; Cleveland, Ohio; Charlotte, North Carolina; and
Newark, New Jersey. These sites are selected on the basis of potential
fogging problems expected from the tower plume and geographic consideration
of sites. A discussion of site selection is given in Appendix C.

Based on the selection process, described in Section 6, to determine the me-

teorological data base at each site, the following data bases are used in the
analysis:

Location Data Base Period
Seattle, Washington \ 1964, 1965, 1966
Cleveland, Ohio 1964, 1966, 1973
Charlotte, North Carolina 1968, 1972, 1973
Newark, New Jersey 1971, 1972, 1975

7.2 DESIGN AND OPTIMIZATION OF WET/DRY TOWERS FOR PLUME ABATEMENT

The design and operational characteristics of wet/dry towers for plume abate-
ment are discussed in Section 3.2.3. These wet/dry towers are assumed to
operate in the wet/dry mode only when the plume fogging potential is great.
This controlled operation is accomplished through the use of meteorological
and plume monitoring and control systems which are connected into the plant's
computer system.

The wet/dry tower systems for plume abatement are optimized for specified
fogging potential. The fogging potential is expressed in terms of the ex-
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pected number of hours per year during which the visible plume impacts the
ground and causes the natural visibility to be reduced to a quarter mile or
less. The optimization analysis is performed in the following three steps.

In the first step, different wet tower systems are designed to handle the
plant heat load by varying the wet tower approach and the cooling range,
The tower systems are then evaluated for thermal performance, capital and
penalty costs, and fogging potential. From these wet tower systems, all of
the systems with the same fogging potential are identified, and the minimum
cost system is selected as the optimized system for each specified fogging
potential, An optimized wet tower system, selected solely on the basis of
economics (Section 3), is referred to as the reference system.

For the economic penalty evaluation, the cumulative ambient dry bulb and co-
incident wet bulb temperature data are used to determine the thermal perfor-
mance of the cooling systems. For the fogging potential, the meteorological
data as discussed in Section 6 are used. The method of economic penalty
evaluation is described in Section 3. The method of evaluating the fogging
potential of a cooling system is described in Section 6.

In the second step, the hybrid wet/dry tower systems are evaluated in a
similar manner with the exception that the plume abatement analyses are per-
formed on the basis of wet/dry mode of operation. The analysis is performed
for hybrid wet/dry towers with dry sections of 5-foot finned tube length in-
crements, starting with a 5-foot section. The minimum cost hybrid wet/dry
system is then identified for each specified fogging potential.

In the third and final step, the minimum cost systems obtained in the above
two steps for wet and wet/dry systems for each specified fogging potential
are compared, and the minimum cost is identified as the optimized system for

the specified fogging potential.
7.3 OPTIMIZATION RESULTS FOR PLUME ABATEMENT TOWER SYSTEMS

7.3.1 Optimization Results for Seattle Site

Seattle has a climate which typically produces much more natural ground fog
than the other sites, During these periods of natural fog, cooling tower
operation in many instances enhances the natural ground fog, further reducing
visibility. Of the total number of hours of cooling tower ground fogging at
Seattle, approximately 75% are associated with the occurrence of natural
ground fog. Results of this study at Seattle are presented in two sets of
tables. One set contains design and cost information pertaining to wet

mechanical draft tower systems, and the other set contains information on the
wet/dry systems.

7.3.1.1 Mechanical Draft Wet Towers--
The optimized wet tower system selected solely on the basis of economics is
referred to as the reference system in Tables 7.1 and 7.2. The cost and

fogging potential of this reference system serve as the bases for comparison
with respect to both cost and envirommental impact. The total evaluated cost
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of the optimized mechanical draft cooling system is $70.52 million. This
system operating at Seattle would produce 60 hours of ground fog per year.
About 45 hours of this is enhanced ground fog.

This impact can be significantly mitigated by altering the design tempera-
tures so that a larger cooling tower 'is required. Operation of this tower
results in a lower exit temperature of the saturated plume in comparison to
the reference tower. When analyzed for ground fogging, this "larger'" tower
creates less fog than the reference tower. The larger cooling system has a
higher capital cost; however, a reduction in the operating penalties results
from more efficient operation so that the total evaluated cost is not signi-
ficantly affected.

The summary costs for the optimum wet systems that have specific degrees of
ground fog are presented in Tables 7.1 and 7.2. Associated design data and
detailed cost data for these systems are presented in Appendix P. The opti-
mized reference wet system mentioned above has a cooling tower consisting

of 26 cells. The design cold water temperature of this system is 82°F (27.8°
C). By decreasing the design cold water temperature to 78°F (25.6°C), the
required tower size increases to 33 cells and the ground fogging is reduced
to 32 hours per year. The total evaluated cost of this system is $73.10
million,

Further reduction in ground fogging is obtained by decreasing the design cold

water temperature and, consequently, increasing the required tower size. The

economics of the wet systems, which result in 5, 10, 20 and 30 hours of ground
fogging per year, are presented in Tables 7.1 and 7.2, and in Appendix P.

7.3.1.2 Mechanical Draft Wet/Dry Towers--

Three mechanical draft wet/dry towers are designed for plume abatement. As
mentioned earlier, the cost associated with any control and/or monitoring
systems required for this tower system have not been included in. the total
evaluated costs in the accompanying tables. The wet/dry tower cell of the
three systems differ only in the cross section of the dry heat exchanger in-
stalled above the wet tower fill. The width of the heat exchanger is approx-
imately the width of the cell; the variable cross section is obtained by
varying the tube length of the exchanger. Tables 7.3 and 7.4 present the
cost summaries of three wet/dry systems and a wet system having the same five
hours per year of ground fogging. TFigure 7.1 is a plot of the total evalua-
ted cost as a function of the heat exchanger tube length for systems that
create five hours of ground fog. This plot indicates that there is some
savings associated with the wet/dry system if the criterion used is less than
13 hours per year of ground fog. If the ground fogging criterion is relaxed
to 13 or more hours per year, the wet tower is preferred. These results are
indicated in Figure 7.2 where the wet and wet/dry system costs are plotted as
a function of ground fogging impact.

7.3.2 QOptimization Results for Cleveland Site

Cleveland typically has much less natural ground fog than Seattle; almost
all of the ground fog is produced by cooling tower operation. The reference
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wet mechanical draft cooling system, optimized solely on economics, has a
total evaluated cost of $72.62 million and creates 38 hours per year of
ground fog. This system costs more than the wet system at Seattle due to
the higher ambient wet bulb temperatures characteristic of the site during
the summer months. These higher temperatures result in higher turbine back
pressures and, therefore, larger capacity and energy penalties,

Two sets of tables are presented for the systems designed for Cleveland.
Tables 7.5 and 7.6 summarize the costs for the optimized wet systems. The
costs of wet systems that create 5, 10, 20 and 30 hours of ground fog per
year are tabulated. These systems are designed, as in the case at Seattle,
by changing the design temperatures to increase the required tower size,

For the five hours per year ground fog criterion, mechanical draft wet/dry
towers that are designed for Cleveland have a slight cost advantage over the

wet system, Tables 7.7 and 7.8 present the summary of costs for these wet
and wet/dry systems.

The total evaluated cost of wet and wet/dry systems as a function of ground
fogging is plotted on Figure 7.3. The wet systems are less costly than the

wet/dry systems when the ground fogging potential is greater than six hours
per year.

7.3.3 oOptimization Results for Newark Site

Cooling towers situated at Newark generate very little ground fogging in com-
parison to the other sites studied. The optimized mechanical draft wet cool-
ing system has a total evaluated cost of $76.85 million and creates 16 hours
per year of ground fog. This system and that designed for Charlotte are

more expensive than the Seattle or Cleveland designs due to the high peak wet
bulb temperature at these sites. Due to the low fogging potential of the
optimized wet system, wet/dry towers do not offer any advantage at Newark.

Tables 7.9 and 7.10 present cost summaries for the optimized wet system and
two wet systems having 5 and 10 hours of ground fogging. 1In addition, the
wet/dry system having a fogging potential of five hours per year is included
for comparison. This wet/dry system incorporates a heat exchanger with five-
foot long tubes in the dry section.

Due to the nominal amount of ground fogging created by the optimum wet sys-
tem, a reduction to five hours per year can easily be obtained by reducing
the design cold water temperature to 86°F (30°C) and increasing the tower
size from 25 to 31 cells. The cost of all the wet and wet/dry tower systems

designed at Newark are graphed as a function of fogging potential in
Figure 7.4.

7.3.4 Optimization Results for Charlotte Site

The optimized wet cooling system at Charlotte has a total evaluated cost of
$75.32 million and impacts the site with 61 hours of ground fogging. Approx-
imately two thirds of the ground fogging that occurs is enhanced fog. The
wet systems at both Charlotte and Newark optimized at a lower condenser range
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(229F (12.2°C)) than the other sites studied and, consequently, have a

larger capital cost. This increased capital cost is a result of the require-
ment for larger pumps, pipelines and condensers to handle the larger circu-
lating water flowrate associated with the lower range. The replacement
energy penalty at Charlotte is larger than at the other sites due to the
higher wet bulb temperature characteristic of the site. These higher wet
bulb temperatures result in higher turbine back pressures which result in
less efficient operation of the plant throughout the year.

A summary of cost for four wet systems with varying degrees of ground fogging
impact are presented in Tables 7.11 and 7.12. Figure 7.5 shows the costs of
all the system designs at Charlotte as a function of ground fogging poten-
tial. As shown in Figures 7.2 to 7.4, there is little additional expense
associated with reducing the potential from 61 to 20 or to 10 hours of ground
fog.

7.4 PSYCHOMETRIC DISCUSSION

The wet systems can be designed at a number of different approach tempera-
tures which result in different tower sizes, performance and fogging impact.
The effect which a reduction in plume temperature has on visibility is illus-
trated by Figure 7.6. The amount of water present in the plume at various
stages of dilution is given by a line which conmnects the tower exit condition
with the ambient condition, The plume mixing line of the optimized mechani-
cal draft system can be represented by Line A presented in Figure 7.6. The
maximum excess water contained in this plume is given as distance 1 between
this plume mixing line and the saturation line.

1f another wet system is designed based on a lower approach temperature
and/or range, a plume at a lower exit temperature will result. The plume
mixing line for this tower is represented by Line B. There is a reduction
of the maximum excess water (distance 2) contained in this tower plume when
compared with the economically optimized system.

Figure 7.6 does not show the effects on fogging potential of the increased
volumetric flowrate and the decreased plume height associated with the lower
temperature system. However, it does indicate that there is some degree of
control of the maximum excess water content in the plume through the varia-
tion of the design tower approach and range. The reduction of this excess
water is one of the contributing factors which reduces the ground fog of the
wet mechanical draft tower.

7.5 PLUME ABATEMENT CONCLUSIONS
Two major conclusions have been developed in this study.
1. Ground fogging from low profile wet mechanical draft towers
can be significantly reduced by changing the design tempera-

tures so that the required tower size increases.

The intermediate results of the wet cooling tower optimiza-
tion discussed in Section 4 are presented in Figure 4.3.
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This figure shows that there are many wet cooling systems
with different design conditions but with costs within one
to two percent of the minimum., These systems all have
different fogging potential. Systems with lower approach
temperatures are larger and have higher capital cost but
lower operating penalties. The resulting total evaluated

cost can be slightly higher, but these systems would have
much less fogging potential.

In most of the situations analyzed, the hybrid wet/dry cooling

system is more expensive than a comparable wet tower and would
not be recommended.

Special site conditions, i.e., existing sites which must be
backfitted to closed cycle cooling, may require some special
treatment. TFor new sites, the development of the hybrid wet/
dry cooling tower will, in general, not be necessary for the
purpose of minimizing ground fogging from the tower.
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TABLE 7.1

MAJOR COST SUMMARY FOR THE OPTIMIZED MECHANICAL WET COOLING SYSTEMS ($1061*

L6

SITE: SEATTLE, WASHINGTON YEAR: 1985
GROUND FOGGING HOURS - MECHANICAL WET TOWERS
Reference
Item 5 10 20 30 60

Total Capital Cost 56.41 55.59 51.84 50,25 44,82
(Direct & Indirect

Capital Costs)
- Total Capacity 9.85 9.34 10.39 9.37 10.96
Penalty (Capacity

& Auxiliary Power)

Total Operating Penalty 13,92 13,72 14,01 13,48 14.74
(Replacement & Auxiliary

Energles, Make-up Water

& Maintenance)

Total Evaluated Cost 80.18 78.65 76.24 73.10 710,52
(Sum of Capital &

Penalty Costs) -

* Design data for these systems are in Table P-1, p. 242,
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TABLE 7.2

MAJOR CAPITAL AND PENALTY COST COMPONENTS FOR THE OPTIMIZED MECHANICAL WET COOLING SYSTEMS ($106)

SITE: SEATTLE, WASHINGTON YEAR: 1985
GROUND FOGGING HOURS - MECHANICAL WET TOWERS
ReYerence
5 10 20 30 60
Cost Breakdown:
Cooling Tower 24,05 22.93 20.70 18.46 14.54
Condenser 10.29 10.69 10.30 10.95 10.87
Circulating Water System 6.16 6.27 6.16 6.63 6.63
Make-up Facility 2,32 2,30 2.26 2,22 2.15
Electrical Equipment 2,30 2,27 2.05 1.95 1.67
Indirect Cost 11,28 11,12 10.37 10,05 8.96
Total Capital Cost 56.41 55.59 51.84 50.25 44,82
Penalty Cost Breakdown:

Capacity 4.00 3.40 4,95 3.82 5,89
Auxiliary Power 5.85 5.95 5.44 5.55 5.07
Replacement Energy -0.22 -0.66 0.76 g.01 2.36
Auxiliavy Energy 11.48 11.71 10.74 11.00 10.09
Make-up Water 0.39 0,39 0.39 0.39 0.40
Cooling System Maintenance 2.27 2.27 2.12 2.08 1.89

23.77 23,06 24.40 22.85 25.70

Total Penalty




TABLE 7.3

MAJOR COST SUMMARY FOR THE OPTIMIZED WET/DRY AND REFERENCE COOLING SYSTEMS ($108)
5 HOURS PER YEAR GROUND FOG

SITE: SEATILE, WASHINGTON YEAR: 1985

DRY HEAT EXCHANGER TUBE LENGTH

Mechanical
item 15 ft 10 ft 5 ft Wet System

66

Total Capital Cost 53.92 54.08 54.74 56,41
(Direct & Indirect
Capital Costs)

Total Capacity 10,40 9.91 9,98 9,85
Penalty (Capacity
& Auxiliary Power)

Total Operating Penalty 14.95 14.39 14.17 13.92
(Replacement & Auxiliary
Energies, Make-up Water
& Maintenance)

Total Bvaluated Cost 79.27 78.38 78,89 80.18
(Sum of Capital &
Penalty Costs)
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TABLE 7.4

MAJOR CAPITAL AND PENALTY COST COMPONENTS FOR THE OPTIMIZED WET/DRY AND REFERENCE COOLING SYSTEMS ($106)

5 HOURS PER YEAR GROUND FOG

SITE: SEATTLE, WASHINGTON YEAR: 1985
DRY HEAT EXCHANGER TUBE LENGTH
Mechanical
15 ft 10 fc 5 ft Wet System
Cost Breakdown:
Cooling Tower 21.50 21.51 22.61 24.05
Condenser 10.90 10.93 10.64 10.29
Circulating Water System 6.71 6.7}77 ~ ~6.27 6.16
Make-up Facility 2.18 2.20 2.24 2.32
7I;i;ctr1cal Equipment 1.84 1.92 2.03 2.30
Indirect Cost 10.79 10.81 10.95 11.28
Total Capital Cost 53.92 54.08 54.74 56.451
Penalty Cost Breakdowm: -
Capacity 4,82 4.29 4.35 4.00
Auxiliary Power 5.58 5.62 5.63 5.85
Replacement Energy 1.09 0.51 0.33 -0.22
Auxiliary Energy 11.10 11.15 11.13 11.48
Make-up Water 0.40 0.39 0.39 0.3%
Cooling System Maintenance 2.36 2.34 2.32 2.27
Total Penalty 25.35 24.30 24.15 23.77




TABLE 7.5

MAJOR COST SUMMARY FOR THE OPTIMIZED MECHANICAL WET COOLING SYSTEMS ]§1062*

101

SITE: CLEVELAND, OHIO YEAR: 1985
GROUND POGGING HOURS - MECHANICAL WET TOWERS
: Reference

Ttem 5 10 20 30 8
Total Capital Cost 54,75 51.73 47.88 47,02 44,80
{Direct & Indirect :
Capital Costs)
Total Capacity 110,51 10525 - : 1107 1 -11.,02 - 12,10
Penalty {Capacity '
& Auxiliary Power)
Total Operating Penalty 14.52 14.25 14.76 15,13 15.72
(Replacement & Auxiliary
Energies, Make-up Water
& Maintenance)
Totral Evaluated Cost 79.78 76,23 73,71 73.17 72.62
(Sum of capital & ‘
Penalty Costs) ~

* Design data for these systems are in Table P-7, p. 252,
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TABLE 7.6

MAJOR CAPITAL AND PENALTY COST COMPONENTS FOR THE OPTIMIZED MECHANICAL WET COOLING SYSTEMS ($106)

SITE: CLEVELAND, OHIO YEAR: 1985
GROUND FOGGING HOURS - MECHANICAL WET TOWERS
5 10 2 0 Xet:ege_ﬁce
Cost Breskdown:
Cooling Tower 22.38 19.57 16.78 15.10 14.54
Condenser 10.57 10.87 10.83 11.19 10.81
Circulating Water System 6.28 6.63 6,63 7.29 6.63
Make-up Facility 2,34 2,28 2,23 2.20 2.19
Electrical Equipment 2.23 2,03 1.83° 1.84 1.67
Indirect Cost 10.95 10,35 9.58 9.40 8.96
Total Capital Cost 54.75 51.73 47.88 47.02 44 80
Penalty Cost Breakdown:
Capacity 4,64 4,56 5.73 5.66 7.04
Auxiliary Power 5.87 5.69 5.34 5.36 5.06
Replacement Energy 6.39 0.55 1.82 1.99 3.38
Auxiliary Emergy 11,50 11.18 10.55 10.63 10.05
Make-up Water 0.40 0.40 0.40 0.40 0.40
Cooling System Maintenance 2.24 2.12 1.99 2.11 1.89
25,04 24,50 25.83 26,15 27.82

Total Penalty




TABLE 7.7

MAJOR COST SUMMARY FOR THE OPTIMIZED WET/DRY AND REFERENCE COOLING SYSTEMS ($10§l
5 HOURS PER YEAR GROUND FOG

SITE: CLEVELAND, OHIO YEAR: 1985

DRY HEAT EXCHANGER TUBE LENGTH

Mechanical
Item 15 £t 10 ft 5 ft | Wet System

€01

Total Capital Cost 52,14 53.36 i E 53.06 54,75
{Direct & Indirect ‘
Capital Costs)

Total Capacity © 11.78 : 10,85 R 10.74 1 ° 10,51
Penalty (Capacity
& Auxiliary Power)

Total Operating Penalty 16.26 14.28 14.87 14,52
(Replacement & Auxiliary
Energies, Make-up Water
& Maintenance)

Total Evaluated Cost 80,18 78.49 78.67 79.78
(Sum of Capital &
Penalty Costs)
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TABLE 7.8

MAJOR CAPITAI AND PENALTY COST COMPONENTS FOR THE OPTIMIZED WET/DRY AND REFERRENCE COOLING SYSTEMS ($106)

5 HOURS PER YEAR GROUND FOG

SITE: CLEVELAND, OHIO YEAR: 1985
DRY HEAT EXCHANGER LENGTH
Mechanical
15 fe 10 £t 5 ft Wet System
Cost Breakdowm: -
Cooling Tower 20.02 4 20.82 20.6? 22,38
Condenser 10.99 11,02 10,85 10.57
Circulating Water System 6.73 6.73 6.71 6.28
Make-up Pacility 2,20 2,23 2,25 2,34
Electrical Equipment 1.77 1.89 1.97 2,23
Indirect Cost 10.43 ‘ 10.67 10.61 10.95
Totral cCapttal Cost 52.14 53.36 53.06 54.75
Penalty Cost Breakdowm:

Capacity 6,20 5.17 5.17 4,64
Auxiliary Power 5.58 5.68 5.58 5.87
Replacement Energy 2.54 1.32 1.20 0.39
Auxiliary Energy 11,09 10,25 11,00 11,49
Make-up Water 0.40 0.40 0.40 0.40
Cooling System Maintenance 2.23 2,31 2,26 2,24
Total Penalty 28,04 25.-13 25,61 25.03
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TABLE 7.9

MAJOR COST SUMMARY FOR THE OPTIMIZED WET/DRY AND MECHANTCAL WET COOLING SYSTEMS ($106)*

SITE: NEWARK, NEW JERSEY YEAR: 1985
Mechanical ‘
wet/Dry Towers MECHANICAL WET TOWER - (GROUND FOGGING)
(5' Exchangery* Reference
Icem 5 Hours 5 Hours 10 Hours 16 Hours

Total Capital Cost 52,03 48,62 48,74 46.44
{birect & Indirect
Capital Costas)
Total Capacity 13,46 14,72 13,34 14.39
Penaltry (Capacity
& Auxiliary Power) -
Total QOperating Penalty 15.64 15,38 15.18 16.02
(Replacement & Auxiliary
Energies, Make~-up Water
& Maintenance)
Total Evaluated Cost 81.13 78.72 77.26 76.85
(Sum of Capital &
Penalty Costs)

* Design data for these systems are in Table P-13, p. 262.
#% Dry heat exchanger tube length is 5-foot,



TABLE 7.10

MAJOR CAPITAL AND PENALTY COST COMPONENTS FOR THE OPTIMIZED WET/DRY AND MECHANICAL WET COOLING SYSTEMS ($106)

901

SITE: NEWARK, NEW JERSEY YEAR: 1985
Mechanical
Wet/Dry Towers GROUND FOGGING HOURS-MECHANICAIL WET TOWERS
(5' Exchanger) Reference
5 hours 3 10 16

Cost Breakdown:

Cooling Tower 18.09 17.34 15.66 13.98
Condenser 11.59 10.81 11.59 11.58
Circulating Wetér System | - ~ 7.77 - 6.63 Rk RS 7.65 . 7.65
Make-up Facility ) 2.21° 2.25 2.21 2.1%
Electrical Equipment 1.96 1.87 1.88 1.75
Indirect Cost 10,41 9.72 9.75 9.29
Total Capital Cost 52.03 48.62 48.74 46 .44

Penalty Cost Breakdown:

Capacity 7.63 9.25 7.63 8.89
Auxiliary Power 5.82 5.46 5.71 5.49
Replacement Energy 1.32 2.10 1.32 2.62
Auxiliacy Energy 11.55 10,79 11.31 10.93
Make-up Water 0.40 0.40 0.40 0.40
Cooling System Maintenance 2.37 2.02 2,15 2.08

. Total Penalty 29.09 30.10 28.52 30.41




TABLE 7.11
MAJOR COST SUMMARY FOR THE OPTTMIZED MECHANICAL WET COOLING SYSTEMS ($106)*

L01

SITE: CHARLOTTE, NORTH CAROLINA YEAR: 1985
MECHANICAL WET TOWER -~ GROUND FOGGING
Reference
Ttem 10 20 30 61

Total Capital Cost 51,73 50.10 47.88 46,45
(Direct & Indirect
Capital Costs)
Total Capacity 11.33 11,17 12.24 12,00
Penalty (Capacity 1 -
& Auxiliary Power)
Total Operating Penalty 15.54 15.78 16.30 16.87
(Replacement & Auxiliary
Energles, Make-up Water
& Malutenance)
Total Evaluated Cost 78.60 77.05 76.42 75.32
{Sum of Capital &
Penalty Costs)

* Design data for these systems are in Table P-16, p. 267.
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TABLE 7.12

MAJOR CAPITAL AND PENALTY COST COMPONENTS FOR THE OPTIMIZED MECHANICAL WET COOLING SYSTEMS Q106)

SITE: CHARLOTTE, NORTH CAROLINA YEAR: 1985
GROUND FOGGING HOURS-MECHANICAL WET TOWERS
Reference
10 20 30 61
Cost Breakdown:
Cooling Tower 19.58 17.34 16,78 13.98
Candenser 10.85 11.19 10,82 11.58
Circulating Water System 6.63 7.29 6.63 7.65
Make-up Facility 2.30 2.26 2.25 2.19
Electrical Equipment 2.03 2:00 “ .82 1.76
Indirect Cost 10.34 10.02 9.58 9.29
Total Capital Cost 51.73 50.10 47.88 46.45
Penalty Cost Breakdowm:

Capacity 5.67 5.56 6.91 6.56
Auxiliary Power 5.66 5.61 5.32 5.43
Replacement Energy 1.82 2.01 3.34 3.53
Auxiliary Energy 11.17 11.12 10,55 10.84
Make-up Water 0.43 0.43 0.43 0.43
Cooling System Maintenance 2.12 2.22 1.99 2.08
Total Penalty 26.87 26.95 28.54 28.87
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Total Evaluated Cost ($105)
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Figure 7.1 Total Evaluated Cost of Wet and Wet/Dry Cooling Systems Which Produce 5 Hours
of Ground Fog as a Function of Heat Exchanger Size (Seattle, 1985)
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Figure 7.2 Total Evaluated Cost as a Function of Ground Fogging for Various
Wet and Wet/Dry Cooling Towers (Seattle, 1985)
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Total Evaluated Cost ($109)
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Figure 7.3 Total Evaluated Cost as a Function of Ground Fogging
for Various Wet and Wet/Dry Cooling Towers (Cleveland, 1985)
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Figure 7.4 Total Evaluated Cost as a Function of Ground Fogging for
Various Wet and Wet/Dry Cooling Towers (Newark, 1985)
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Total Evaluated Cost ($106)

85

80

75

70

Wet/Dry Tower (5-foot exchanger)®
Wet Tower
* dry heat exchanger
:_u/ tube length
0 10 20 30 40 50 60 70

Hours of Ground Fogging Per Year

Figure 7.5 Total Evaluated Cost as a Function of Ground Fogging for
Various Wet and Wet/Dry Cooling Towers (Charlotte, 1985)
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Ttem

Condensers

Circulating Water
Pumps and Motors

Cooling Towers

1. Mechanical Draft
Wet Cooling Tower

2, Mechanical Draft
Dry Tower

APPENDIX A

MAJOR EQUIPMENT LIST

Description

Each cooling system has three field-tubed main
surface condensers with fabricated steel water
boxes and steel shell., Each condenser has 1 in
(2.54 cm) 0.D., 20 BWG gauge, 304 stainless steel
tubes and a design water velocity of 7.0 ft/s
(2.1 m/s). The condenser has two tube passes,
Condenser design data for each cooling system can
be found in Appendices F through N, and P.

The circulating water pumps are each of the verti-
cal, wet-pit, motor-driven type with 4160 wvolts,

3 phase, 60-hertz motors. The pumps have carbon
steel casings with chrome steel shaft and bronze
impeller. Pump design data for each system can be
found in Appendices F through N, and P.

The following are descriptions of the cooling
towers, The design data for each alternative can
be found in Appendices F through N, and P.

The mechanical draft wet tower cells or modules
are the induced draft, cross-flow type of concrete
construction with 41 ft (12.5 m) £fill height.

Each cell has a fan; the fan has a diameter of

28 ft (8.6 m) and is driven by a 200 horsepower
(149 KW) motor. The cell dimensions are 71 ft
(21.6 m) wide, 36 ft (11.0 m) long, and 54 ft
(16.5 m) high,

The mechanical draft dry tower cells are the in-
duced flow type. The cells are arranged back-to-
back to form towers. Each cell has 776 tubes
arranged in four rows and two passes and is equipped
with a 150 horsepower (111,9 KW) motor and a 28 ft
(8.6 m) diameter fan. The overall cell dimensions
are 41 ft (12.5 m) wide, 61 ft (18.6 m) long and
65 ft (19.8 m) high. The tubes are 1 in (2,54

cm) 0,D, and 52 ft (15.8 m) long, admiralty tubes,
with aluminum fins, The fin dimensions are 10 fins/
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3, Natural Draft
Dry Tower

4, Mechanical Draft
Wet/Dry Hybrid
Cooling Tower

in (4 fins/cm) with a fin height of 0.625
in (1.59 cm).

The natural draft tower has a hyperboli. concrete
shell with a maximum base diameter of 500 ft
(152.4 m) and a minimum thickness of 6 in

(15.24 cm). The finned-tube heat exchanger mod-
ules are arranged vertically around the tower base.
Each module has 264 tubes in 6 rows and 2

passes. The tubes are 1 in (2.54 cm) 0.D, and

50 ft (15.2 m) long, admiralty tubes, with alumi-
num fins. The fin dimensions are 10 fins/in

(4 fins/cm) with a fin height of 0.625 in

(1.59 cm).

The mechanical draft wet/dry tower cells are in-
duced draft with a 41 ft (12.5 m) cross-flow
type fill of concrete construction. Atop the
fill are located heat exchangers having 1 in
(2.54 cm) 0.D. admiralty tubes with 10 aluminum
fins/inch (4 fins/cm) and a fin height of

,0}625 in (1.59 cm) arranged in 4 rows and

2 passes. Each cell has a separate fan, and is
driven by a 200 horsepower (149 KW) motor. The
cell dimensions are 71 ft (21.6 m) wide and 36
ft (11.0 m) long.

117



APPENDIX B

ASSESSMENT OF ECONOMIC FACTORS

A brief economic analysis is made to obtain a number of the economic
factors used in this report. The economic climate, utility make-up, finan-
cial standing and performance, capital floatation costs and the general
complexity of these factors are beyond the scope of this document.

The values described here represent approximations obtained by means of
simplified economic equations to establish the major components of the eco-
nomic factors used in this study.

INTEREST RATE

The interest rate used in power plant analysis represents an average cost
of capital to the utility. This cost of capital for most utilities includes
a cost associated with common equity, preferred stock and debt. The table
shown below indicates how the cost of capital was obtained, A general rate
of inflation of six percent is assumed. The fraction of capitalization is
assumed for typical utility operation.

FRACTION OF COMPONENT WEIGHTED
COMPONENT CAPITALIZATION COST (%) COST (%)
COMMON EQUITY 0.35 12 4,2
PREFERRED STOCK ‘ 0.10 10 1.0
DEBT 0.55 9 4.9
TOTAL 10.1

FIXED CHARGE RATE

There are certain fixed charges, dependent only upon the initial investment,
which a utility will incur every year for the life of the plant. The higher
the initial investment, the more these fixed charges will be. The annual
fixed charges, F, are given by:

F=P+D+S+T (B-1)
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where:

P = annual charges for property taxes and insurance
D = annual depreciation of the plant

S = annual return on investment

T = annual income taxes

S is equal, in our analysis, to the cost of capital which is 10 percent.
The other factors represent an additional 8 percent, thus, the resulting
fixed charge rate is 18 percent.

CAPITAL. COST ESCALATION

All capital costs are presented in a manner that reflects a January, 1985
start up. Costs were escalated from a capital cost data base representing
July, 1974 costs. The base escalation multipliers are 1.91 and 2.29 for
material and labor respectively; these were calculated using annual escala-
tion rates of 6 percent for material and 8 percent for labor and an interest
rate of 10 percent. The construction period for the cooling system is
assumed to be two years.

Base costs were escalated to the midpoint of construction, and interest
during construction was computed from the midpoint of construction to the
date of operation. The particular cash flow curve for the cooling system
was not considered; however, experience at UE&C has shown that this method
is an excellent approximation when the construction period is short.

The base escalation multipliers were determined as follows:

Material: (1.06)2¢3 years (j 10)1.0 year - 1 gy (B-2)

Labor: (1.08)2-5 years (3 10y1.0 year - 5 19 (B~3)

CAPACITY PENALTY CHARGE RATE

For each base analysis presented in this report, an incremental base load
plant cost of $485/kW was used for the replacement capacity penalty charge.
The value represents the capital cost assigned to the incremental capacity
of the same type but next larger size unit than the reference plant. This
capacity penalty was calculated using the cost data given in Reference 7,

FUEL COST
For the analyses reported in Sections 4 and 5, the fuel costs were obtained

from the utilities. The fuel cost of 315¢/MBtu (298¢/GJ) used in Section 7
came from UE&C internal sources.
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APPENDIX C

PLUME ABATEMENT SITES

The locations chosen for the plume abatement analysis were selected from a
list of United States cities which was prepared by UE&C staff meteorologists.

Using rule of thumb criteria, such as overall regional estimations and ground
rules assuming ambient temperatures less than 50°F (10°C), relative humidity
near 100 percent, and wind speed 8 mph (3.58 m/s) or less, 13 sites were
evaluated. Four of these were selected and studied in detail for geographic
balance and different climatological data that represented distinct areas of
the United States, The results of the analysis, listed by cities in descend-
ing order of fogging potential, are shown below:

1. Seattle, Washington 8. Montgomery, Alabama

Data period: 1951-1960 Data period: 1951-1960
2. (leveland, Ohio 9. Pargo, North Dakota%¥

Data period: 1951-1960 Data period: 1951-1960
3. Bedford, Massachusetts 10, Atlanta, Georgia

Data period: 1961-1970 Data period: 1951-1960
4. Scranton, Pennsylvania® 11, Tuscon, Arizona

Data period: 1956-1960 Data period: 1956-1960
5. Charlotte, North Carolina¥# 12. Miami, Florida

Data period: 1951-1960 Data period: 1951-1960
6. Chicago, Illinois 13. Newark, New Jersey

Data period: 1951-1960 Data period: 1951-1960

7. St. Louls, Missouri
Data period: 1951-1960

Representing New Hampton, N,Y, for which there were no available data
Representing Cliffside, N.C, for which there were no available data

Breakdown of the fogging criterion for extremely low temperature may
mean that the fogging potential value here is much too low. The UE&C
cooling tower model has not been examined for such extreme conditions

11,
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APPENDIX D

RAW WATER QUALITY FOR THE VARTOUS SITES AND WATER TREATMENT ANALYSIS
FOR KAIPAROWITS, UTAH

SITE WATER QUALITY
The chemical constituent average values which are needed for a water analysis

at each site are presented as ppm of CaCOj.

Kaiparowits San Juan Colstrip Young Rock Springs New Hampton

ca 232 165 115 142 53

{164}
Mg 135 37 70 86 20
Na 255 110 96 140 108 23
cl 133 20 8 4 12 54
50y, 359 174 140 146 178 19
HCO, 129 118 127 154 156 50
510, 17 11 12 7 6 -
(as 8i07)

WATER TREATMENT ANALYSIS FOR KAIPAROWITS, UTAH

The raw water analysis for Kaiparowits is presented above. The raw water

is treated by a cold lime-soda process to reduce the hardness by precipita-
tion. After treatment, a chemical analysis of the effluent shows the follow-
ing composition:

Ca - 35 cL - 133 pH - 10.8
Mg - 33 S0, - 359  5i0, (as 510y) - 14
Na - 492 HCO3 - 35
TDS - 560 OH - 33

All values except the SiOy are expressed as ppm of CaCO3.
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Sulfuric acid is added to the circulating cooling water for control of alka-

linity and pH. If the circulating water is limited to nine cycles of concen-
tration, precipitation will not occur in the cooling tower circulating water.
At nine cycles of concentration with HpSO, addition, the chemical analysis of
the water gives a composition of:

ca - 315 cl - 1197 pH - 6.9
Mg - 297 S0, - 3813 Si0, (as Si0p) - 126
Na - 4428 HCO3 - 30

TDS - 5040 OH- O

The nine cycles of concentration limitation is based upon the following
rules: the product of Si0; (as Si0y) and Mg (as CaCO3) ionic concentra-
tions should not exceed approximately 37,000, and the product of Ca (as
Ca) and SO, (as SO,) should not exceed approximately 400,000.

Si0p (as Si0z) x Mg (as CaC03)
126 x 297 = 37,422

Ca (as Ca) x 804 (as 804)

126 x 3660 = 461,160

These products of the ionic concentrations are based upon standard industrial
practice. Recent recommendations in the literature (1) have advocated using
a range of 600,000 to 1,000,000 as the product of Ca and SO4. Accordingly, a
value of 461,160 for the product of Ca and SO4 is 15 percent over the base
value of 400,000, but is within recent acceptable limits.

The estimated required chemical dosages necessary for the water treatment
are:

1. hydrated lime - 93% Ca(OH), - 1.8 1bs/1000 gal

2. soda ash ~- 98% Na2C03

2.1 1bs/1000 gal

3. sulfuric acid - 93% HS80, - 0.5 1bs/1000 gal

4., polyelectrolyte 0.025 1bs/1000 gal

"For a 1000 MWe fossil-fueled plant, the clarifier-softener for a wet cooling
system would be designed to treat about 12,500 gpm of make-up water. This
clarifier-softener would require approximately 700 to 1,000 1lbs of chlorine
in a 24 hour period. This chlorine requirement is based on a chlorine demand
in the raw influent of 5 ppm. Additional chlorine is necessary to assure
destruction of biological substances which can enter the circulating water
through the air-water interface in the cooling tower., In addition, some
chlorine residual 1s necessary to insure total destruction of biological
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substances. The residual level is generally pre-determined and serves as a

control function to determine the end of the chlorination period.

The water treatment analysis for the other five sites is performed in a
manner similar to the preceding discussion for Kaiparowits. The five sites
in the western coal region require the cold lime-soda process for water

treatment; the New Hampton site does not require this water treatment pro-
cess.

(1) G. J. Crits, and G. Glover, "Cooling Blowdown in Cooling Towers",

Water and Wastes Engineering, Volume 12, Number 4, pp. 45-52, April
1975.
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APPENDIX E

DESCRIPTION OF CODES OF ACCOUNTS FOR CAPITAL COST ELEMENTS

This appendix contains the definitions of capital cost account numbers used
to identify detailed capital cost data for the fossil power plants that are
given in Appendices F through N, and P.

In the capital cost list, the total indirect charges were assumed to be a
constant 25 percent of the total direct capital cost. The direct capital
cost items are identified by letters as described below:

Letter Cost Item
L Labor
E Equipment (pump, cooling tower, etc.)
M Material (pipe, cable, etc.)
T Total (L + E + M)
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118L.

132.2

132.3

133.1

114 &
132.1

14

Circulating Water Pump Structures

C?rculating water pump house including concrete work, excava-
tion and backfill, temporary sheeting, rip-rap, permanent
sheet piling, and miscellaneous iron

Circulating Water Svstem

1'

2‘

Circulating water pumps and drives

Circulating water intake, discharge and connecting

pipelines including excavation, backfill, supports,
etc

Cooling Towers

1. Cooling tower basins and foundations including excava-
tion and backfill, forms, reinforcing steel, concrete,
concrete finish and miscellaneous iron

2. Cooling towers which are mechanical draft dry, mechan-
ical draft wet, natural draft dry, mechanical draft
hybrid wet/dry

Condensers

Make-up Facilities

1,

2.

3.

4.

Intake structures including excavation, concrete work,
reinforcing steel, miscellaneous iron, cofferdam

Water intake facilities including traveling screens,
trash racks, trash rakes, stop logs, pumps and drives

Intake lines including connections from pump discharges
to cooling system, steel pipeline, excavation and back-
fill, coating and wrapping pipe, welding

Water treatment facilities including clarifier-softeners
and chemical feeders

Electrical Equipment

1.

Station service including switchgear and controls for
traveling screens, trash rake, circulating water pumps,
screen wash pumps and cooling tower fans

Station service and startup transformers which are the
incremental transformer capacities involved
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3. Cable trays and supports
4, Conduit

5. Station service power wiring
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APPENDIX F

KATPAROWITS, UTAH - REFERENCE AND MECHANICAL SERIES WET/DRY COOLING SYSTEMS

This appendix contains three different items for the Kaiparowits, Utah site:

1.

2.

3.

Design data, capital investment and penalty breakdowns for the
optimized reference cooling systems

Design data, capital investment and penalty breakdowns for the
optimized mechanical series wet/dry cooling systems operating
in the S1 mode

Performance curves for the optimized reference and wet/dry
cooling systems
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TABLE F-1. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS AT KATPAROWITS, UTAH

Mechanical Dry
Variable (High BP Turbine)

Mechanical Dry*
(l.ow BP Turbine)

Mechanical Wet
(Low BP Turbine)

General Design Data

Design Temperatures, °F (°C):

Dry Bulb 90.0 (32.2)
Wet Bulb 66.0 (18.9)
Cold Water | 130.0 (54.4)
Cooling Range 24.0 (13.3)
ITD (Dry Tower) or 64.0 (35.6)
Approach (Wet Tower)

Design Turbine Back Pressure, 9.43 (239.5)

in-HgA (mm-HgA)

Maximum Operating Back Pressure, 13.36 (339.3)

in-HgA (mm-HgA)

Design Heat Load, 4,77 (5.03)

109 Btu/hr (1012 J/hr)

Plant Capacity at Cooling 945.7
System Design Point, MWe

Annual Make-up Water Requirement, 0.0
108 gal. (106 m3)

103.0 (39.4)
75.0 (23.9)
118.0 (47.8)
11.0 (6.1)

26.0 (14.4)
5.03 (127.8)
5.03 (127.8)

4,62 (4.87)

989.0

0.0

90.0 (32.2)
66.0 (18.9)
86.0 (30.0)
25,0 (13.9)

20.0 (11.1)

3.08 (78.2)

3.60 (91.4)

4,50 (4.75)

1026.2

27.91 (10.57)

* This is not an optimized system because of the turbine back pressure limitation.
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TABLE F-1 (continued)

Variable

Mechanical Dry

Mechanical Dry*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

(High BP Turbine)

Condenser

Surface Area, 103 f£? (103 mz)

Number of Tubes

Tube Length, ft (m)

Circulating Water Flow & Pump

C1rcu13t1n§ Water Flow Rate,
103 gpm (m3/min)

Number of Pumps
Pumping Head, ft (m) of Water
Motor Rating, hp (kW) per pump

Motor Brake Horsepower,
hp (kW) per pump

722 (67.1)
53,500

51.5 (15.7)

398 (1507)

4
61.4 (18.7)
2000 (1491)

1732 (1292)

1010 (93.8)
113,100

34.1 (10.4)

841 (3184)

5
49.3 (15.0)
3000 (2237)

2352 (1754)

679 (63.1)
48,400

53.6 (16.3)

360 (1363)

2
92.1 (28.1)
5000 (3729)

4697 (3503)
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TABLE F-1 (continued)

Variable

Mechanical Dry
(High BP Turbine)

Mechanical Dry*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

Circulating Water Pipelines

Condenser Intake:
Number of Lines
Diameter/Length, in/ft (cm/m)
Condenser Discharge:
Number of Lines
Diameter/Length, in/ft (cm/m)
Connecting Pipelines:
Number of Lines

Diameter/Length, in/ft (cm/m)

Cooling Tower

Size (Number of Cells):
Dry Tower

Wet Tower

1

114/1190 (290/363)

1

114/1240 (290/378)

2
86/1060 (218/323)

113

2

120/1190 (305/363)

2

120/1240 (305/378)

2

120/1060 (305/323)

290

1

108/1200 (274/366)

1

108/1480 (274/451)

1

108/410 (274/125)

22
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SIMMAKRY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS ($106) AT KAIPAROWITS, UTAH - 1985

TABLE F-2,
Mechanical Dry Mechanical Dry* Mechanical Wet
Acct. No. Equipment Item (High BP Turbine) (Low BP Turbine) (Low BP Turbine)
118L Circulating Water Pump ™ 0.846 1.117 0.816
Structures (L 0.676 0.893 0.653
(T 1.522 2,010 1.469
132,211 Circulating Water Pumps (E 1.951 3.774 1.815
and Motors [¢.] 0.020 0.038 0.018
(42 0.211 04263 0.105
(T 2,182 4,045 1.938
132.25 Concrete Pipelines M 2,162 4,376 1.744
(L 2,043 3.99 1.527
(T 4,205 8,370 3.271
132.3211 Cooling Tower Basin o 0.344 0.886 1.427
and Foundation (L 0.620 1.594 2.567
(T 0.964 2,480 3.994
132.3212 Cooling Towers, Installed (E 34.133 87.597 5.406
M 0.345 0.885 0.055
(L 3.973 10.201 3.527
(T 38.451 98.683 9.988
133.1 Condensers, Installed (E 6.825 9.911 6.460
M 0.03% 0.050 0.032
@ 3.923 5.104 3.788
(T 10.782 15.065 10.280
114 & Make-up Facilities (E - - 3.576
132.1 M - - 6.848
(L - - 13.154
(T - - 23.578
14 Electrical Equipment (E 1.494 3.654 0.648
™ 1.123 2,745 0.487
(L 2.771 6.870 0.424
(T 5.388 13.269 1.559
Direct Capital Cost of (E 44,403 104.906 17.905
Cooling System M 4.874 10.097 11.426
(L 14,216 28.919 25,744
T 63.493 143.922 55.075
Indirect Cost 15.873 35.980 13.769
Total Capital Cost 79.366 179.902 68.844
* This is not an optimized system because of the turbine back pressure limitation.




TABLE F-3. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS ($106) AT KAIPAROWITS, UTAH - 1985

(43}

Mechanical Dry Mechanical Dry* Mechanical Wet
Item (High BP Turbine) (Low BP Turbine) (Low BP Turbine)
Penalty Breakdown:
Capacity Penalty 60,484 24.267 10.490
Replacement Energy Penalty ‘ 26.466 -0.760 1.313
Penalty for Circulating Water 2,784 4.726 3.775
Pumping Power Requirement
Penalty for Circulating Water 2.257 3.636 2.916
Pumping Energy Requirement
Penalty for Cooling Tower Fan 7.889 17.633 1.657
Power Requirement
Penalty for Cooling Tower Fan 6.030 10.682 1,252
Energy Requirement
Make~-up Water Purchase and 0.0 0.0 5.273
Treatment Penalty
Make-up Water Pumping Energy 0.0 0.0 7.443
and Capacity Penalty
Cooling System Maintenance Penalty 3,813 8.613 1.843
Cost Sumnary'f
Total Penalty Cost 109,723 68,797 35.962
Total Capital Cost 79.366 179.902 68.844
Total Evaluated Cost 189.089 248,699 104,806

* This is not an optimized system because of the turbine back pressure limitation.
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TABLE F-4,

SUMMARY OF DESIGN DATA FOR THR OPTIMIZED WET/DRY COOLING SYSTEMS AT KAIPAROWITS, UTAH - MECHANICAL SERIES- 51 MODE

Percentage Make-up Requirement

Mode of Wet/Dry Tower Operation
Design Parameters for Dry Towers:

Dry Bulb/Net Bulb Temperatures, °F (°C)

Cold Water Temperature, °F (°C)

Cooling Bange, °F (°C)

Tower ITD, °F (°C)

Condenser Heat Load, 10% Btu/hr (1012 J/hr)
Design Parameters for Wet Helper Tower:

Dry Bulb/Wet Bulb Temperatures, °F (°C)

Tower Approach Temperature, °F (°C)

Design and Maximum Operating Back l;ressure
Poaxs in-HgA (mo-HgA)

Condenser Heat Load at gy, 10° Btu/hr (10'23/hr)l

Heat Load Distribution at Pp,.- Wet Tower/
Dry Tower, %

Annual Make-up Water Requirement, 10B gal (106 m3)

65.0/52.0 (18,3/11.1)

99,0 (37.2)

18.0 (10.0)

52.0 (28.9)

4,53 (4.78)

103.0/77.0 (39.4/25.0)

20.0 (11.1)

5.0 (127.0)

4.62 (4.88)

51.6/48.4

0.518 (0,196)

45.0/40.0 (7.2/4,4%)

90.0 (32.2)

26.0 (14.4)

71.0 (39.%4)

4,52 (4.77)

103.0/77.0 (39.4/25,0)

20.0 (l11.1)

4.5 (114,3)

4.59 (4.84)

69.8/30.2

2,59 (0.98)

30.0/28.0 (-1.1/-~2.2)

85.0 (29.4)

26.0 (14.4)

81.0 (45.0)

4.50 (4.74)

103.0/77.0 (39.4/25.0)

17.1 (9.5)

4.0 (101.6)

4,55 (4.80)

78.8/21.2

5.190 (1.96)

10,0/10.0 (-12.2/-12.2)

81.0 (27.2)

26.0 (14.4)
97.0 (53.9)

4,48 (4.73)

103.0/77.0 (39.4/25.0)

17.0 (9.4)

4,0 (101.6)

4,55 (4.80)

82.3/17.7

8.57 (3.24)

Variable
2 10 20 30 40
General Design Data
st sl sy s1 sl

0.0/0.0 (-17.8/-17.8)

85.0 (29.4)

28.0 (15.6)
113,0 (62.8)

4.51 (4.75)

103.0/77.0 (39.4/25,0)

15.1 (8.4)

4.0 (101.6)

4.55 (4.80)

84,7/15.3

11,14 (4.22)
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TABLE F-4 (continued).

Percentage Make-up Requirement

Variable -
2 10 20 30 40
Condenser )
Surface Ares, 107 £t2 (103 o?) 793 (73.1) 662 (61.5) 667 (62.0) 674 (62.6) 642 (59.7)
Fmber of Tubes 67,700 46,800 46,500 46,400 43,300
Tube Length, fr (m) 44,7 (13.6) 54.0 (16.5) 54.7 (16.7) 55.5 (16.9) 56.6 (17.3)
Circulating Water Flow & Pump
Circulating Wster Flow Rate, 10° gom (> /min) 503 (1904) 348 (1317) 346 (1310) 345 (1306) 322 (1219)
Wumber of Pumps 3 2 2 2 2
Pumping Bead, ft (m) of Water 63.7 (19.4%) 69.9 (21.3) 76.6 (23.3) 88.6 (27.0) 97.2 (29.6)
Motor Rating, hp (kW) per pump 3500 (2610) 4000 (2983) 4500 (3356) 4500 (3356) 5000 (3729)
Motor Brake Horsepower, hp (XW¥) per pump 3031 (2260) 3447 (2570) 3758 (2802) 4333 (3231). 4440 (3311)
Plow & Booster Pump for Wet Tower
Percentage of Circulating Water to Wet Halper Tower 41.5 93 100 100 100
2 2 2 2 2

*amber of Pumps
Pumping Head, ft (w) of Water
Motor Rating, hp (kW) per pump

Motor Brake Horsepowsr, hp (kW) per pump

41.0 (12.5)

1500 (1119)

1213 (905)

41.0 (12.5)

2500 (1864)

1882 (1403)

41.0 (12.5)

2500 (1864)

2012 (1500) ~

41,0 (12,5)

2500 (1864)

2006 (1494)

41.0 (12.5)

2500 (1864)

1872 (1396)
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TABLE P-4 (continued)

Percentage Make—up Requirement

Diameter flength, in/ft (cm/m)
Condenser Discharge:

Rumber of Lines

Diameter/Length, in/ft (cm/m)
Comnecting Pipelines:

Wumber of Lines

Dismeter/Length, in/ft (cm/m)

ool Tower
Size (Number of Cells):

Dxy Tower

Wet Tower

. 132/2000 (335/610)

13271600 (335/488)

132/650 (335/198)

126

108/2000 (274/610)

108/1600 (274/488)

108/650 (274/198)

93

13

108/2000 (274/610)

108/1600 (274/488)

108/650 (274/198)

77

16

108/2000 (274/610)

108/1600 (274/488)

108/650 (274/198)

61

17

Variable
2 10 20 30 40
Circulating Water Pipelinmes
Condenser Intake:
Fumber of Lipes 1 1 1 1 1

10272000 (259/610)

102/1600 (259/488)

102/650 (259/198)

52

19




TABLE F-5. SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS (5106)
AT KATPAROWITS, UTAH - MECHANICAL SERIES - S1 MODE - 1985

9tt

Percentage Make-up Requirement

Acct. No. Equipment Item 2 10 20 3o 40
118L Circulating Water Pump M 0,924 0.806 0,804 0.804 0.783
Structures (L 0.737 0.643 0.643 0.641 0.625
(T 1.661 1.450 1.447 1.445 1.408
132.211 Circulating Water Pumps (E 3.462 3.075 3.154 3.233 3.233
and Motors M 0.035 0.031 0.032 0.033 0.033
(L 0.263 0.211 0.211 0.211 0.211
(T 3.760 3.317 3.397 3.477 3.477
132.25 Concrete Pipelines ™ 3.541 2,338 2,338 2.338 2.116
(L 2,782 2,100 2,100 2.100 1.942
(T 6.323 4,438 4,438 4,438 4,058
132.3211 Cooling Tower Basin M 0.968 1.129 1.274 1.291 1.392
and Foundation (L 1.743 2.029 2.292 2,322 2.505
(T 2,711 3.158 3.566 3.613 3.897
132.3212 Cooling Towers, Installed (E 40.244 31.241 27.148 22.593 20.396
M 0.407 0.316 0,274 0.228 0.206
(L 5.870 5.353 5.270 4.869 4.866
(T 46.521 36.910 32,692 27.690 25.438
133.1 Condensers, Installed (E 7.554 6.323 6.349 6.393 6.135
M 0.038 0.032 0.032 0.032 0.031
L 4.209 3.740 3.744 3.756 3.664
(T 11.801 10.095 10.125 10.181 9.830
114 & Make-up Facilities (B 2,239 2,764 3.022 3.112 3,191
132.1 ™ 4,533 5.3% 5,840 5.999 6,141
L 8,704 10,359 11,216 11,523 11,796
(T 15,476 18,517 20,078 20,634 21.128
14 Electrical Equipment (E 1.947 1.629 1.531 1.404 1.335
M 1.463 1.224 1.150 1.055 1,003
(L 4,669 3.556 3.055 2.524 2,246
(T 8.079 6.409 5.736 4,983 4,584
Direct Capital Cost of (E 55.446 45,032 41,204 36.736 34,260
Cooling System ™ 11.%09 11,269 11,744 11.780 11,705
(L 28,978 27.991 28,531 27.945 27.885
(T 96,333 84,292 81.479 76,461 73.820
Indirect Cost 24,084 21,073 20.370 19,115 18,456
Total Capital Cost 120,417 105,365 101.849 95,576 92.276
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TABLE F-6. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS ($106)

AT KATPAROWITS, UTAH - MECHANICAL SERIES - S1 MODE - 1985

Percentage Make-up Requirement

Item
2 10 20 30 40
Penalty Breakdown:
Capacity Penalty 23.996 19.335 14,297 14.297 14.297
Replacement Energy Penalty 3.289 8.110 8.533 10.538 11.257
Penalty for Circulating Water 4,629 4,283 4.637 5.093 5.072
Pumping Power Requirement
Penalty for Circulating Water 2,891 2,561 3.106 3.862 3.994
Pumping Energy Requirement
Penalty for Cooling Tower Fan 8.330 6.592 5.883 4,924 4,494
Power Requirement
Penalty for Cooling Tower Fan 6.406 4.856 4,123 3.417 3.081
Energy Requirement
Make-up Water Purchase and 0.098 0.489 0.980 1,618 2.105
Treatment Penalty
Make-up Water Pumping Energy 2.444 3.496 4,196 4,696 5.097
and Capacity Penalty
Cooling System Maintenance Penalty 5.045 4.182 3.953 3.670 3.515
Cost Summary:

Total Penalty Cost 57.129 53,903 49,708 52,115 52.912
Total Capital Cost 120,417 105,365 101.849 95.576 92.276

177,546 159,268 151,557 147,691 145,188

Total Evaluated Cost
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Figure F-2. Performance Curves for a Conventional Low Back Pressure
Mechanical Dry Cooling System at Kaiparowits, Utah
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Figure F-7. Performance Curves for a 40% Mechanical Series Wet/Dry
Cooling System at Kaiparowits, Utah
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APPENDIX G

KAIPAROWITS, UTAH - MECHANICAL SERIES WET/DRY COOLING SYSTEMS: S2 MODE

This appendix contains design data, capital investment and penalty break-
downs for the optimized mechanical series wet/dry cooling systems operating
in the S2 Mode at Kaiparowits, Utah.
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TABLE G-1. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS AT KAIPAROWLTS, UTAH - MECHANICAL SERLES - 52 MODE
Percentage Make-up Requirement
Variable
10 20 30 40
Gepersl Design Data
Mode of Wet/Dry Tower Operation 52 s2 52 $2

Design Parameters for Dry Towers:
Dry Bulb/Net Bulb Temperatures, °F (°C)
Cold Water Temperature, °F (°C)
Cooling Range, °r (°C)
Tower ITD, °F (°C)
Condenser Heat Load, 107 Btu/hr (1012 J/br)
Design Parameters for Wet Helper Tower:
Dry Bulb/Wet Bulb Temperatures, °F (°C)
Tower Approach Temperature, °F (°C)

Design and Maximum Operating Back Pressure
Pnax, in-HgA (muHgA)

Condenser Heat Load at Pp,., 107 Btu/hr
(1012 3/hr)

Heat Load Distribution at Py .- Wet Tower/
Dry Tower, %

Annual Make-up Water Requirement, 108 gal (106 m3)

60.0/50.0 (15.6/10.0)

101,0 (38.3)

22.0 (12.2)

63.0 (35.0)

4.57 (4.82)

103.0/77.0 (39.4/25.0)

20.0 (11.1)

4,99 (126.7)

4,62 (4.87)

59.5/40.5

2,85 (1.08)

50.0/44.0 (10.0/6.7)

100.0 (37.8)

24.0 (13.3)

74,0 (41.1)

4.58 (4.83)

103.0/77.0 (39.4/25.0)

20,0 (11.1)

4,99 (126.7)

4,62 (4.87)

65.7/34.3

5.55 (2.10)

35.0/33.0 (1.7/0.6)

92.0 (33.3)

28.0 (15.6)

85.0 (47.2)

4,55 (4.80)

103.0/77.0 (39.4/25.0)

20.0 (11.1)

4,98 (126.5)

4,62 (4.87)

70.4/29.6

8.37 (3.17)

20.0/20.0 (-6.7/-6.7)

87.0 (30.6)

32,0 (17.8)

99.0 (55.0)

4,54 (4.79)

103.0/77.0 (39.4/25.0)

19.2 (10.7)

4.98 (126.5)

4.62 (4.87)

74.8/25.2

10.99 (4.16)
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TABLE G~1 (continued)

Percentage Make-up Requirement

Variable
. 10 20 30 40
Condenser
Surface Area, 10° £t2 (10° a2) 724 (67.3) 693 (64.4) 638 (59.3) 597 (55.5)
Rumber of Tubes 56,000 51,400 43,700 38,200

Tube Length, ft (m)

9.4 (15.1)

51.5 (15.7)

55.7 (17.0)

59.7 (18.2)

Circulating Water Flow & Pump

Circulating Water Flow Rste, 10° gpm (m® /min) 416 (1575) "382 (1446) 325 .(1230) 284 (1075)
Nuxber of Pumps 3 3 2 3
Pumping Head, ft (m) of Water 66.3 (20.2) 72.0 (21.9) 72,7 (22.2) 82.0 (25.0)
Motor Rating, hp (XW) per pump 3000 (2238) 3000 (2238) 4000 (2984) 2500 (1865)
Motor Brake Horsepower, hp (kW) per pump 2606 (1944) 2598 (1938) 3352 (2501) 2201 (l642)
Flow & Booster Pump for Wet Tower

Percentage of Circulating Water to Wet Helper Tower 58.2 67.9 85.9 100.0
Tusber of Pumps 2 2 2 2

Pumping Head, ft (m) of Water

Motor Rating, hp (kW) per pump

Motor Brake Horsepower, hp (kW) per pump

41.0 (12.5)

2000 (1492)

1408 (1050)

41,0 (12,5)
2000 (1492)

1507 (1124)

41.0 (12.5)

2000 (1492)

1623 (1211)

41.0 (12.5)

2000 (1492)

1651 (1232)
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TABLE G~1 (continued)

Variable

Percentage Make-up Requirement

10 20 30 40
Circulat: ¥Water Pipelines
Condenser Intake:
1 1 1 1

Number of Lines

Diameter/Length, in/ft (cm/m)
Condenser Discharge:

FNumber of Lines

Diameter/Length, in/ft (cm/m)
Connecting Pipelines:

Number of Lines

Diameter/Length, {n/ft (cmfm)

Cool Tower
Size (Number of Cells):

Dry Tower

Wet Tower

120/2000 (305/610)

120/1600 (305/488)

120/650 (305/198)

105

11

114/2000 (290/610)

114/1600 (290/488)

114/650 (290/198)

87

11

108/2000 (274/610)

108/1600 (274/488)

108/650 (274/198)

75

12

96/2000 (244/610)

96/1600 (244/488)

96/650 (244/198)

63

13




TABLE G-2. SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS (5106)
AT KAIPAROWITS, UTAH ~ MECHANICAL SERIES - S2 MODE - 1985

6%1

Percentage Make-up Requirement

Acct, No. Equipment Item 10 20 30 40
118L Circulating Water Pump ™ 0.861 0.835 0,787 0.749
Structures (L - 0.687 0.666 0.627 0.598
(T 1.548 1.501 1.414 1.346
132,211 Circulating Water Pumps (E 3.179 3.179 2,833 2.921
and Motors o™ 0.032 0.032 0.029 0.030
(L 0.263 0.263 - 0.211 0.263
(T 3.474 3.474 3.072 3.214
132.25 Concrete Pipelines M 2.691 2.514 2,338 1.826
(L 2,432 2.265 2.100 1,788
(T 5.123 4,778 4,438 3.614
132.3211 Cooling Tower Basin (¢ 1.035 0,980 1.008 1.037
and Foundation (L 1.862 1.763 1.814 1,864
(T 2.897 . 2,743 2.822 2,901
132.3212 Cooling Towers, Installed (E 34.384 28.938 25,592 22,185
(M 0.347 0.292 0.259 0.224
(L 5.455 4,817 4,553 4.295
(T 40,187 34.047 30.404 26.704
133.1 Condensers, Installed (E 6.885 6.602 6.112 5.764
M 0.035 0.033 0.031 0.029
(L 3.955 3.847 3.659 3.524
(T 10.875 10.483 9.802 9.317
114 & Make-up Facilities (E 2.478 2,649 2,778 2.902
i32.1 M 4,916 5.200 5.417 5.630
(L 9.441 9.986 10.404 10.814
(T 16.834 17.836 18,599 19.346
14 Electrical Equipment (E 1.731 1.534 1.385 1.253
M 1.300 1.133 1.041 0.941
(L 3.982 3.369 2.927 2,579
(T 7.013 6.056 5.352 4,773
Direct Capital Cost of (& 48,657 42,902 38.700 35.025
Cooling System M 11.217 11,039 10.910 10.466
(L 28.077 26,977 26.295 25.726
(T 87.952 80.918 75.903 71.217
Indirect Cost 21.988 ’ 20.230 18.976 17.804
Total Capital Cost 109.940 101.148 94,879 89.021




TABLE G-3. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS (5106)
AT KATPAROWITS, UTAH - MECHANICAL SERIES - S2 MODE - 1985

0s1

Percentage Make-up Requirement
Item »
10 20 30 40
Penalty Breakdown:
Capacity Penalty 23.823 23,820 23,671 23.648
Replacement Energy Penalty 3.312 3.489 3.332 3.617
Penalty for Circulating Water 4.273 4,344 3.999 3.980
Pumping Power Requirement
Penalty for Circulating Water 2,631 2,851 2.798 2,971
Pumping Energy Requirement
Penalty for Cooling Tower Fan 7.539 6.552 5.929 5.295
Power Requirement
Penalty for Cooling Tower Fan 5.503 4.723 4.303 3.875
Energy Requirement
Make-up Water Purchase and 0.539 1.048 1.580 2,077
Treatment Penalty
Make-up Water Pumping Energy 3.050 3.596 4,091 4,563
and Capacity Penalty
Cooling System Maintenance Penalty 4,486 4,078 3.651 3.456
Cost Summary:
Total Penalty Cost 55.157 54,501 53.354 53.482
Total Capital Cost 109.940 101.148 94.879 89.021
Total Evaluated Cost 165,097 155.649 148.233 142,503




APPENDIX H

KAIPAROWITS, UTAH - MECHANICAL PARALLEL WET/DRY COOLING SYSTEMS: Pl MODE

This appendix contains design data, capital investment and penalty break-
downs for the optimized mechanical parallel wet/dry cooling systems at
Kaiparowits, Utah.
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TABLE H-1. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS AT KAIPAROWITS, UTAH - MECHANICAL PARALLEL - Pl MODE

Variable

Percentage Make-up Requirement

2 10 20 30
General Design Dacta
Mode of Wet/Dry Tower Operation 1 Pl Pl Pl

Design Paremeters for Dry Towers:
Dry BulbMet Bulb Tewperatures, °F (°C)
Cold Water Temperature, °F (°C)
Cooling Range, °F (°C)
Tower ITD, °F (%)
Condenser Heat Load, 107 Btu/br (1012 J/hr)
Design Parameters for Wet Helper Tower:
Dry Bulb/Wet Bulb Temperatures, % (°c)
Tower Approach Temperarure, °F (°C)

Design and Maximum Operating Back P'teuure
Puays in-HgA (mmgA)

Condenser Heat Loadat B, ., 107 Beu/hr
(10%< 3/br)

Heat Load Distribution at Pp,.- Wet Tower/
Dry Tower, %

Annusl Make-up Water Requirement, 1(!ﬂ gal (106 m’)

55.0/46,0 (12.8/7.8)
89.0 (31.7)
18,0 (10.0)
52,0 (28.9)

4.48 (4.73)

103.0/77.0 (39.7/25.0)
20.0 (11.1)

5.0 (127.0)

4.62 (4.87)

35.9/64.1

0.607 (0.230)

40.0/37.0 (4.4/2.8)
88.0 (31.1)
24.0 (13.3)
72.0 (40.0)

4,50 (4.75)

103.0/77.0 (39.7/25.0)
19.9 (11.1)

5.0 (127.0)

4,62 (4.87)

39,1/60.9

2,78 (1.05)

30.0/28.0 (-1.1/-2,2)

87.0 (30.6)

22.0 (12.2)

79.0 (43.9)

4.49 (4.74)

103.0/77.0 (39.7/25.0)

18.6 (10.3)

4.0 (101.6)

4.55 (4.80)

%2,7/57.3

5.21 (1.97)

20.0/20.0 (-6.7/-6.7)

88.0 (31.1)

24,0 (13.3)

92.0 (51.1)

4,50 (4.75)

103.0/77.0 (39.7/25.0)

16.5 (9.17)

4.0 (101.6)

4,55 (4.80)

47,3/52.7

8.35 (3.16)




€51

TABLE

H=l (continued)

Percentage Make-up Requirement

Variable
2 10 20 30
Condenser
Surface Area, 10° £t2 (103 a?) 79 (73.8) 691 (64.2) 723 (67.2) 691 (64.2)
Number of Tubes 67,000 50,500 54,900 50,500
Tube Length, ft (w) 45,3 (13.8) 52.3 (15.9) 50.3 (15.3) 52,3 (15.9)
Circulating Water Flow & Pimp
Circulating Water Flow Rate, 10° gpm (n® /min) 498 (1885) 375 (1420) 408 (1544) 375 (1420)
Nuber of Pumps 3 3 3 3
Puspiog Head, ft (m) of Water 67.9 (20.7) 75.0 (22.9) 81.8 (24.9) 90.6 (27.6)
Motor Rating, hp (kW) per pump 3500 (2611) 3000 (2238) 3500 (2611) 3500 (2611)
Motor Brake Horsepower, hp (kW) per pump 3194 (2383) 2661 (1985) 3156 (2354) 3213 (2397)
Flow & Booster Pump for Wet Tower
Percentage of Circulating Water to Wet Helper Tower 33.7 57.1 79.2 1.2
Number of Pumps 9 11 16 17

Pumping Head, ft (m) of Water

Motor Rating, hp (kW) per pump

Motor Brake Horsepower, hp (kW) per pump

41.0 (12,5)

350 (261)

217 (162)

41.0 (12.5) 41.0 (12.5)

350 (261) 350 (261)

226 (169) 235 (175)

41.0 (12,5)

350 (261)

208 (155)
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TABLE H-1 {(continued)

Percentage Make-up Requirement

Variable
2 10 20 30
Circulat Water Pipelines
Condenser Intake:
1 1 1 1

Fusber of Lines

Diameter/Length, in/ft (cafa)
Condenser Discharge:

Humber of Lines

Diemeter/Length, in/ft (ca/m)
Comnecting Pipelines:

fumber of Lines

Diameter/Length, in/ft (cm/m)

Cool Tower
Sige (Number of Cells):

Dcy Tower

Waet Tower

132/2000 (335/610)

132/1500 (335/457)

90/900 (229/274)

123

114/2000 (290/610)

11471500 (290/457)

78/960 (198/274)

88

11

120/2000 (305/610)

120/1500 (305/457)

84/900 (213/274)

77

16

114/2000 {290/610)

114/1500 (290/457)

78/900 (198/274)

64

17
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AT KATPAROWITS, UTAH - MECHANICAL PARALLEL - P1 MODE - 1985

TABLE H-2. SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS ($106-)

Percentage Make-up Requirement

Acct. No. Equipment Item 2 10 20 30
118L Circulating Weter Pump (M 0,921 0.829 0.856 0.829
Structures (L 0.735 0.662 0.682 0.662
(T 1.656 1.491 1.538 1.491
132.211 Circulating Water Pumps (E 3.498 3.387 4.135 4,262
and Motors M 0.035 0.034 0.042 0.043
L 0.529 0.611 0.818 0.859
(T 4,062 4.032 4.995 5.164
132.25 Concrete Pipelines ™ 3.606 2.630 2.857 2.630
(L 2.986 2,441 2.638 2.441
(T 6.592 5.071 5.495 5.071
132.3211 Cooling Tower Basin o™ 0.961 0.984 1.274 1.301
and Foundation (L 1.727 1.768 2,292 2,338
(T 2.687 2,752 3.566 3.639
132.3212 Cooling Towers, Installed (E 39.350 29,233 27.148 23.508
™ 0.397 0.295 0.274 0.237
(L 5.757 4.851 5.270 4,974
(T 45,505 34.379 32.692 28.720
133.1 Condensers, Installed (E 7.545 6.572 6.857 6.572
™ 0.038 0.033 0.034 0.033
(L 4,204 3.833 3.939 3.833
(T 11.787 10.438 10.830 10.438
114 & Make-up Facilities (B 2,404 2.859 3.231 3,298
132.1 o 4,797 5.556 6.212 6.334
* 9,212 10.671 11.932 12.167
(T 16.414 19.086 21.375 21.800
14 Electrical Equipment (E 1.922 1.544 1.605 1.490
(6.4 1.444 1.160 1.206 1.119
(L 4.626 3.492 3.275 2.860
(T 7.991 6.197 6.086 5,469
Direct Capital Cost of (E 54.719 43,595 42,976 39.130
Cooling System ™ 12.199 11.521 12.755 12.526
w 29.776 28.329 30.846 30.134
(T 96.694 83.445 86,577 81,790
Indirect Cost 24,174 20,863 21.645 20.450
Total Cspital Cost 120.868 104.308 108.222 102.240




TABLE H-3. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS ($106)
AT KAIPAROWITS, UTAH - MECHANICAL PARALLEL - P1 MODE - 1985

951

Percentage Make~up Requirement
Item
2 10 20 30
Penalty Breakdown:
Capacity Penalty 23.859 23.859 :; 14,297 14,297
Replacement Energy Penalty 3.531 9.861 7.992 10.050
Penalty for Circulating Water 4.635 4,209 » 5.31%4 5.297
Pumping Power Requirement
Penalty for Circulating Water 3.005 2.597 3.156 3.305
Pumping Energy Requirement
Penalty for Cooling Tower Fan 8.140 6.172 5.858 5.171
Power Requirement
Penalty for Cooling Tower Fan 6.258 - 4,567 4,047 3.472
Energy Requirement
Make-up Water Purchase and 0.115 0.524 0.984 1.577
Treatment Penalty
Make-up Water Pumping Energy 2.711 3.676 4,566 5.005
and Capacity Penalty
Cooling System Maintenance Penalty 5.105 4.330 4,648 4,449
Cost Summary:
Total Penalty Cost 57.358 59.797 50,862 52.622
Total Capital Cost 120.868 104.308 108,222 102,240
Total Evaluated Cost 178,227 164.104 159.084 154.862




APPENDIX I

KATPAROWITS, UTAH - NATURAL SERIES WET/DRY COOLING SYSTEMS: S1 MODE

This appendix contains design data, capital investment and penalty break-
downs for the optimized natural series wet/dry cooling systems at
Kaiparowits, Utah.
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TABLE I-1, SUMMARY OF DESIGN DATA FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS AT KAIPAROWITS, UTAH - NATURAL SERIES - S1 MODE

Variable

Percentage Make-up Requirement

10

20

30

=0

General Design Data
Mode of Wet/Dry Tower Operation

Deaign Parsmeters for Dry Towers:
Dry Bulb/Met Bulb Temperatures, °F (°C)
Cold Water Temperature, °F (°C)
Cooling Range, °F (°C)
Tower 11D, °F (°C)
Condenser Heat Load, 109 Btu/hr (1012 J/hr)
beaign Parameters for Wet Helper Tower:
Dry Bulb/Wet Bulb Temperatures, °F (°C)
Tower Approach Temperature, °F (°C)

Design and Maximm Operating Back l;ressure
Pyay, in-HgA (mmfigA)

Condenser Heat Load st P, 107 Bru/hr
(1012 3/nr) max

Heat Load Distribution at Pp..- Wet Tower/
Dry Tower, %

Annusl Make-up Water Requirement, 10a gal (106 ms)

sl

60.0/50.0 (15.6/10.0)

97.0 (36.1)

16.0 (8.89)

53.0 (29.4)

4,51 (4.76)

103,0/77.0 (39.4/25.0)

20.0 (11.1)

5.0 (127.0)

4,62 (4.87)

61.6/38.4

0.583 (0.221)

81

40.0/37.0 (4.4/2.8)

93,0 (33.9)

20,0 (11.1)

73.0 (40.56)

4,51 (4.76)

103.0/77.0 (39.4/25.0)

20,0 (11.1)

5.0 (127.0)

4.62 (4.87)

76.1/23.9

2,73 (1.04)

s1

30.0/28.0 (-i.l/-z.z)
83,0 (28.3)
26.0 (14.4)
79.0 (43.9)

4.49 (4.74)

103.0/77.0 (39.4/25.0)
17.1 (9.5)

4.0 (101.6)

4,55 (4.80)

87,1/12.9

5.40 (2,04)

Sl

20.0/20.0 (~6,7/~6.7)
85.0 (29.4)
26.0 (l4.4)
91.0 (50.6)

4.50 (4.75)

103.0/77.0 (39.4/25.0)
17.1 (9.5)

4.0 (101.6)

4,55 (4.B0)

89.7/10.3

8.23 (3.12)

sl

10,0/10,0 (-12,2/-12.2)

89.0 (31.7)

26.0 (14.4)

105.0 (58.3)

4.52 (4.77)

103.0/77.0 (39.4/25.0)

17.2 (5.6)

4.0 (101.6)

4,55 (4.80)

92,0/8.0

11.51 (4.36)




651

TABLE I-1 (continued)

Percentage Make-up Requirement

Variabl :
° 2 10 20 30 40 J[
!
Condenser
Surface Area, 107 £e2 (103 -2) 836 (77.7) 753 (70.0) 670 (62.2) 667 (62.0) 663 (61.6)
Number of Tubes 75,800 60,600 46,500 46,500 46,800
Tube Length, ft (m) 42,1 (12.8) 47.4 (14.5) 55.1 (16.8) 54.7 (16.7) 54.2 (16.5)
Circulating Water Flow & Pump .
Circulating Water Flow Rate, lt)3 gpm (m3 fmin) 563 (2131) 451 (1707) 345 (1306) 346 (1310) 347 (1314)
¥umber of Pumps 4 3 2 2 2
i Pumping Head, £t (m) of Water 47.0 (14.3) 48.4 (14.8) 55.5 (16.9) 55.4 (16.9) 55.1 (16.8)
1
i
‘t Motor Rating, hp (KW) per pump 2250 (1678) 2500 (1865) 3000 (2238) 3000 (2238) 3000 (2238)
{
i
1 Motor Brake Horsepower, hp (kd) per pump 1880 {1402) 2064 (1540) 2720 (2029) 2716 (2026) 2715 (2025)
l Flow & Booster Pump for Wet Tower
Percentage of Circulating Water to Wet Helper Tower 39.6 58.0 100.0 100.0 100,0
‘Number of Pumps 2 2 2 2 2
Punping Head, ft (m) of Water 41.0 (12.5) 41.0 (12.5) 41,0 (12.5) 41.0 (12.5) 41.0 (12.5)
Hotor Rating, hp (kW) per pump 1750 (1306) 2000 (1492) 2500 (1863) 2500 (1865) 2500 (1865)
Motor Brake Horsepower, hp (kW) per pump 1297 (968) 1521 (1135) 2008 (1498) 2012 (1501) 2021 (1508)




091

TABLE I-1 (contiaued)

Variable

Percentage Make-up Requirement

10

20

30

40

Circulat Hater ines

Condenser Intake:
Wmber of Lines
Diameter/Length, in/ft {cm/m)

Condenser Discharge:
Number of Lines
Dismeter/Length, in/ft (cid/m)

Connecting Pipelinea:
Number of Lines
Dismeter/Length, in/ft (cm/m)
6091 Tower

Dry Tower

Dismeter/Beight, ft (m)

Busber of Towers X
Mumber of Heat Exchangers per Tower

Wet Tower
Number of Cells

138/1870 (351/570)

138/1440 (351/439)

96/890 (244/271)

4417449 (134/137)
2
268

10

126/1870 (320/570)

126/1440 (320/439)

90/890 (229/271)

497/435 (151/151)
1
302

12

108/1870 (274/570)

108/1440 (274/439)

78/890 (198/271)

4907442 (149/135)
1
298

17

108/1870 (274/570)

108/1440 (274/439)

78/890 (198/271)

395/400 (120/122)
1
240

18

108/1870 (274/570)

108/1440 (274/439)

78/890 (198/271)

326/352 (99/107)
1

198

18
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AT KAIPAROWITS, UTAH - NATURAL SERIES - S1 MODE - 1985

6,
TABLE 1-2. SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS ($10)

Percentage Make-up Requirement

Acet. No. Equipment Item 2 10 20 30 40
118L Circulating Water Pump M 0.963 0.886 0.804 0.804 0.806
Structures (L 0.769 0,708 0.641 0.643 0.643
(T 1.732 1.594 1.445 1.448 1.450
132.211 Circulating Water Pumps (E 3.893 3.303 2.916 2.916 2,916
and Motors M 0.039 0.033 0.029 0.029 0,029
(L 0.316 0.263 0.211 0.211 0,211
(T 4.249 3.600 3.156 3.156 3.156
132.25 Concrete Pipelines ™ 3.854 3.146 2.405 2.405 2.405
(L 3.059 2.716 2.205 2,205 2.205
(T 6.914 5.862 4,610 4,610 4,610
132,.3211 Cooling Tower Basin M 0.934 0.944 1.241 1.287 1.268
and Foundation (L 2.535 2,189 2,652 2,677 2.579
(T 3.469 3.133 3.893 3.964 3.847
132.3212 Cooling Towers, Installed (E 37.510 23,565 23.736 19.940 16.945
M 0.379 0.238 0.240 0.201 0.171
(L 30.833 19.436 19.040 15.748 13.156
(T 68.722 43.239 43.016 35.889 30.272
133.1 Coudensers, Installed (E 7.989 7.155 6.368 6.349 6.327
M 0.040 0.036 0.032 0.032 0.032
@ 4.376 4.058 3.749 3.744 3.740
(r 12.406 11.249 10.149 10.125 10.098
114 & Make-up Facilities (E 2,522 2,924 3.226 3.292 3.343
132,1 ™ 4,989 5.669 6.203 6.323 6.416
(L 9,581 10,888 11,914 12,146 12,323
(T 17.092 19.482 21.353 21,762 22,082
14 Electrical Equipment (E 0.555 0.551 0.607 0.623 0.623
M 0.417 0.414 0.456 0.468 0.468
(L 0.424 0.410 0.440 0.453 0.433
(T 1.39%96 1.374 1.504 1.544 1.544
Direct Capital Cost of (E 52.469 37.498 36.853 33.120 30.154
Cooling System ™ 11.615 11.366 11.410 11,549 11.595
(L 51.893 40.688 40,852 37.827 35.310
(T 115.977 89,532 89,115 82.496 77.059
Indirect Cost 28,997 22.384 22,280 20.627 19.263
Total Capital Cost 144,974 111.916 111.395 103.123 96,322
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TABLE I-3. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS ($106)

AT KAIPAROWITS, UTAH - NATURAL SERIES - S1 MODE - 1985

Percentage Make-up Requirement

Item
2 10 20 30 40
Penalty Breakdown:
Capacity Penalty 23.859 23.859 14,297 14,297 14.308
Replacement Energy Penalty 2.945 9,292 7.648 9.602 10.845
Penalty for Circulating Water 4,064 3.711 3.799 3.799 3.806
Pumping Power Requirement
Penalty for Circulating Water 2.403 2,271 2.447 2.604 2.851
Pumping Energy Requirement
Penalty for Cooling Tower Fan 0,691 0.833 1.192 1.210 1,220
Power Requirement
Penalty for Cooling Tower Fan 0.016 0.078 0.205 0.304 0.409
Energy Requirement
Make-up Water Purchase and 0.110 0.519 1.020 1.554 2,174
Treatment Penalty
Make-up Water Pumping Energy 2.895 3.785 4,576 4,982 5.406
and Capacity Penalty
Cooling System Maintenance Penalty 4,096 3.213 3,072 2,923 2.790
Cost Summary:
Total Penalty Cost 41,078 47.561 38.256 41.274 43.808
Total Capital Cost 144,974 111.916 111.395 103.123 96,322
Total Evaluated Cost 186.052 159.477 149,651 144,397 140.130




APPENDIX J
SAN JUAN, NEW MEXICO
REFERENCE AND MECHANICAL SERIES WET/DRY COOLING SYSTEMS
This appendix contains two different items for San Juan, New Mexico:
1, Design data, capital investment and penalty breakdowns for the
optimized reference cooling systems

2, Design data, capital investment and penalty breakdowns for the
optimized mechanical series wet/dry cooling systems, S1 mode
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TABLE J-1.

SUMMARY OF DESIGN DATA

FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS AT SAN JUAN, NEW MEXICO

Variable

Mechanical Dry

Mechanical Dry*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

General Design Data

Design Temperatures, °F (°C):

Dry Bulb

Wet Bulb

Cold Water

Cooling Range

ITD (Dry

Tower) or

Approach (Wet Tower)

Design Turbine Back Pressure,
in-HgA (mm-HgA)

Maximum Operating Back Pressure,

in-HgA (mm-HgA)

Design Heat

Load,

109 Btu/hr (1012 J/hr)

Plant Capacity at Cooling
System Design Point, MWe

Annual Make-up Water Requirement,
108 gal. (106.m3)

(High BP Turbine)

96.0 (35.6)
62.0 (16.7)
137.0 (58.3)
22,0 (12.2)

63.0 (35.0)

10.61 (269.5)

12.60 (320.0)

4.80 (5.06)

935.8

0.0

102.0 (38.9)
63.0 (17.2)

117.0 (47.2)
12.0 (6.7)

27.0 (15.0)

5.00 (127.0)

5.03 (127.8)

4.62 (4.87)

989.0

0.0

96.0 (35.6)
62.0 (16.7)
85.0 (29.4)
26.0 (l4.4)

23.0 (12.8)

3.08 (78.2)

3.12 (79.2)

4.50 (4.75)

1026.2

29,53 (11.18)

%* This is not an optimized system because of the turbine back pressure limitation.
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TABLE J-1 (continued)

Variable

Mechanical Dry
(High BP Turbine)

Mechanical Dry*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

Condenser
Surface Area, 103 fe2 (103 m2)
Number of Tubes

Tube Length, ft (m)

Circulating Water Flow & Pump

Circulating Water Flow Rate,
103 gpm (m3/min)

Number of Pumps
Pumping Head, ft (m) of Water
Motor Rating, hp (kW) per pump

Motor Brake Horsepower,
hp (kW) per pump

761 (70.7)
58,800

49.4 (15.1)

437 (1654)

3
63.6 .(19.4)
3000 (2237)

2626 (1958)

974 (90.5)
103,700

35.9 (10.9)

770 (2915)

5
50,5 (15.4)
2500 (1864)

2209 (1647)

667 (62.0)
46,500

54.7 (16.7)

346 (1310)
2
90.4 (27.6)

5000 (3729)

4434 (3306)
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TABLE J-1 (continued)

Variable

Mechanical Dry
(High BP Turbine)

Mechanical Dry*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

Circulating Water Pipelines

Condenser Intake:
Number of Lines
Diameter/Length, in/ft (cm/m)
Condenser Discharge:
Number of Lines
Diameter/Length, in/ft (cm/m)
Connecting Pipelines:
Number of Lines

Diameter/Length, in/ft (cm/m)

Cooling Tower

Size (Number of Cells):
Dry Tower

Wet Tower

1

120/1190 (305/363)

1

120/540 (305/165)

2

84/1180 (213/360)

112

2

114/1190 (290/363)

2

114/540 (290/165)

2

114/1180 (290/360)

274

1

108/1120 (274/341)

1

108/940 (274/287)

2

78/710 (198/216)

«

21




TABLE J-2.

L91

SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS ($106) AT SAN JUAN, NEW MEXICO - 1985

Mechanical Dry Mechanical Dry * Mechanical Wet

Acct. No. Equipment Item (High BP Turbine) (Low BP Turbine) (Low BP Turbine)
1185 Circulating Water Pump ™ 0.877 1,081 0.804
Structures (L 0.701 0.863 0.643
(T 1.577 1.944 1,447
132,211 Circulating Water Pumps (E 2.246 3.545 1.815
and Motors (M 0,023 0.036 0.018
(L 0.158 0.263 0.105
(T 2.427 3.844 1,938
132.25 Concrete Pipelines ™ 2.032 3.621 1.641
(L 1.821 3.101 1.472
(T 3.853 6.722 3.113
132.3211 Cooling Tower Basin M 0.342 0.837 1.362
and Foundation (L 0.614 1.505 2,450
(T 0.956 2,342 3.812
132,3212 Cooling Towers, Installed (E 33.831 82,764 5.160
M 0.342 0.836 0.052
(L 3.940 9,638 3.366
(T 38.113 93.238 8.578
133.1 Condensers, Installed (E 7.172 9.472 6.349
M 0.036 0.048 0.032
(L 4,053 4,937 3.744
(T 11.261 14.457 10.125
114 & Make-~up Facilities (E - - 2.030
132,1 ™ - - 1.929
(L - - 3.608
(T - - 7.567
14 Electrical Equipment (E 1.516 3.397 0.634
M 1.139 2.552 0.476
(L 2,702 6.504 0.408
{T 5.357 12.453 1.517
Direct Capital Cost of (E 44,765 99.179 15.989
Cooling System M 4,790 9.011 6.314
(L 13.988 26,810 15.797
(T 63.543 135.000 38.100
Indirect Cost 15.887 . 33.750 9.526
Total Capital Cost 79.430 168.750 47.626

* This is not an optimized system because of the turbine back pressure limitation.




891

TABLE J-3. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS (5106)
AT SAN JUAN, NEW MEXICO ~ 1985 )

Item

Mechanical Dry
(High BP Turbine)

Mechanical Dry*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

Penalty Breakdown:

Capacity Penalty 57.535 24,267 6.480

Replacement Energy Penalty 29.617 0.489 2.234

Penalty for Circulating Water 3.166 4.439 3.564

Pumping Power Requirement

Penalty for Circulating Water 2.769 3.680 2.965

Pumping Energy Requirement

Penalty for Cooling Tower Fan 7.999 18,933 1.554

Power Requirement

Penalty for Cooling Tower Fan 6.458 13.770 1.265

Energy Requirement

Make-up Water Purchase and 0.0 0.0 5.579

Tieatment Penalty

Make-up Water Pumping Energy 0.0 0.0 0.740

and Capacity Penalty

Cooling System Maintenance Penalty 3.913 8.156 1.809
Cost Summary:

Total Penalty Cost 111.456 73.734 26.190

Total Capital Cost 79.430 168.750 47.626

Total Evaluated Cost 190.886 242.484 73.816

* This is not an optimized system because

of the turbine back pressure limitation.
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TABIE J-4. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS AT SAN JUAN, NEW MEXICO - MECHANICAL SERIES - S1 MODE
Percentage Make-up Requirement
Variable
2 10 20 30 40
General Design Dats
Mode of Wet/Dry Tower Operation si s1 s1 s1 sl

Design Parameters for Dry Towers:
Dry BulbMlet Bulb Temperatures, °F (°C)
Cold Water Temperature, °F (°C)
Cooling Range, °F (°C)
Tower TTD, °r (%)
Condenser Heat Load, 10% Btu/hr (1012 J/hr)
Design Parameters for Wet Helper Tower:
Dry Bulb/Wet Bulb Temperatures, °F (°C)
Tower Approach Temperature, °F (%)

Design and Maximum Operating Back P}enute
Pagxs in~HgA (mmlgA)

Condenser Heat Load at Ppgy, 10° Bru/hr (10123/hr)

Beat Load Distribution at By..~ Wet Tower/
Dry Tower, %

Annual Make-up Water Requirement, 108 gal (11:'6 “‘3)

70,0/51.5 (21.1/10.8)

95.0 (35.0)

17.0 (9.4)

42,0 (23.3)

4,50 (4.73)

102.0/63.0 (38.9/17.2)

26.0 (14.4)

5.0 (127.0)

4,62 (4.87)

38,7/61.3

0.625 (0.237)

60.0/45,0 (15.6/7.2)
95.0 (35.0)
22,0 (12.2)
57.0 (31.7)

4.53 (4.78)

102.0/63.0 (38.9/17.2)
26.0 (14.4)

4.5 (114.3)

4.59 (4.84)

60.9/39.1

2.90 (1.10)

45.0/36.5 (7.2/2.5)

86.0 (30.0)

26.0 (14.4)

67.0 (37.2)

4.50 (4.75)

102.0/63.0 (38.9/17.2)

26.0 (l4.4)

4,0 (101.6)

4.55 (4.80)

73.2/26.8

5.97 (2.26)

35.0/30.0 (1.7/-1.1)

84.0 (28.9)

26.0 (14.4)

75.0 (41.7)

4.49 (4.76)

102.0/63.0 (38.9/17.2)

26.0 (14.4)

3.5 (88.9)

4.52 (4.77)

82,2/17.8

8.85 (3.35)

20.0/16.5 (-6.7/-8.6)

78.0 (25.6)

30.0 (16.7)

88.0 (48.9)

4.48 (4.73)

102.0/63.0 (38.9/17.2)

22.3 (12.4)

3.5 (88.9)

4452 (4.77)

85.0/15.0

11.90 (4.50)
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TABLE J-4 (continued)

Percentage Make-up Requirement )

Varisble -
2 10 20 30 40
Condenser
Surface Ares, 10° £t (10° =) 812 (75.4) 719 (66.8) 666 (61.9) 669 (62.2) 632 (58.7)
Nasber of Tubes 71,300 55,400 46,600 46,500 40,200
Tobe Leugth, ft (m) 43.5 (13.3) 49,6 (15.1) $4.6 (16.6) 54.9 (16.7) 60.0 (18.3)
Circulating Water Flow & Pusp
Circulating Water Flow Rste, 10° @ (o /atn) 529 (2002) 412 (1560) 346 (1310) 45 (1306) 299 (1132)
Sumber of Puspe 3 3 2 2 2
Pusping Bead, ft (m) of Water 62,5 (19.1) 66.3 (20.2) 71.5 (21.8) 76.3 (23.3) 80.5 (24.5)
Motor Rating, bp (kW) per pump 3500 (2610) 3000 (2237) 4000 (2983) 4000 (2983) 4000 (2983)
Motor Brake Borsepower, hp (W) per pump 3128 (2333) 2583 (1926) 3512 (2619) 3740 (2789) 3413 (2545)
Flow & Booster Pump for Wet Tower
Percentage of Circulating Water to Wet Helper Tower 23.2 50.2 79 98.2 100
Number of Fumps 2 2 2 2 2
Pumpiug Bead, ft (w) of Water 41,0 (12.5) 41,0 (12.5) 41.0 (12.5) 41.0 (12.5) 41.0 (12.5)
Motor Rsting, hp (XW) per pump 1000 (746) 1500 (1119) 2000 (1491) 2500 (1864) 2000 (1491)
Motor Brake Horsepower, hp (kW) per pump 716 (534) 1202 (896) 1591 (1186) 1974 (1472) 1738 (1296)
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TABLE J~4 (continued)

Percentage Make-up Requirement

Variable
2 10 20 30 40
Circulating Water Pipelines
Condenser Intake:
Number of Lines 1 1 b 1 t

piameter fLength, . in/ft (cm/m)
Condenser Discharge;

Number of Lines

Diameter/Length, in/ft (cm/m)
Commecting Fipetioes:

Number of Lines

Diameter/Length, in/ft (cm/m)

Cool Tower

Size (Number of Cells):
Dry Tower

Wet Tower

132/1980 (335/604)

132/1490 (335/454)

96/760 (244/232)

161

120/1980 (305/604)

120/1490 (305/454)

B4/760 (213/232)

117

11

108/1980 (274/604)

108/1490 (274/454)

78/760 (198/232)

98

13

108/1980 (274/604)

108/1490 (274/454)

78/760 (198/232)

15

102/1980 (259/604)

102/1490 (259/454)

72/760 (183/232)

70

17




TABLE J-5. SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS (3106)
AT SAN JUAN, NEW MEXICO - MECHANICAL SERIES - 51 MODE - 1985

ZL1

Percentage Make-up Requiiement

Acct. No. Equipment Item 2 : 10 20 39 40
118L Circulating Water Pump M 0.942 0.858 0.804 0.804 0.762
Structures @ 0.751 0.584 : 0.643 0.643 0.609

(1 1.693 1.543 1.647 1.447 1.371

132,211 Circulating Water Pumps (E 3.182 3.099 2,833 3.075 2.995
and Motors M 0.032 0.031 0.029 0.021 0,030

(L 0.263 0.263 0.211 0.211 0.211

(T 3.477 3.393 3.073 3.317 3.236

132.25 Concrete Pipelines ™ 3.619 2.800 2.437 2.437 2.193
(L 2,913 2.521 2.201 2.201 2.024

(T 6.532. 5.321 4.638 4.638 4,217

132.3211 Cooling Tower Basin M 0.945 1.072 1.144 1.230 1.318
and Foundation (L 1.701 1.928 2,056 2.214 2,370

(T 2.646 3.000 3.290 3.444 3.688

132.3212 Cooling Towers, Installed (E 50.271 38.013 32.777 29.011 25,298
M 0.508 0.384 0.331 0.293 0.256

(L 6.778 5.871 5,527 5.359 5.183

(T 52.557 44,268 38.635 34.663 30.737

133.1 Condensers, Installed (E 8.748 6.840 6.342 6.359 6.023
M 0.039 0.03%4 0.032 0.032 0.030

(L 4.285 3.939 3.742 3.746 3.609
(T 12.072 10.813 10.116 10137 | 9.662

114 & Make-up Facilities (E 1.042 1.429 1.622 1.757 1.820
132.1 ™ 1.169 1.452 1.601 1.707 1.758
L 2.193 2.719 2.995 3.194 3.288

(T 4,404 5.600 6.217 6.658 6.866
14 Electrical Equipment (E 2.266 1.829 1.651 1.561 1.404
M 1.703 1.374 1.241 1.173 1.055
(L 5.837 4.392 3.728 3.279 2.830

(T 9,806 7.595 6.620 6.013 5.289

Direct Capital Cost of (E 64.510 51,210 45,224 41,762 37.539

Cooling System o 8.957 8.005 7.618 7.707 7.401

@ 24,722 22.319 21.103 20.848 20.125
(T 98.189 81.534 73,945 70.317 65.065

Indirect Cost 24,548 20.384 18.487 17.579 16.266

Total Capital Cost 122.737 101,918 92,432 87.896 81,331
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TABLE J-6. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS ($107)
AT SAN JUAN, NEW MEXICO - MECHANICAL SERIES - S1 MODE - 1985

Item

Percentage Make-up Requirement

2 10 20 30 40
Penalty Breakdown:
Capacity Penalty 24,007 19.373 14.297 9,638 9.638
Replacement Energy Pemalty 4,479 8.039 8.544 6.995 7.982
Penalty for Circulating Water 3.771 4.079 4.101 4,592 4,140
Pumping Power Requirement
Penalty for Circulating Water 3.208 2.872 2,935 3.504 3.409
Pumping Energy Requirement
Penalty for Cooling Tower Fan 11.410 8.092 7.123 6.398 5.683
Power Requirement
Penalty for Cooling Tower Fan 8.979 6.643 5.684 5,007 4.419
Energy Requirement
Make-up Water Purchase and 0.104 0.483 0.995 1.474 1.983
Treatment Penalty
Make-up Water Pumping Energy 0.177 0.298 0.382 0.450 0.499
and Capacity Penalty
Cooling System Maintenance Penalty 5.641 4.710 4,191 4,044 3.743
Cost Summary:

Total Penalty Cost 61,776 54,589 48,252 42,102 41.496
Total Capital Cost 122.737 101,918 92,432 87.896 81,331
Total Evaluated Cost 184.513 156,507 140,684 129,998 122,827




APPENDIX K

Al

COLSTRIP, MONTANA « REFERENCE AND MECHANICAL SERIES WET/DRY COOLING SYSTEMS

This appendix contains two different items for Colstrip, Montana:

1. Design data, capital investment and penalty breakdowns for the
optimized reference cooling systems

2. Design data, capital investment and penalty breakdowns for the
optimized mechanical series wet/dry cooling systems, S1 mode

174
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TABLE K-1. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS AT COLSTRIP, MONTANA

Mechanical Dry Mechanical Dry¥* Mechanical Wet
Variable (High BP Turbine) (Low BP Turbine) (Low BP Turbine)
General Design Data
Design Temperatures, °F (°C):
Dry Bulb 95.0 (35.0) 102.0 (38.9) 95.0 (35.0)
Wet Bulb 63.0 (17.2) ' 63.0 (17.2) 63.0 (17.2)
Cold Water 134.0 (56.7) 117.0 (47.2) 87.0 (30.6)
Cooling Range 24,0 (13.3) 12.0 (6.7) 24,0 (13.3)
ITD (Dry Tower) or 63.0 (35.0) 27.0 (15.0) 24,0 (13.3)
Approach (Wet Tower)
Design Turbine Back Pressure, 10,37 (263.4) 5.03 (127.8) 3.08 (78.2)
in-HgA (mm-HgA)
Maximum Operating Back Pressure, 12,58 (319.6) 5.03 (127.8) 3.23 (82.0)
in-HgA (mm-HgA)
Design Heat Load, 4,80 (5.06) 4.62 (4.87) 4,50 (4.75)
109 Btu/hr (1012 J/hr) ‘
Plant Capacity at Cooling 937.9 989.0 1026.2
System Design Point, MWe
Annual Make-up Water Requirement, : 6.0 0.0 28,66 (10.85)
108 gal. (10 m3)

% This is not an optimized system because of the turbine back pressure limitation.




9Ll

TABLE K-1 (continued)

Variable

Mechanical Dry
(High BP Turbine)

Mechanical Dry¥*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

Condenser
Surface Area, 103 £t (10° n?)
Number of Tubes

Tube Length, ft (m)

Circulating Water Flow & Pump

Clrculat1n§ Water Flow Rate,
103 gpm (m3/min)

Number of Pumps
Pumping Head, ft (m) of Water
Motor Rating, hp (kW) per pump

Motor Brake Horsepower,
hp (kW) per pump

726 (67.4)
53,800

51.5 (15.7)

400 (1514)

3
64.0 (19.6)
3000 (2238)

2420 (1805)

974 (90.4)
103,700

35.9 (10.9)

770 (2915)

6
53.5 (16.3)
2250 (1678)

1949 (1454)

692 (64.3)
50,400

52.4 (16.0)

375 (1420)

3
89,2 (27.2)
3500 (2611)

3160 (2357)
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TABLE K-1 (continued)

Variable

Mechanical Dry
(High BP Turbine)

Mechanical Dry*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

Circulating Water Pipelines

Condenser Intake:

Number of Lines

Diameter/Length, in/ft (cm/m)

Condenser Discharge:

Number of Lines

Diameter/Length, in/ft (cm/m)

Cooling Tower

Size (Number of Cells):

Dry Tower

Wet Tower

1

114/2090 (290/637)

1

114/1820 (290/555)

112

2

114/2090 (290/637)

2

114/1820 (290/555)

268

1

114/1680 (290/512)

1

114/1530 (290/466)

20
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TABLE

K-2. SUMMARY OF CAPITAL INVESTMEN: COST FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS (510%) AT COLSTRIP, MONTAXA - 1985

Mechanical Dry

Mechanical Dry*

Mechanical Wet

Acct. No. Equipment Item (High BP Turbine) (Low BP Turbine) (Low BP Turbine)
118L Circulating Water Pump M 0.848 1.081 0.829
Structures (L 0.678 0.863 0.662
(T 1.526 1.944 1.491
132.211 Circulating Water Pumps (E | 2,002 3.648 2.122
and Motors 4. 0.020 0.037 0.021
(L 0.158 0.316 0.158
(T 2,181 4,000 2,301
132.25 Concrete Pipelines M 2.269 4,538 1.931
(L | 2,084 4.168 1.711
T 4.353 8.706 3.642
132,3211 Cooling Tower Basin M 0.342 0.817 1.297
and Foundation (L 0.614 1.472 2,334
(T 0.956 2.290 3.630
132.3212 Cooling Towers, Installed (E 33.831 80.942 4,914
M ] 0,342 0.818 0.050
(L 3.940 9.427 3.206
(T 38.112 91.196 8.170
133.1 Condensers, Installed (E 6.857 9.472 6.577
M 0.034 0.048 0,033
L 3.934 4.937 3.833
(T 10.825 14.457 10.444
114 & Make-up Facilities ® - 2.034
132.1 M - 6.828
L - - 12.949
(T - - 21.810
14 Electrical Equipment (E 1,516 3.365 0.636
[¢:! 1,139 2.528 0.478
(L 2.7202 6.412 0.437
(T 5.357 12,304 1.551
Direct Capital Cost of (E | 44,206 97.437 16,283
Cooling System M 4,994 9.867 11.467
(L 14,109 27.595 25,290
(T 63.310 134,898 53.040
Indirect Cost 15.827 _33.725 13.260
Total Capital Cost 79.137 168.623 66.300
* This is not an optimized system because of the turbine back pressure limitation.




TABLE K-3. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS ($106) AT COLSTRIP, MONTANA ~ 1985

6L1

Mechanical Dry Mechanical Dry* Mechanical Wet
Item (High BP Turbine) (Low BP Turbine) (Low BP Turbine)
Penalty Breakdown:
Capacity Penalty ' 57.433 24,267 7.409
Replacement Energy Penalty 25.673 -0.126 1.750
Penalty for Circulating Water 2.917 4,699 3.810
Pumping Power Requirement
Penalty for Circulating Water 2.258 3.456 2,813
Pumping Energy Requirement
Penalty for Cooling Tower Fan 7.882 ~ 18.317 1.507
Power Requirement
Penalty for Cooling Tower Fan 5.653 11.523 1,079
Energy Requirement .
Make-up Water Purchase and 0.0 6.0 4,777
Treatment Penalty
Make-up Water Pumping Energy 0.0 0.0 3.361
and Capacity Penalty
Cooling System Maintenance Penalty 3,793 8.091 1.946
Cost Summary:
Total Penalty Cost 105.608 70,226 28,452
Total Capital Cost 79.137 168.623 66.300
Total Evaluated Cost 184,745 238,849 94.752

* This is not an optimized system because of the turbine back pressure limitation.
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TABLE K=4,

SUMMARY OF DESIGN DATA FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS AT COLSTRIP, MONIANA - MECHANICAL SERIES - S1 MODE

Percentage Make-up Requirement

Variable .
2 10 20 30 40
Geuersl Design Data
Mode of Wet/Dry Tower Operation s1 sl sl Sl s1

Design Paraseters for Dry Towers:
Dry BulbMlet Bulb Temperatures, °F (°C)
Cold Water Temperature, °F (°C)
Cooling Bange, °F (°C)
Tower ITD, °F (°C)
Condenser Heat Load, 10° Btu/hr (101'2 J/hr)
Design Parameters for Wet Helper Tower:
Dry Bulb/Wet Bulb Temperatures, °F (°C)
Tower Approach Temperature, °F (°C)

Design and Maximum Operating Back P;-eauure
Praxs in-HgA (mmHgA)

Condenser Heat Loadat __, 10° Beu/br
(1012 3/hr)
_ Heat Load Distribution at P, .- Wet Tower/
Dry Tower, %

Annual Make-up Water Requirement, 108 gal (14.)6 ms)

70.0/52.0 (21.1/11.1)
95.0 (35.0)
20.0 (1i.1)
45.0 (25.0)

4,52 (4.77)

102.0/67.0 (38.9/19.4)
26.0 (14.4)

5.01 (127.3)

4,62 (4.87)

42,3/51.7

0.518 (€.196)

§0.0/42.0 (10.0/5.6)

90.0 (32.2)

22.0 (12.2)

62.0 (3%.4)

4.50 (4.75)

102.0/67.0 (38.9/19.4)

26.0 (14.4)

4.50 (114.3)

4.59 (4.84)

64.3/35.7

3.05 (1.1%)

40,0/34.0 (4.4/1,1)

88.0 (31.1)

26.0 (14.4)

74.0 (41.1)

4.51 (4.76)

102.0/67.0 (38.9/19.4)
26.0 (14.4)

4,00 (101.6)

4.55 (4.80)

75.6/24.4

6,03 {2.28)

30.0/25.0 (~1.1/-3.9)
83.0 (28.3)
28.0 (15.6)
81.0 (45.0)

4.50 (4.75)

102,0/67.0 (38.9/19.4)

20.4 (11.3)

3.50 (88.9)

4.52 (4.77)

83.7/16.3

8.72 (3.30)

15.0/11.0 (-9.4/-11,7)

80.0 (26.7)

30,0 (16.7)

95.0 (52.8)

4,49 (4.76)

102.0/67.0 (38.9/19.4)

18.4 (10.2)

3.50 (88.9)

4.52 (4.77)

86.1/13.9

11.45 (4.33)
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TABLE K-4 (continued)

Percentage Make~up Requirement

Varfable 2 10 20 30 40
Condenser
Surface Area, 10° £t2 (10° o?) 753 (70.0) 720 (66.9) 664 (61.7) 645 (59.9) 627 (58.3)
Number of Tubes 60,800 55,100 46,700 43,200 40,300
Tube Length, ft (m) 47,3 (14.4) 49.9 (15.2) 56,3 (16.6) 57.G (17.4) 59.5 (18.1)
Circulating Water Flow & Pump
Circulating Water Flow Bate, 10° gpm (m® /min) 452 (1711) 409 (1548) 347 (1314) 321 (1215) 299 (1132)
Number of Pumps 3 3 2 2 2
Pumping Head, ft (m) of Water 59.8 (18.2) 70.6 (21.5) 75.5 (23.0) 81.5 (24.8) 84,8 (25. 8)
Motor Rating, hp (kW) per pump 3000 (2238) 3000 (2238) 4000 (2984) 4000 (2984) 4000 (2984)
Motor Brake Horsepower, hp (KW) per pump 2554 (1905) 2731 (2037) 3718 (2774) 3717 (2773) 3600 (2686)
'Flow & Booster Pump for Wet Tower
Percentage of Circulating Water to Wet Helper Tower 36,2 60.7 94.4 100.0 100.0
Number of Pumpa 2 2 2 2 2
Pumping Head, ft (m) of Water 41,0 (12.5) 41,0 (12.5) 41.0 (12.5) 41,0 (12.5) 41.0 (12.5)

Motor Rating, hp (kW) per pump

Motor Brake Horsepower, hp (kW) per pump

1500 (1119)

951 (709)

2000 (1492)

1446 (1079)

2500 (1865)

1906 (1422)°

2500 (1865)

1868 (1394)

2000 (1492)

1742 (1300)




781

TABLE K-4 (continued)

Percentage Mp Requirement

Variable
2 10 20 30 40
Circulating Water Pipelives
Condenser Intake:
Number of Lines 1 1 1 1 1

Dismeter/Length, in/ft (cm/m)

Condenser Discharge:

Number of Lines

Diameter /Length, in/ft (cw/m)

Connecting Pipelines:

Nomber of Lines

Diameter /Length, in/ft (cm/m)

Cooling Tower

Size (Number of Cells):

Dry Tower

Wet Tower

12671770 (320/539)

12671900 (320/579)

90/680 (229/207)

153

120/1770 (305/539)

120/1900 (305/579)

B4/680 (213/207)

100

11

108/1770 (274/539)

10871900 (274/579)

78/680 (198/207)

13

10271770 (259/539)

102/1900 (259/579)

72/680 (183/207)

75

18

102/1770 (259/539)

102/1900 (259/579)

72/680 (183/207)

62

20




€81

AT COLSTRIF, MONTANA - MECHANICAL SERIES - S1 MODE - 1985

TABLE K~$. SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS ($106)

Percentage Make-up Requirement

_Acct. No. Equipsent Item 2 10 20 30 40

118L Circulating Water Pump ™ 0.888 0.856 0.806 0.783 0,762
Structures (L 0.710 0.685 0.643 0.625 0.609

(T 1.598 1.540 1.450 1.408 1.371

132.211 Circulating Water Pumps (B 3.143 3.179 3.075 3.075 2.995
and Motors o 0.032 0.032 0.03L 0.031 0.030

@ 0.263 0.263 0.211 0.211 0.211

(T 3.438 3.474 3.316 3.316 3.236

132.25 Concrete Pipelines ™ 3.245 2.834 2.470 2.223 2.223
@ 2.775 2.579 2,249 2.070 2.070

(T 6.021 5.413 4.718 4,293 4.293

132.3211 Cooling Tower Basin ™ 0.923 1.020 1.100 1.398 1.488
and Foundation A 1.658 1.834 1.981 2,514 2.677

(T 2.580 2.854 3.081 3.913 4.165

132.3212 Cooling Towers, Imstalled (B 47.877 32.902 28.534 27.043 23.614
™ 0.484 0.332 0.288 0.273 0.239

(L 6.495 5.271 5.033 5.515 5.380

(T 54,856 38,506 33.855 32.831 29.232

133.1 Condensers, Installed (E 7.159 6.840 6.330 6.154 5.996
M 0.036 0.034 0.032 0.031 0.030

(L 4,060 3.937 3.740 3.669 3.602

(T 11.255 10.811 10.102 9.853 9.628

114 & Make-up Facilities (8 1.114 1.487 1.659 1.812 1.865
132.1 o™ 4.090 5.127 5.639 6.115 6.283
L 7.760 9.725 10.695 11.597 11,916

(T 12.964 16.339 17.993 19.524 20.064

14 Electrical Equipment (E 2.163 1.676 1.531 1.506 1.361
M 1.625 1.259 1.150 1,132 1.023

(L 5.562 3.813 3.250 3.018 2.604

(T 9.350 6.749 5.931 5.656 4.987

Direct Capital Cost of (E 61,456 46,084 41.129 39.590 35.831

Cooling System . 11.323 11,494 11.516 11.986 12,078

(L 29.283 28.107 27.802 29.219 29.069

(T 102.062 85.685 80.447 80.795 76.978

Indirect Cost 25.516 21.421 20.112 20.199 19,244

Total Capital Cost 127.578 107.106 100.559 100.994 96.222
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TABLE K-6. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS ($106)

AT COLSTRIP, MONTANA - MECHANICAL SERIES - S1 MODE - 1985

Percentage Make-up Requirement

Item .
2 10 20 30 40
Penalty Breakdown:
Capacity Penalty 23,979 19.335 14.297 9.647 9.647
Replacement Energy Penalty 3.383 7.323 8.076 6.434 6.924
Penalty for Circulating Water 3.843 4,455 4.519 4,489 4.293
Pumping Power Requirement
Penalty for Circulating Water 2.332 2,785 2,970 3.128 3.139
Pumping Energy Requirement
Penalty for Cooling Tower Fan 9.925 6.933 6.123 5.943 5.267
Power Requirement
Penalty for Cooling Tower Fan 7.401 4,961 4,287 4.005 3.515
Energy Requirement
Make-up Water Purchase and 0.086 0.508 1.006 1.453 1.908
Treatment Penalty
Make-up Water Pumping Energy 0.924 1.496 1.856 2,185 2.380
and Capacity Penalty
Cooling System Maintenance Penalty 5.417 4.376 3.988 3.920 3.651
Cost Summary:
Total Penalty Cost 57.291 52.171 47.121 41,205 40,723
Total Capital Cost 127.578 107.106 100.559 100,994 96.222
Total Evaluated Cost 184,869 159.277 147.680 142,199 136.945




APPENDIX L

YOUNG, NORTH DAKOTA - REFERENCE AND MECHANICAL SERIES WET/DRY COOLING SYSTEMS

This appendix contains two different items for Young, North Dakota:

1. Design data, capital investment and penalty breakdowns for the
optimized reference cooling systems

2. Design data, capital investment and penalty breakdowns for the
optimized mechanical series wet/dry cooling systems, S1 mode

185
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TABLE L-1. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS AT YOUNG, NORTH DAKOTA
Mechanical Dry Mechanical Dry* Mechanical Wet
Variable (High BP Turbine) (Low BP Turbine) (Low BP Turbine)

General Design Data

Design Temperatures, °F (°C):

Dry Bulb 95.0 (35.0) 104.0 (40.0) 95.0 (35.0)
Wet Bulb 66.0 (18.9) 71.0 (21.7) 66.0 (18.9)
Cold Water 134,0 (56.7) 119.0 (48.3) 87.0 (30.6)

Cooling Range

ITD (Dry
Approach

Tower) or
(Wet Tower)

Design Turbine Back Pressure,
in-HgA (mm-HgA)

22,0 (12.2)

61.0 (33.9)

9.89 (251.2)

12,59 (319.8)

10.0 (5.6)

25.0 (13.9)
5.00 (127.0)

5.03 (127.8)

26.0 (14.4)

21.0 (11.7)

3.26 (82.8)

3.43 (87.1)

Maximum Operating Back Pressure,

in-HgA (mm-HgA)

4.78 (5.04) 4.62 (4.87) 4.51 (4.76)

Design Heat Load,
109 Btu/hr (1012 J/hr)

Plant Capacity at Cooling 941.9 989.0 1023.3
System Design Point, MWe
Annual Make-up Water Requirement, 0.0 0.0 26.43 (10.0)

108 gal. (106 .m3)

% This is not an optimized system because of the turbine back pressure limitation.
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TABLE L-1 (continued)

Variable

Mechanical Dry
(High BP Turbine)

Mechanical Dry*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

Condenser
Surface Area, 103 £t2 (103 n?)
Number of Tubes

Tube Length, ft (m)

Circulating Water Flow & Pump

Circulating Water Flow Rate,
103 gpm (m3/min)

Number of Pumps
Pumping Head, ft (m) of Water
Motor Rating, hp (kW) per pump

Motor Brake Horsepower,
hp (kW) per pump

758 (70.4)
58,500

49,4 (15.1)

435 (1647)

3
63.8 (19.4)
3000 (2237)

2626 (1958)

1049 (97.5)
124,400

32.2 (9.8)

925 (3501)

7
51.6 (15.7)
2250 (1678)

1933 (1441)

665 (61.8)
46,600

54.4 (16.6)

347 (1314)

2
90.2 (27.5)
5000 (3729)

4436 (3308)
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TABLE L-1 (continued)

Variable

Mechanical Dry
(digh BP Turbine)

Mechanical Dry*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

Circulating Water Pipelines

Condenser Intake:
Number of Lines
Diameter/Length, in/ft (cm/m)
Condenser Discharge:
Number of Lines
Diameter/Length, in/ft (cm/m)
Comnecting Pipelines:
Number of Lines

Diameter/Length, in/ft (cm/m)

Coocling Tower

Size (Number of Cells):
Dry Tower

Wet Tower

1

120/1190 (305/363)

1

120/540 (305/165)

2

84/1180 (213/360) -

111

2

126/1190 (320/363)

2

126/540 (320/165)

2

126/1180 (320/360)

269

1

108/1120 (274/341)

1

108/940 (274/287)

2

78/710 (198/216)

21




SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS ($10%) AT YOUNG, NORTH DAKOTS - 1985

TABLE L-2,
Mechanical Dry Mechanical Dry* Mechanical Wet
Acet. No. Equipment Item (High BP Turbine) (Low BP Turbine) (Low BP Turbine)
118 Circulating Water Pump o™ 0.875 1.157 0.806
Structures ’ (L 0.698 0.925 0.643
(T 1.573 2.083 1.449
132,211 Circulating Water Pumps (E 2,246 4,255 1.815
and Motors ™ 0.023 0.043 0.018
(L 0.158 0.369 0.105
(T 2.427 4,666 1.938
132.25 Concrete Pipelines ™ 2,032 4.483 1.641
(L 1.821 3.568 1.472
(T} 3.853 8.051 3.113
132.3211 Cooling Tower Basin ™ 0.338 0,821 1.362
and Foundation (L 0.609 1.477 2,450
(T 0.947 2,298 3.812
132.3212 Cooling Towers, Installed (E 33.529 81.254 5.160
= ™ 0.339 0.821 0.052
b (L 3.903 9.461 3.366
(T 37.771 91.536 8,578
133.1 Condensers, Installed (E 7.148 10.420 6.336
(M 0.036 0.052 0.032
(L 4.044 5.301 3.742
(T 11,228 15,773 10.110
114 & Make-up Facilities (E - 2.010
- 132.1 M - 3.543
(L - - 6.686
(T - - 12.239
14 Electrical Equipment (E 1.505 3.449 0.634
M 1.131 2.591 0.476
(L 2,679 6.481 0.408
(T 5.315 12,521 1.518
Direct Capital Cost of (E 44,428 99,377 15.955
Cooling System ™ 4.773 9.969 7.930
L 13.913 27.581 18.874
(T 63.114 136.927 42.759
Indirect Cost 15.778 34.232 10.689
Total Capital Cost 78.892 171.159 53.448

* This is not an optimized system because of

the turbine back pressure limitation.
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TABLE L-3. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS ($106)

AT YOUNG, NORTH DAKOTA - 1985
Mechanical Dry Mechanical Dry* Mechanical Wet
Item (Bigh BP Turbine) (Low BP Turbine) (Low BP Turbine)
Penalty Breakdown:
Capacity Penalty 57.489 24,267 9.056
Replacement Energy Penalty 187447 -0.349 1.322
Penalty for Clrculating Water 3.165 5.436 3.565
Pumping Power Requirement
Penalty for Clrculating Water 1.770 2.935 1.930
Pumping Energy Requirement
Penalty for Cooling Tower Fan 7.959% 18.431 1.597
Power Requirement
Penalty for Cooling Tower Fan 4,112 7.704 0.834
Energy Requirement
Make-up Water Purchase and 0.0 0.0 4,404
Treatment Penalty
Make-up Water Puspling Energy 0.0 0.0 0.828
and Capacity Penalty
Cooling System Maintenance Penalty 3.890 8,444 1.809
Cost Swmmary:
Total Penalty Cost 96.833 66.868 25.345
Total Capital Cost 78.892 171.159 53.448
Total Evaluated Cost 175.725 238,027 78.793

* This is not an optimized system because

of the turbine back pressure limitation..
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TABLE L-~4, SUMMARY OF DESIGN DATA FOR THE OPTIMIZED WEL/DRY COOLING SYSTEMS AT YOUNG, NORTH DAKOTA - MECHANICAL SERIES - S1 MODE

Percentage Make-up Requirement

Varisble 2 10 20 30 40
General Design Data
¥ode of Wet/Dry Tower Operation s1 3] si s1 sl
‘Design Parameters for Dry Towers:
Dry Bulb/Wet Bulb Tewperatures, °F (°C) 60.0/50.0 50.0/43.0 35.0/31.0 20.0/17.0 0.0/-3.0
Cold Water Temperature, °F (°C) 89.0 - 93,0 82.0 83.0 80.0
Cooling Range, °F (°0) 18.0 26.0 28.0 30.0 30.0
Tower 11D, °F (°C) 47,0 69.0 75.0 93.0 110.0
Condenser Heat Load, 107 Btu/hr (1012 J/hr) 4.48 4.5 4.49 4.51 4.49
Design Parsmeters for Wet Helper Tower:
Dry Bulb/Wet Bulb Temperatures, °F (°C) 104.0/70.0 104.0/70.0 104,0/70.0 104.0/70.0 104.0/70.0
Tower Approach Temperature, °F (°C) 26,0 26.0 22,0 20.1 20.0
Design and Maximum Operating Back l;ressure 5.0 3.0 4.0 4,0 4.0
Ppaxs in-HgA (mefgh)
Condenser Heat Load st Bgax, 10°Btu/hr (10'23/kx) 4.62 4.62 4.55 4.55 4.55
Beat Load Distribution at P,.- Wet Tower/ 49.4/50.6 64.4/35.6 78.5/21,5 82.6/17.4 85.5/14.5
Dry Tower, 7
Annual Make-up Water Requirement, 108 gal (105 w3) 0.613 2.61 5.18 7.94 10.92
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TABLE L~4 {continued)

Percentage Make-up Requirement

Varisble -
2 10 20 30 40
Condenser
Surface Area, 103 £r2 (10° &%) 794 (73.8) 662 {61.5) 647 (60.1) 622 (57.8) 627 (58.3)
Busber of Tubes 67,000 47,000 43,200 40,400 40,300
Tube Langth, £t (m) 45.3 (13.8) 53.8 (16.4) 57.2 (17.4) 58,8 (17.9) 59,5 (18.1)
Clirculating Water Flow & Pump
Circulating Water Flow Rate, 10° g (a7 /min) 498 (1885) 349 (1321) 321 (1215) 300 (1136) 299 (1132)
Mumber of Pumps 3 2 2 2 2
Puaping Head, ft (m) of Water 66.1 (20.1) 73.3 (22.3) 79.2 (24.1) 84.2 (25.7) 97.3 (29.7)
Motor Rating, bhp (kW) per pup 3500 (2610) 4000 (2983) 4000 (2983) 4000 (2983) 4500 (3356)
Motor Brake Horsepower, hp (k) per pup 3109 (2318) 3634 (2710) 3605 (2688) 3587 (2675) 4131 (3080)
Flow & Booster Pump for Wet Tower
Percentage of Circulating Water to Wet Helper Tower 39.3 73.3 100 100 100
Fumber of Pumps 2 2 2 2 2

Pumping Head, £t (m) of Water

Motor Rating, hp (kW) per pump

Motor Brake Horsepower, hp (W) per pump

41.0 (12.5)

1500 (1119)

1138 (849)

41.0 (12.5)

2000 (1491)

1489 (1110)

41.0 (12.5)

2500 (1864)

1866 (1391)

41.0 (12.5)

2000 (1491)

1747 (1303)

41.0 (12.5)

2000 (1491)

1742 (1299)
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TABLE L-4 (continued)

Percentage Make-up Requirement

Yariable
2 10 20 30 40
Circulating Water Pipelines
Condenser Intake:
1 1 1 1 1

Number of Lines

Diswmeter/Length, in/ft (cm/m) -

Condenser Discharge:
Kumber of Lines
Diameter/Length, in/ft (cm/m)
Comnecting Pipelines:
Number of Lines
Diameter /Length, in/ft (cm/m)

Cooling Tower

Size (Number of Cells):
Dry Tower

Wet Tower

132/1980 (335/604)

132/1490 (335/454)

90/760 (229/232)

133

108/1980 (274/604)

108/1490 (274/454)

78/760 (198/232)

91

10

102/1980 (259/604)

102/1490 (259/454)

72/760 (183/232)

82

15

102/1980 (259/604)

102/1490 (259/454)

72/760 (183/232)

63

17

102/1980 (259/604)

102/1490 (254/454)

72/760 (183/232)

50

17




TABLE L-5. SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS (3106)
AT YOUNG, NORTH DAKOTA - MECHANICAL SERIES - S1 MODE - 1985

761

Percentage Make-up Requirement

Acct. No, Equipment Item 2 10 20 30 40
118L Circulating Water Pump ™M 0.921 0.808 0.783 0.764 0.762
Structures (L 0.735 0.646 0.625 0.609 0.609
(T 1.656 1.454 1.408 1.373 ‘1.371
132.211 | Circulating Water Pumps (E 3.262 2.833 3.075 2.995 3.075
and Motors M 0.033 0.029 0.031 0.030 0.031

(L 0.263 0.211 0.211 0.211 0.211

(T 3.558 3.073 3.317 3.236 3.317

132.25 Concrete Pipelines o™ 3.547 2.437 2.193 2,193 2,193
(L 2.858 2.201 2,024 2.024 2.024

(T 6.405 4.638 4,217 4.217 4,217

132.3211 Cooling Tower Basin [¢. 0.926 0.926 1.224 1.297 1.257
and Foundation (L 1.665 1.667 2.203 2,334 2.260

(T 2.591 2.593 3.427 3.631 3.517

132.3212 Cooling Towers, Installed (E 42,112 29.938 28.425 23.173 19,256
™M 0.425 0.302 0.287 0.234 0.195

(¢ ¥ 5.950 4.794 5.284 4,931 4,480

(T 48.487 35.034 33.996 28.338 23.931

133.1 Condensers, Installed (E 7.545 6.323 6.163 5.962 5.996
™ 0.038 0.032 0.031 0.030 0.030

(L 4,204 3.740 3.671 3.595 3.602

(T 11.787 10.095 9.865 9.587 9.628

114 & Make-up Facilities (E 1.211 1.468 1.688 1.758 1.799
132.1 M 2.352 2.713 3.040 3.147 3.210
(L 4,443 5.122 5.738 5.940 6.058

(T 8,006 9.303 10.466 10.845 11.067

14 Electrical Equipment (E 2,009 1.531 1.539 1.327 1.218
M 1.509 1.150 1.156 0.997 0.915
(L 4,894 3.444 3.211 2.592 2.148

(T 8.412 6,125 5.906 4,916 4,281

Direct Capital Cost of (E 56.139 42.092 40.889 35.215 31.344
Cooling System (M 9.752 8.398 8.746 8,692 8.592

(L 25.013 21.824 22,968 22,237 21.392
(T 90.904 72.313 72.603 66.144 61.328
Indirect Cost 22,726 18.078 T 18.150 16,536 15.332
Total Capital Cost 113.630 90.391 90,753 82.680 76.660
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TABLE L-6. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS ($106)

AT YOUNG, NORTH DAKOTA - MECHANICAL SERIES - S1 MODE - 1985

Percentage Make~up Requirement

Item
2 10 20 30 40
Penalty Breakdown:
Capacity Penalty 23.900 23,859 14,297 14,297 14,297
Replacement Energy Penalty 2.484 6.570 5.092 6.637 7.529
Penalty for Circulating Water 4,663 4,117 4.397 4,286 4.720
Pumping Power Requirement
Penalty for Circulating Water 2.098 1.810 2.037 2,165 2,548
Pumping Energy Requirement
Penalty for Cooling Tower Fan 8.855 6.389 6.197 5.113 4,337
Power Requirement
Penalty for Cooling Tower Fan 4.687 3.376 3.140 2.524 2,120
Energy Requirement
Make-up Water Purchase and 0.102 0.435 0.864 1.323 1.820
Treatment Penalty ’
Make~-up Water Pumping Energy 0.293 0.402 0.508 0.561 0,604
and Capacity Penalty
Cooling System Maintenance Penalty 5.084 3.955 3.990 3.587 3.340
Cost Summary:
Total Penalty Cost 52.166 50.913 40.522 40,493 41.315
Total Capital Cost 113,630 90.391 90.753 82,680 76.660
Total Evaluated Cost 165.796 141.304 131.275 123,173 117.975




APPENDIX M
ROCK SPRINGS, WYOMING
REFERENCE AND MECHANICAL SERIES WET/DRY COOLING SYSTEMS
This appendix contains two different items for Rock Springs, Wyoming:
1. Design data, capital investment and penalty breakdowns for the
optimized reference cooling systems

2. Design data, capital investment and penalty breakdowns for the
optimized mechanical series wet/dry cooling systems, S1 mode
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TABLE M-1. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS AT ROCK SPRINGS, WYOMING

Variable

Mechanical Dry
(High BP Turbine)

Mechanical Dry*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

General Design Data

Design Temperatures, °F (°C):
Dry Bulb
Wet Bulb
Cold Water
Cooling Range

ITD (Dry Tower) or
Approach (Wet Tower)

Design Turbine Back Pressure,
in-HgA (mm-HgA)

Maximum Operating Back Pressure,

in-HgA (mm-HgA)

Design Heat Load,
109 Btu/hr (1012 J/hr)

Plant Capacity at Cooling
System Design Point, MWe

Annual Make-up Water Requirement,
108 gal. (106 m3)

88.0 (31.1)
55.0 (12.8)
131,0 (55.0)
24.0 (13.3)

67.0 (37.2)

9.65 (245.1)

11.21 (284.7)

4.78 (5.04)

943.8

0.0

93.0 (33.9)
56.0 (13.3)
108.0 (42.2)
21.0 (11.7)

36.0 (20.0)

5.03 (127.8)

5.03 (127.8)

4,62 (4.87)

989.0

0.0

88,0 (31.1)
55.0 (12.8)
83.0 (28.3)
26.0 (1l4.4)

28,0 (15.6)

2,91 (73.9)

2.94 (74.7)

4.49 (4,74)

1025.8

28.03 (10.61)

* This is not an optimized system because of the turbine back pressure limitation.
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TABLE M-1 (continued)

Variable

Mechanical Dry
(High BP Turbine)

Mechanical Dry*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

Condenser
Surface Area, 103 £t2 (10° u?)
Number of Tubes

Tube Length, ft (m)

Circulating Water Flow & Ppmp

Circulating Water~F10w Rate,
103 gpm (m?/min)

Number of Pumps
Pumping Head, ft (m) of Water
Motor Rating, hp (kW) per pump

Motor Brake Horsepower,
hp (kW) per pump

723 (67.2)
53,600

51.5 (15.7)

398 (1507)

3
62.6 (19.1)
3000 (2238)

2356 (1758)

750 (69.7)
59,300

48.3 (14.7)

440 (1666)

3
53.0 (16.2)
2500 (1865)

2207 (1646)

670 (62.2)
46,500

55.1 (16.8)

345 (1306)

2
90.6 (27.6)
5000 (3730)

4436 (3309)
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TABLE M-1 (continued)

Variable

Mechanical Dry
(High BP Turbine)

Mechanical Dry#*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

Circulating Water Pipelines

Condenser Intake:
Number of Lines
Diameter/Length, in/ft (cm/m)
Condenser Discharge:
Number of Lines
Diameter/Length, in/ft (cm/m)
Connecting Pipelines:
Number of Lines

Diameter/Length, in/ft (cm/m)

Cooling Tower

Size (Number of Cells):
Dry Tower

Wet Tower

1

114/1190 (290/363)

1

114/540 (290/165)

2

84/1180 (213/360)

108

1

120/1190 (305/363)

1

120/540 (305/165)

2

84/1180 (213/360)

249

1

108/1120 (274/341)

1

108/710 (274/216)

2

78/940 (198/287)

20




TABLE M-2. SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS ($106) AT ROCK SPRINGS, WYOMING - 1985

Mechanical Dry Mechanical Dry* Mechanical Wet

Acct, No. Equipment Item (High BP Turbine) (Low BP Turbine) (Low BP Turbine)
118L Circulating Water Pump (M 0.848 0.881 0.804
Structures (L 0.678 0,703 0.641
(T 1.526 1.584 1,445
132.211 Circulating Water Pumps (E 2.002 2.127 1.815
and Motors M 0.020 0.021 0.018
(L 0.158 0.158 0.105
(T 2.181 2,307 1.939
132.25 Concrete Pipelines M 1.942 2,032 1.641
{L- 1.754 1.821 1.472
(T 3.697 3.853 3.113
132.3211 Cooling Tower Basin M 0.329 0.760 1.297
and Foundation (L 0.593 1,367 2.334
(T 0.922 2,127 3.630
132.3212 Cooling Towers, Installed (E 32.622 75.213 4.914
S ™ 0.330 0.760 0.050
L 3.799 8.757 3.206
(T 36.751 84,730 8.170
133.1 Condensers, Installed (E 6.832 7.110 6.368
™ 0.034 0.036 0.032
(L 3.925 4.037 3.749
(T 10.792 11.183 10.149
114 & Make-up Facilities (E - - 1.950
132.1 M - - 8,310
@ - - 15.779
(T - - 26.038
14 Electrical Equipment (E 1.472 2,961 0.619
M 1.106 2,225 0.465
(L 2,611 5.839 0.392
(T 5.189 11.025 1.476
Direct Capital Cost of (E 42,928 87.411 15.666
Cooling System M 4.609 6.715 12,617
(L 13.518 22.682 27.678
(T 61.055 116.808 55.961
Indirect Cost 15,264 29.202 13.990
Total Capital Cost 76.319 146.010 69,951

% This is not an optimized system because of the turbine back pressure limitation.




TABLE M-3. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS ($106)
AT ROCK SPRINGS, WYOMING - 1985

102

Item

Mechanical Dry
(High BP Turbine)

Mechanical Dry*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

. Penalty Breakdown:

Capacity Penalty 52.389 24,267 5.145

Replacement Energy Penalty 27.488 0.369 1.744

Penalty for Circulating Water 2,841 2.660 3.565

Pumping Power Requirement

Penalty for Circulating Water 2.364 2.104 2.826

Pumping Energy Requirement

Penalty for Cooling Tower Fan 7.616 16.994 1.478

Power Requirement

Penalty for Cooling Tower Fan 5.853 12.194 1.149

Energy Requirement

Make~-up Water Purchase and 0.0 0.0 4,983

Treatment Penalty

Make-up Water Pumping Energy 0.0 0.0 2.868

and Capacity Penalty

Cooling System Maintenance Penalty 3.704 6.836 1.783
Cost Summary:

Total Penalty Cost 102,254 65.425 25.541

Total Capital Cost 76.319 146.010 69.951

Total Evaluated Cost 178.573 211,435 95,492

* This is not an optimized system because

of the turbine back pressure limitation.
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TABLE M~4.

SUMMARY OF DESIGN DATA FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS AT ROCK SFRINGS, WYOMING - MECHANICAL SERIES - S1 MODE

Percentage Make-up Requirement

Variable
2 10 20 30 40
General Design Data
sl s1 sl sl s1

Mode of Wet/Dry Tower Operation
Design Parameters for Dry Towers:
Dry Bulb/Met Bulb Temperatures, °F (°C)
€old Water Temperature, °F (°C)
Cooling Range, °F (°C)
Tower ITD, °F (°C)
Condenser Heat Load, 10% Btu/hr (1012 J/hr)
Design Parameters for Wet Helper Tower:
Dry Bulb/Wet Bulb Temperatures, °F (°C)
Tower Approach Temperature, °F (°C)

Design and Maximum Operating Back l;reuure
Pogxs in-HgA (moHgA)

Condenser Heat Load at P___, 107 Bru/hr
(1012 3/hr) e

Heat Load Distribution at Py,.- Wet Tower/
Dry Tower, %

Annual Make-up Water Requirement, 108 gal (l!.'b6 m3)

- 55.0/41.5 (12.8/5.3)

87.0 {30.6)

20.0 (11.1)

52,0 (28.9)

4.48 (4.73)

93.0/56.0 (33.9/13.3).

32,0 (17.8)

5.00 (127.0)

4,62 (4.87)

34,6/65.4

0.551 (0.209)

45,0/36.0 (7.2/2.2)
86.0 (30.6)
. 22,0 (12.2)
63.0 (35.0)

4.48 (4.73)

93.0/56.0 (33.9/13,3)
32.0 (17.8)

4,00 (101.6)

4,55 (4.80)

57.5/42.5

2.78 (1.05)

30.0/25.5 (~1.1/~-3.6)
79.0 (26.1)
26.0 (14.4)
75.0 (41.7)

4.47 (4.72)

93.0/56.0 (33.9/13.3)
32.0 (17.8)

3.50 (88.9)

4,52 (4.77)

70.7/29.3

5.88 (2.23)

15.0/13.0 (~9.4/-10.6)

72.0 (22.2)

'32.0 (17.8)

89,0 (49.4)

4,47 (4.72)

93.0/56.0 (33,.9/13.3)

26.5 (14.7)

3,50 (88.9)

4,52 (4.77)

76.2/23.8

8.58 (3.25)

0.0/-2.0 (~17,8/-16.7)

72.0 (22.2)

34,0 (18.9)

106.0 (58.9)

4.48 (4.73)

93,0/56.0 (33.9/13.3)

24.1 (13.4)

3.50 (88.9)

&.52 (4.77)

80.2/19.8

11.63 (4.40)
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TABLE M-4 (continued)

Percentage Make-up Requirement

Variable
2 10 20 30 40
Coudenser
Surface Area, 10° fe> (103 n?) 758 (70.4) 724 (67.3) 679 (63.1) 591 (54.9) 557 (51.7)
Number of Tubes 60,300 54,800 46,300 37,600 35,500
Tube Length, ft (=) 48,0 (14.6) 50.4 (15.4) 56.0 (17.1) 60.0 (18.3) 60.0 (18.3)
Circulating Water Flow & Pump
Circulating Water Flow Rste, 100 gpm (m° /min) 448 (1696) 408 (1544) 344 (1302) 279 (1056} 263 (996)
Number of Pumps 3 3 2 2 2
Pumping Head, ft (m) of Water 64,4 (19.6) 70.4 (21.5) 76.5 (23.3) 82.3 (25.1) 85.1 (25.9)
Motor Rating, hp (kW) per pump 3000 (2238) 3000 (2238) 4000 (2984) 4000 (2984) 3500 (2611)
Motor Brake Horsepower, hp (k¥) per pump 2727 (2034) 2713 (2024) 3734 (2786) 3262 (2433) 3182 (2374)
Flow & Booster Pump for Wet Tower
Percentage of Circulating Water to Wet Helper Tower 26.1 56.1 93.6 100 100
Number of Pumps 2 2 2 2 2
Pumping Head, ft (m) of Water 41,0 (12.5) 41.0 (12.5) 41,0 (12.5) 41,0 (12.5) 41.0 (12.5)
Motor Rating, hp (kW) per pump 1000 (746) 2000 (1492) 2500 (1865) 2000 (1492) 2000 (1492)
Motor Brake Horsepower, hp (kW) per pump 679 (507} 1330 (992) 1872 (1397 1625 (1212) 1533 (1144)
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TABLE M-4 (continued)

Percentage Hake-ub Requirement

Variable
2 10 20 30 40
Circulat: Water Pipeliunes
Condenser Intake:
1 1 1 1 1

Wmber of Lines

Dismeter /Length, in/ft (cm/m)
Condenser Discharge:

Rusber of Lines

Diameter/Length, in/ft (cm/m)
Connecting Pipelines:

Bumber of Lines

Dismeter/Length, in/ft (cm/m)

Cool Tower

Size (Number of Cells):
Dry Tower

Wet Tower

126/1980 (320/604)

12671490 (320/454)

90/760 (229/232)

129

120/1980 (305/604)

120/1490 (305/454)

84/760 (213/232)

103

10

108/1980- (274/604)

108/1490 (274/454)

78/760 (198/232)

85

12

96/1980 (244/60%)

96/1490 (244/454)

66/760 (168/232)

72

16

96/1980 (244/604)

96/1490 (244/454)

66/760 (168/232)

58

18




€0¢

AT ROCK SPRINGS, WYOMING -~ MECHANICAL SERIES - S1 MODE - 1985

TABLE M-5. SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS (5106)

Percentage Make-up Requirement

Acct. No. Equipment Item 2 10 20 30 40
118L Circulating Water Pump M 0.884 0.856 0.802 0.743 0.728
Structures (L 0.708 0.682 0.641 0.593 0.582
(T 1.592 1.538 1.443 1.336 1.309
132.211 Circulating Water Pumps (B 3.063 3.179 3.075 2.670 2,591
and Motors ™ 0.031 0.032 0.031 0.027 0.026
(L 0.263 0.263 0.211 0.211 0.211
(T 3.358 3.474 3.316 2.908 2.827
132.25 Concrete Pipelines M 3.197 2.800 2.437 1,883 1.883
L 2.714 2.521 2,201 1.853 1.853
(T 5.911 5.321 4.638 3.736 3.736
132.3211 Cooling Tower Basin (¢4 0.783 0.965 1.039 1.259 1.347
and Foundatlon {L 1.408 1.734 1.869 2,265 2.423
(T 2.191 2.698 2.908 3.523 3.769
132.3212 Cooling Towers, Installed (E 40.396 33.558 28.588 25.639 21.928
e 0.408 0.339 0.283 0.259 0.221
(L 5.494 5.217 4.904 5.091 4.920
(T 46.299 39.114 33.781 30.989 27.070
133.1 Condensers, Installed (E 7.180 6.864 6.424 5.713 5.458
™ 0.036 0.034 0.032 0.029 0.027
(L 4.062 3.941 3.765 3.506 3.419
(T 11.278 10.840 10.221 9,247 8.904
114 & Make-up Facilities (E 0.928 1.324 1.525 1.638 1.710
132.1 o™ 4.507 5.851 6.599 7.038 7.325
L 8.562 11.113 12,531 13.365 13.910
(T 13.996 18.288 20.655 22,041 22.946
14 Electrical Equipment (E 1.854 1.695 1.527 1.411 1.255
™M 1.393 1.273 1.147 1.060 0.943
(L 4,727 3.900 3.268 2.885 2.437
(T 7.974 6.868 5.942 5.357 4,635
Direct Capital Cost of (E 53.421 46,620 41.139 37.071 32.943
Cooling System ™ 11.239 12.150 12,376 12.298 12.501
L 27.938 29.371 29,389 29.769 29.753
(T 92.599 88,142 82,903 79.138 75.197
Indirect Cost 23.149 22,035 20.726 19.784 18.799
Total Capital Cost 115,748 110.177 103.629 98.922 93.996
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TABLE M~6. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS (SIOG)
AT ROCK SPRINGS, WYOMING - MECHANICAL SERIES - SL MODE - 1985

Percentage Make-up Requirement

Item
2 10 20 30 40
Penalty Breakdown:
Capacity Penalty 23,859 14,297 9.638 9.638 9.638
Replacement Energy Penalty 4.478 5.345 5.683 7.198 7.728
Penalty for Circulating Water 3.288 4.340 4,506 3.928 3.789
Pumping Power Requirement
Penalty for Circulating Water 2.666 2.894 3.127 2,997 3.038
Pumping Energy Requirement
Penalty for Cooling Tower Fan 8.959 7.015 6.167 5.599 4.867
Power Requirement
Penalty for Cooling Tower Fan 6.745 5.468 4.636 4,136 3.585
Energy Requirement
Make~up Water Purchase and 0,098 0.495 1.045 1.524 2.068
Treatment Peoalty
Make-up Water Pumping Energy 0.626 1,116 1.465 1.707 1.917
and Capacity Penalty
Cooling System Maintenance Penalty 4,836 4,414 3.986 3.604 3.309
Jost Summary:
Total Penalty Cost 55.555 45,444 40,254 40,331 39.939
Total Capital Cost 115.748 110,177 103,629 98.922 93.996
Total Evaluated Cost 171,303 155.621 143,883 139,253 133.935




APPENDIX N
NEW HAMPTON, NEW YORK
REFERENCE AND MECHANICAL SERIES WET/DRY COOLING SYSTEMS
This appendix contains two different items for New Hampton, New York:
l. Design data, capital investment and penalty breakdowns for the
optimized reference cooling systems

2. Design - data, capital investment and penalty breakdowns for the
optimized mechanical series wet/dry cooling systems, S1 mode
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TABLE N-1l. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS AT NEW HAMPTON, NEW YORK

Variable

Mechanical Dry
(High BP Turbine)

Mechanical Dry*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

General Design Data

Desigﬁ Temperatures, °F (°C):
Dry Buldb
Wet Bulb
Cold Water
Cooling Range

ITD (Dry Tower) or
Approach (Wet Tower)

Design Turbine Back Pressure,

in-HgA (mm-HgA)

Maximum Operating Back Pressure,

in~HgA (mm-HgA)

Design Heat Load,
109 Btu/hr (16012 J/hr)

Plant Capacity at Cooling
System Design Point, MWe

Annual Make-up Water Requirement,
108 gal. (106 w3)

92.0 (33.3)
72.0 (22.2)
131.0 (55.0)
24.0 (13.3)

63.0 (35.0)

9.65 (245.1)

11.72 (297.7)

4,78 (5.04)

943.8

0.0

96.0 (35.6)
74.0 (23.3)
114.0 (45.6)
12.0 (6.7)

30.0 (16.7)

4.65 (118.1)

5.07 (128.8)

4.60 (4.85)

996.5

0.0

92.0 (33.3)
72.0 (22.2)
87.0 (30.6)
22.0 (12.2)

15.0 (8.3)

2.9 (73.9)

3.05 (77.35)

4.49 (4.74)

1028.8

26,96 (10.21)

* This is not an optimized system because of the turbine back pressure limitation.
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TABLE N-1 (continued)

Variable

Mechanical Dry
(High BP Turbine)

Mechanical Dry#*
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

Condenser
Surface Area, 103 £ft2 (10° m2)
Number of Tubes

Tube Length, ft (m)

Circulating Water Flow & Pump

C1rcu1at1n§ Water Flow Rate,
103 gpm (m3/min)

Number of Pumps
Pumping Head, ft (m) of Water
Motor Rating, hp (kW) per pump

Motor Brake Horsepower,
hp (kW) per pump

723 (67.2)
53,600

51.5 (15.7)

398 (1507)
3
63.1 (19.2)

3000 (2237)

2375 (1771)

969 (90.0)
103,100

35.9 (10.9)

766 (2900)

6
55.2 (16.8)
2250 (1678)

2000 (1491)

723 (67.2)
54,900

50.3 (15.3)

408 (1544)

3
86.7 (26.4)
4000 (2983)

3345 (2494)
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TABLE N-1 (continued)

Variable

Mechanical Dry
(High BP Turbine)

Mechanical Dry¥
(Low BP Turbine)

Mechanical Wet
(Low BP Turbine)

Circulating Water Pipelines

Condenser Intake:
Number of Lines
Diameter/Length, in/ft (cm/m)
Condenser Discharge:
Number of Lines
Diameter/Length, in/ft (cm/m)
Connecting Pipelines:
Number of Lines

Diameter/Length, in/ft (cm/m)

Cooling Tower

Size (Number of Cells):
Dry Tower

Wet Tower

1

114/1190 (290/363)

1

114/540 (290/165)

2

84/1180 (213/360)

106

2

114/1190 (290/363)

2

114/540 (290/165)

2

114/1180 (290/360)

217

1

120/1120 (305/341)

1

120/940 (305/287)

2

84/710 (213/216)

27
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TABLE N-2. SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS ($106) AT NEW HAMPTON, NEW YORK - 1985

Mechanical Dry Mechanical Dry* Mechanical Wet

Acct. No. Equipment Item (High BP Turbine) (Low BP Turbine) (Low BP Turbine)
118L Circulating Water Pump ™M 0.848 1.079 0.856
Structures (L 0.678 0.863 0.682
(T 1.526 1.942 1.538
132.211 Circulating Water Pumps (E 2.003 3.647 2,240
and Motors M 0.020 0.037 0.023
{L 0.158 0.316 0.158
(T 2,181 4.000 2.421
132.25 Concrete Pipelines ™ 1.943 3.621 1.890
(L 1.754 3.101 1.679
(T 3.697 6.722 3.569
132.3211 | Cooling Tower Basin o 0.323 0.663 1.752
and Foundation (L 0.581 1.191 3.151
(T 0,904 1.854 4,903
132.3212 Cooling Towers, Installed (E 32.018 65,547 6.635
- ™ 0.324 0.662 0.067
(L 3.728 7.632 4,328
(T 36,070 73.841 11.030
133.1 Condensers, Installed (E 6.833 9,427 6.857
™ 0.034 0.047 0.034
L 3.925 4.919 3.939
(T 10.792 14.393 10.830
114 & Make~up Facilities (E - - 2.015
132.1 M - - 5.841
(L - - 11.068
(T - - 18.924
14 Electrical Equipment (E 1.450 2.808 0.786
M 1.090 2.110 0.591
(L 2.565 5.244 0.545
(T 5.105 10.162 1.922
Direct Capital Cost of (E 42,303 81.429 18.534
Cooling System M 4.582 8.220 11.054
(L 13.390 23,265 25.550
(T 60.275 112,914 55.138
Indirect Cost 15.068 28.228 13.784
Total Capital Cost 75.343 141.142 68.922

* This is not an optimized system because of the turbine back pressure limitation.
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TABLE N-3. FPENALTY BREAKDOMN AND COST SUMMARY FOR THE OPTIMIZED REFERENCE COOLING SYSTEMS (5106)
AT NEW HAMPTON, NEW YORK - 1985 ’

Item

Mechanical Dry
(itigh BP Turbine)

Mechanical Dry*
(Low BP Turbinme)

Mechanical Wet
(Low BP Turbine)

Penalty Breakdowm:

Capacity Penalty 54.290 24.715 5.990

Replacement Energy Penalty 118.089 1.030 2.359

Peunalty for Circulating Water 2,863 4,823 4.032

Pumping Power Requirement

Penalty for Circulating Water 10.204 16.131 13.495

Pumping Energy Requirement

Penalty for Cooling Tower Fan 7.549 15.002 2.056

Power Requirement

Penalty for Cooling Tower Fan 24,900 44.498 6.676

Energy Requirement

Make-up Water Purchase and - - 0.299

Treatment Penalty

Make-up Water Pumping Energy - - 5.461

and Capacity Penalty

Cooling Systenm Maintenance Penalty 3.661 6.980 2,205
Cost Sumuary:

Total Penalty Cost 221,556 113.179 42.513

Total Capital Cost 75.343 141.142 69.922

Total Evaluated Cost 296,899 254,321 111.495

* This 1s not an optimized system because of the turbine back pressure limitation.
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TABLE N-4. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS AT NEW HAMPTON, MEW YORK - MECHANICAL SERIES - S1 MODE

Percentage Make-up Requirement

Variable
2 10 20 30 40
Ceneral Design Data
s1 s1 s1 sl sl

Mode of Wet/Dry Tower Operation
Design Parameters for Dry Towers:
Dry BulbMet Bulb Temperatures, °F (°C)
Cold Water Temperature, °F (°C)
Cooling Range, °F (°C)
Tower ITD, °F (°C)
Condenser Heat Load, 107 Beu/hr (10!2 3 /hr)
Design Parameters for Wet Helper Tower:
Dry Bulb/Wet Bulb Temperatures, °F (°C)
Tower Approach Temperature, °F (°C)

Design and Maximm Operating Back !;resaure
Poaxs in-HgA (moflgA)

COndzenset Heat Load at P___, 10° Btu/hr

(1012 I/hr) »ax

Heat Load Distributiom at Ppax- Wet Tower/
Dry Tower, %

Annual Make-up Water Requirement, 108 gal (106 nd)

70.0/59.5 (21.1/15.3)

100.0 (37.8)

18.0 (10.0)

48.0 (26.7)

4.54 (4.719)

99.0/75.0 (37.2/23.9)

20.0 (11.1)

5.0 (127.0)

4,62 (4.87)

39.4/60.6

0.518 (0.196)

55.0/49.0 (12.8/9.4)

89.0 (31.7)

22.0 (12.2)

56.0 (31.1)

4,50 (4.75)

99.0/75.0 (37.2/23.9)

20.0 (11.1)

4.0 (101.6)

4,55 (4.80)

62.5/37.5

2,71 (1.03)

45.0/39.0 (7.2/3.9)
86.0 (30.0)
26.0 (13.3)

65.0 (36.1)

4,49 (4.76)

99.0/75.0 (37.2/23.9)
16.4 (9.1)

3.5 (88.9)

4.52 (4.77)

74.9/25.1

5.44 (2,08)

30,0/26.0 (~1.1/-3.3)

83.0 (28.3)

26.0 (14.4)

73.0 (43.9)

4,49 (4.74)

99.0/75.0 (37.2/23.9)

14.4 (8.0)

3.5 (88.9)

4.52 (4.77)

79.3/20.7

8.22 (3.11)

15.0/12,0 (-9.4/-11.1)

82.0 (27.8)

26.0 (14.4)

93.0 (51,7)

4.48 (4.73)

99,0/75.0 (37.2/23.9)

14,3 (7.9)

3.5 (88.9)

4,52 (4.1

82.4/17.6

10.90 (4.13)




e

- TABLE N-4 (continrued)

Variable

Percentage Make-up Requirement

2 10 20 30 40
Condenser
Surface Area, 103 E:'z, (1(!3 nz) 794 (73.8) 721 (67.0) 693 (64.4) 670 (62.2) 672 (62.4)
Wumber of Tubes 67,800 55,000 50,400 46,500 46,400
Tube Length, fr (m) 44,7 (13.6) 50.1 (15.3) 52.6 (16.0) 55.1 (16.8) 55.3 (16.9)
Circulating Water Plow & Pump
Circulating Water Flow Rate, 103 gpm (m3 /min) 504 (1908) 409 (1548) 374 (1416) 345 (1306) 345 (1306)
Number of Pumps 3 3 3 2 2
Pumping Head, ft (m) of Water 66.8 (20.4) 68.2 (20.8) 74.2 (22.6) 81.9 (25.0) 93.4 (28.5)
Motor Rating, hp (kW) per pump 3500 (2610) 3000 (2237) 3000 (2237) 4500 (3356) 5000 (3729)
Motor Brake Horsepower, hp (kW) per pump 3182 (2373) 2636 (1966) 2625 (1957) 4010 (2990) 4570 (3408)
Flow & Booster Pump for Wet Tower
Percentage of Circulating Water to Wet Helper Tower % 32.0 81.6 100.0 1000 100.0
Number of Pumps 2 2 3 2 2

Pumping Head, ft (m) of Water

Motor Rating, hp (kW) per pump

Motor Brake Horsepower, hp (kW) per pump

41.0 (12.5)

1500 (1119)

937 (699)

41.0 (12.5)

2500 (1864)

1941 (1447)

41,0 (12,5)

2000 (1491)

1451 (1082)

41.0 (12.5)

2500 (1864)

2008 (1497)

41,0 (12.5)

2500 (1864)

2006 (1496)
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TABLE N-4 (continued)

Variable

Percentage Make-up Requirement

Diameter/Length, in/ft (cm/m)
Condenser Discharge:

Number of Lines

Diameter/lLength, in/ft (cm/m)
éomctins Pipelines:

Sumber of Lines

Dismeter/Length, in/ft (cm/m)

Cool Tower

S{ze (Number of Cells):
Dry Tower

Wet Tower

132/1980 (335/604)

132/1490 (335/454)

90/760 (229/232)

129

120/1980 (305/604)

120/1490 (305/454)

- 84/760 (213/232)

110

13

114/1980 (290/604)

114/1490 (290/454)

78/760 (198/232)

92

18

108/1380 (274/604)

108/1490 (274/454)

78/760 (198/232)

21

2 10 20 30 40
Circulating Water Pipelines
Condenser Intake:
Number of Lines 1 1 1 1 1

108/1580 (274/604)

108/1490 (274/454)

78/760 (198/232)

59

21




TABLE N-5. SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS (5106)
AT NEW HAMPTON, NEW YORK - MECHANICAL SERIES - S1 MODE - 1985

91¢

Percentage Make-up Requirement

Acct. No. Equipment Item 2 10 20 30 40
118L Circulating Water Pump M 0.924 0.855 0.829 0.804 0.804
Structures (L 0.740 0.685 0.662 0.641 0.641
(T 1.664 1.540 1.491 1.445 1.445
132.211 Circulating Water Pumps (E 3.262 3.421 3.767 3.154 3.233
and Motors ™ 0.033 0.035 0.038 0.032 0.033
@ 0.263 0.263 0.316 0.211 0.211
(T 3.558 3.719 4.121 3.397 3.477
132.25 Concrete Pipelines ™ 3.547 2.800 2,580 2.437 2.437
(L 2.858 2.521 2.336 2.201 2,201
(T 6.405 5.321 4.916 4,638 4,638
132.3211 Cooling Tower Basin M 0.913 1.180 1.450 1.587 1.545
and Foundation (L 1.644 2.123 2.608 2,856 2,778
(T 2.557 3.303 4.058 4,443 4.323
132.3212 Cooling Towers, Installed (E 40.918 36.390 32.173 27.176 22.947
M 0.413 0.368 0.325 0.274 0.232
© 5.816 5.951 6.112 5.929 5.436
(T 47,147 42,709 38.610 33.379 28.615
133.1 Condensers, Installed (E 7.564 6.845 6.585 6.368 6.382
(M 0.038 0.034 0.033 0.032 0.032
L 4,213 3.937 3.836 3.749 3.753

(T 11.815 10.816 10.45% 10.149 10.167

114 & Make-up Facilities (E 1.034 1.423 1.634 1.715 1,759
‘132.1 ™| 3.383 4.287 4,817 5.028 5.145
(L 6.415 8.124 9.127 9.527 9.750
(T 10.832 13.834 15.578 16.270 16.654
14 Electrical Equipment (E 1.965 1.847 1.757 1.561 1.441
™ 1.477 1.388 1.320 1.173 1.082
(L 4.758 4.184 3.689 2.995 2.517
(T 8.200 7.419 6.766 5.729 5.040
Direct Capital Cost of (E 54.742 49,927 45,915 39.973 35.763
Cooling System ™ 10.728 10,947 11.392 11.367 11.310
L 26.709 27.788 28,687 28.109 27.286
(T 92.179 88.662 85.994 79.449 74.359
Indirect Cost 23.045 22.166 21.499 19.863 18.590
Total Capital Cost 115.224 110.828 107.493 99,312 92.949
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TABLE R-6. PENALTY BREAKDOWN AND OOST SUMMARY FOR THE OPTIMIZED WET/DRY COOLING SYSTEMS ($106)
AT NEW HAMPTON, NEW YORK - MECHANICAL SERIES - 51 MODE - 1985

Percentage Make-up Requirement

Item
2 10 20 30 40
Penalty Breakdown:
Capacity Penalty 23,986 14.297 9.647 9.647 9.638
Replacement Energy Pemalty 21.196 23.448 22,183 28,986 32.146
Penalty for Circulating Water 4,590 4.737 4,914 4.836 5.285
Pumping Power Requirement
Penalty for Circulating Water 13.306 12,471 14,278 15.333 17.632
Pumping Energy Requirement
Penalty for Cooling Tower Fan 8.558 7.799 7.083 6.075 5.225
Power Requirement
Penalty for Coolimg Tower Fan 28.993 25,199 21.725 18.126 15.472
Energy Requirement
Make-up Water Purchase and 0.006 0.030 0.060 0.091 0.121
Treatment Penalcy
Make-up Water Pumping Energy 0.679 1.351 1.956 2,448 2.888
and Capacity Penalty
Cooling System Maintenance Penalty 4.999 4.750 4.650 4.006 3.736
Cost Summary:
Total Penalty Cost 106,253 94,082 86,496 89,548 92,143
Total Capital Cost 115,224 110.828 107.493 99.312 92.949
Total Evaluated Cost 221.477 204,910 193.989 188,860 185,092




APPENDIX O

SITE COMPARISONS

This appendix contains the design data, and capital and penalty costs in-
formation developed for the wet/dry towers for water conservation during
the alternate site evaluations,
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TABLE O-1.

MAJOR DESIGN DATA FOR THE OPTIMIZED COOLING TOWER SYSTEMS

SITE: SAN JUAN, NEW MEXICO BASE OUTPUT: 1039 MWe WET/DRY TYPE: MECHANICAL SERIES (S1)
. Percentage Make-up Requirement ¥
Mech. Mech. . Mechanical Series Wet/Dry Mech.
Ttem Dry (H)* | Dry (L) 2 10 20 30 40 Vet

Number of Tower Cells, 0/112 0/274 7/161 11/117 13/98 15/84 12/70 21/0
Wet Tower/Dry Tower
Maximum Operating Back 12.60 5.03 5.0 4.5 4.0 3.5 2.5 3.12
Pressure Pm, in-HgA (320.0) (127.8) (127,0) (114.3) (101.6) (88.9) (88.9) (79.2)
(mm-HgA)
Gross Plant Output at 920.4 989.0 989.5 999.1 1009.5 1019.1 1019.1 1025.6
Ppayxs Mde
Heat Load at P, 09 %4.86 4.62 4.62 4,59 4.55 4.52 4,52 4,50
Beu/hr (1012 JTRE) 5.13) | 4.87) | (4.87) | 4.84) | (4.80) | 4.77) | (4.77) | 4.75)
Heat Load Distribution 0.0/100.0}0.0/100.0 §38.7/61.3160.9/39.1]73.2/26.8182.2/17.8|85.0/15.0/100,0/0,0
at Py, (Wet Tower/Dry
Tower) , %
Annual Make-up Watgr 0.0 0.0 0.625 2,90 5.97 8.85 11.90 29,53
forﬁﬂet Towers, 10¥ gal {0.0) (0.0) (0.237) (1.10) (2.26) (3.35) (4.50) (11.18)
(10 m)

* H-High Back Pressure Turbine

* L-conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower
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TABLE 0-2. MAJOR CAPITAL AND PENALTY COST COMPONENTS FOR OPTIMIZED COOLING TOWER SYSTEMS (5106)

SITE: SAN JUAN, NEW MEXICO YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (S1)

Mech. Mech. Percentgge Make-up Requirement-Mech. Ser. Wet/Dry Mech.
vy ()* | By (T, 10 20 30 40 Wet

Capital Cost:
Cooling Tower 39.07 95.58 60.20 47.27 41.84 38.11 34.43 12.39
Condenser 11.26 14.46 12,07 10,81 10.12 10.14 9.66 10.13
Circulating Water System 7.86 12,51 11.70 10,26 9.16 9.40 8.82 6.50
Make-up Facility 0.00 0.00 4.41 5.60 6.21 6,66 6.87 7.56
.’ Electricsl Equipment 5.36 12,45 9.81 7.60 6.62 6.01 5.29 1.52
Indirect Cost 15.88 33.75 24,55 20,38 18.48 17.58 16.26 9.53
Total Capital Oost 79.43 168,75 122.74 101.92 92,43 87.90 81,33 47,63

Penalty Cost:
Capacity 57.54 24.27 24,01 19.37 14.30 9.64 9.64 6,48
Auxiliary Power 11.16 23,37 15.35 12,44 11.55 11.35 10.20 5.56
Replacement Energy 29.62 0.49 4.48 8.04 8.54 7.00 7.98 2.23
Auxiliary Energy 9.23 17.45 12,20 9.55 8.68 8.60 7.95 4.53
Make-up Water 0.0 0.0 0.10 0.48 0.99 1.47 1.98 4,92
Cooling System Maintenance 3.91 8.15 5.64 4,7 4,19 4.04 3.75 1.81
Total Penalty 111.46 73.73 61.78 54.59 48,25 42.10 41.50 25,53

* H-High Back Pressure Turbine
"t * .Conventional Low Back Pressure Turbine
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TABLE 0-3.

MAJOR DESIGN DATA FOR THE OPTIMIZED COOLING TOWER SYSTEMS

SITE: COLSTRIP, MONTANA BASE OUTPUT: 1039 Mwe WET/DRY TYPE: MECHANICAL SERIES (S51)
Percentage Make~up Requirement#
Mech. Mech. Mechanical Series Wet/Dry Mech.
t

Item Dry (H)* | Dry (L) 2 10 20 10 40 Wet
Mumber of Tower Cells, 0/112 07268 7/153 11/100 13/84 18/75 20/62 20/0
Wet Tower/Dry Tower
Maximum Operating Back 12.58 5.03 5.01 4.50 4,00 3.50 3.50 3,23
Pressure P, in-HgA (319.6) |(@27.8) J(127.3) j(14.3) | (101.6) | (88.9) | (88.9) (82.0)
(min-HgA)
Gross Plant Output at 920.6 988,9 989.6 999,1 1009.5 | 1019.1 | 1019,1 | 1023,7
Ppay» MWe
Heat Load at P, 10° 4,62 4,86 4.52 4,50 4,51 4,50 | . 4.49 4,50
Beu/br (1012 JThr) s | 513 @ | @) | @1 | @15 | @ | 6.15)
Heat Load Distribution 0.0/ 0.0/ 42,2/, 64,3/ 75.6/ 83.7/ 86.1/ 100,0/
at Py, (Wet Tower/Dry 100,0 100.0 57.7 35.7 24.4 16.3 13.9 0.0
Tower) , % -
Annual Make-up Water 0.0 0.0 0,518 3.05 6.03 8.72 11.45 | 28.66
forﬁHeg Towers, 10° gal (0.0) (0.0) (0.196) | (1.15) (2.28) (3.30) (4.33) ] (10.85)
(10° m’) .

* H-High Back Pressure Turbine

' L-Conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower
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TABLE 0O-4. MAJOR CAPITAL AND PENALTY COST COMPONENTS FOR OPTIMIZED COOLING TOWER SYSTEMS ($106)

SITE: COLSTRIP, MONTANA YEAR: 1985 WET/DRY TYPE: MECHANTICAL SERIES (S1)
Mech. Mech. JPercentage Make-up Requirement-Mech. Ser. Wet/Dry Mech.
Dry ()% | Dry (L)' 2 10 20 30 40 Wet
' Capital Cost:
Cooling Tower 39,07 93.49 57.44 41.36 36.94 36.74 33.40 11,80
Condenser 10.82 14.46 11,26 10,81 10,10 9.85 9.63 10,44
Circulating Water System 8.06 14,65 11.06 10.43 9.48 9,02 8.90 7.43
Make-up Facility ) 0,00 0.00 12,96 16.34 17.59 19,52 20.06 21.81
‘Electrical Equipment 5.36 12,30 9.35 6.75 5.93 5.66 4,99 1.55
Indirect Cost 15,83 33.72 | 25,52 21.42 20.11 20.20 19.24 13.26
Total Capital Cost 79.14 168,62 127.58 107.11 100.56 100.99 96,22 66.30
VPenal;tyv Cost:
Capacity 57,43 24.27 23,98 19,34 14.30 9.65 9.65 7.41
Auxiliary Power 10.80 23,02 14.67 12.75 12.23 12.24 11.44 7.47
Replacement Energy 25,67 -0.13 3.38 7.32 8.08 6.43 6.92 1.75
Auxiliary Energy 7.91 14,98 9.76 7.88 7.52 7.51 7.15 5.12
Make-up Water 0.00 0.00 0.09 0.51 1.01 1.45 1.91 4.78
Cooling System Maintenance 3.79 8.09 5.42 4.38 3.99 3.92 3.65 1.95
Total Pemalty 105,61 70,23 57.29 52.17 47.12 41.20 40,72 28.45

* H-High Back Pressure Turbine
"t 1 .Conventional Low Back Pressure Turbine




TABLE 0-5. MAJOR DESIGN DATA FOR THE OPTIMIZED COOLING TOWER SYSTEMS

€20

SITE: YOUNG, NORTH DAKOTA BASE OUTPUT: 1039 MWe WET/DRY TYPE: MECHANICAL SERIES (S1)
Yercentage Make-up Requirement¥®
Mech. Mech. Mechanical Series Wet/Dry Mech.
¢

Ttem Dry ()* | Dry (L) 2 10 20 30 40 Wet
Mmber of Tower Cells, 0/111 0/269 8/133 10/91 15/82 17/63 17/50 21/0
Wet Tower/Dry Tower
Maximuwm Operating Back 12.59 5.03 5.0 5.0 4.0 4.0 4.0 3.43
Pressure Phax’ in-HgA (319.8) (127.8) (127.0) (127.0) (101.6) (101.6) (101.6) (87.1)
(mm-HgA)
Gross Plant Output at 920.5 989.0 989.7 989.8 1009.5 1009.5 1009.5 1620,3
Phax: MWe
Heat Load at P X7 109 4.86 4,62 4,62 4,62 4,55 4.55 4,55 4.52
Btu/hr (1012 J?ﬁt) (5.13) (4.87) {4.87) (4£.87) {4.80) {4.80) (4.80) (4.77)
Heat Load Distribution 0.0/ 0.0/ 49.4/ 64.4/ | 18.5/ 82.6/ 85.5/ 100.0/
at Ppa., (Wet Tower/Dry 100.0 100.0 50.6 35.6 2L.5 17.4 14.5 0.0
Tower) , %
Annual Make-up Water 0.0 0.0 0.613 2,61 5.18 7.9 10.92 26.43
for6He§ Towers, 10° gal (0.0) (0.0) (0.232) | (0.99) (1.96) (3.01) (4.13) | (10.00)
(10°® m?)

* H-High Back Pressure Turbine
! L-Conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower
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TABLE 0-6. MAJOR CAPITAL AND PENALTY COST COMPONENTS FOR OPTIMIZED COOLING TOWER SYSTEMS ($106)

SITE: YOUNG, NORTH DAKOTA YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (S1)°
Mech. Mech. jPercentage Make-up Requirement—Mech. Ser, Wet/Dry Mech.
Dry (1 | by W' [, 10 20 ) | @0 Wet
Capital Cost: |
Cooling Tower 38.72 93.83 51.08 37.63 37.42 31.97 27.45 12.39
Condenser 11.23 15.77 11.79 10.09 9.87 9.59 9.63 10.11
Circulating Water System 7.85 14,80 11.62 9.16 8.94 8.83 8.9 6.50
Make-up Facility 0.0 0.0 8.01 9.30 10.46 10.84 11.06 12.24
Electrical Equipment © 5.32 12,52 8.41 6,13 5.91 4.92 4.28 1.52
Indirect Cost 15.77 34.24 22,73 18.08 18.15 16.33 15.33 10.69
Total Capital Cost 78.89 171.16 113.63 90.39 90.75 | 82.68 76.66 53.45
Penalty Cost:
Capacity 57.49 24.27 23.90 23.86 14.30 14.30 14,30 9.06
Auxiliary Power 11.12 23.87 13.81 10.88 11.06 9.89 9.56 5.75
Replacement Energy 18.45 -0.35 2.48 6.57 5.09 6.64 7.53 1.32
Auxiliary Energy 5.88 10.64 6.79 5.21 5.22 4.76 4.77 3.00
Make-up Water 0.0 0.0 0.10 0.44 0.86 1.32 ‘ 1.82 4.40
Cooling System Maintenmance 3.89 8,44 5.08 3.96 3.99 3.59 3.34 1.81
Total Penalty 96.83 66.87 52,16 50.92 40,52 40,50 41.32 25.34

* H-High Back Pressure Turbine
"t v _Conventional Low Back Pressure Turbine




TABLE 0-7. MAJOR DESIGN DATA FOR THE OPTIMIZED COOLING TOWER SYSTEMS

SITE: ROCK SPRINGS, WYOMING BASE OQUTPUT: 1039 Mwe WET/DRY TYPE: MECHANICAL SERIES (S1)

1144

Percentage Make-up Requirement#
Mech, Mech. . Mechanical Series Wet/Dry Mech.

Ttem Dry (#)* | Dry (L) 2 10 20 30 40 Wet
Number of Tower Cells, 0/108 0/249 6/129 10/103 12/85 16/72 18/58 20/0
Wet Tower/Dry Tower
Maximum Operating Back 11,21 5.03 5,00 4,00 3.50 3.50 3.50 2.94
Pressure B, in-HgA (284.7) |(127.8) | (127.0) |(101.6) | (88.9) | (88.9) | (88.9) (74.7)
(mm-HgA)
Gross Plant Output at 931,0 989.0 989.8 1009.5 1019.1 1019.1 1019.1 1028.4
Ppay: MWe
Heat Load at P %3 109 4,82 4,62 4,62 4.55 4,52 4,52 4,52 4.49
Bru/hr (1012 JTRE) (5.08) (4.87) (4.87) | (4.80) 477 (4.77) 4.7 (4.74)
Heat Load Distribution 0.0/ 0.0/ 34,6/ 57.5/ 70.7/ 76.2/ 80,2/ 100.0/
at Bp,ys (Wet Tower/Dry 100,0 100.0 | 65.4 | 42.5 29.3 23.8 19.8 0.0
Tower) , %
Annual Make-up Natgr 0.0 0,0 0.551 2,78 -5.88 8,58 11,63 28,03
for6we§ Towers, 10° gal (0.0) (0.0) (0.209) | (1.05) (2.23) (3.25) (4.40) (10.61)
(10° m?)

* H-High Back Pressure Turbine
¥ L-Conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower
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TABLE 0-8, MAJOR CAPITAL AND PENALTY COST COMPONENTS FOR OPTIMIZED COOLING TOWER SYSTEMS ($106)

SITE: ROCK SPRINGS, WYOMING YEAR: 19835 WET/DRY TYPE: MECHANICAL SERIES (S1)
Mech. uech,._.PercentaEe Make-up Requirement-Mech. Ser. Wet/Dry Mech.
by (x| Dy W', 10 20 30 40 Wet

é Capital Cost: s
: Cooling Tower 37.67 86.86 48,49 41.81 36.69 33.51 30.84 11,80
Condenser - 10,79 11.18 | 11,28 10.84 10,22 9.25 8.90 10.15
| Clrculating Water System |  7.40 7.74 | 10.86 10.33 9.40 | 7.98 7.87 6.50
- Make-up Facility 0.00 0.00 [ 14.00 18.29 20.66 22,04 22.95 26.04
'Biectrical Equipment ; 5.19 11,02 7.97 6.87 5.94 5.36 4.64 1,48
Indirect Cost - 15,26 29.20 23,15 F% 22.04 20.73 19.78 18.80- 13,99
Total Capital Cost E 76,32 146,01 | 115.75 : 110.18 103.63 98,92 94.00 69,95

- Penalty Cost:

~ Capacity 52.39 24.27 23,86 14,30 9.64 9.64 9.64 5.14
E Auxiliary Power | 10.46 19.66 12,85 12.42 11.90 10,88 10.10 6.79
% Replacement Energy 27.49 0.37 4.48 3.3 5.68 7.20 7.73 1.74
Auxiliary Energy 8.22 14.30 9.43 8.48 8.00 7.48 7.10 5.10
Make-up Water 0.0 0.0 0.10 0.50 1,04 1,52 2,07 4.98
Cooling System Maintenance 3.70 6.84 4.84 4.41 3.99 3.60 3.31 1.78
Total Penalty 102,25 65.42 55.56 45,44 40,25 40.33 39.94 25,54

* H-High Back Pressure Turbine

t ¥ .conventioanl Low Back Pressure Turbine




TABLE 0-9. MAJOR DESIGN DATA FOR THE OPTIMIZED COOLING TOWER SYSTEMS

SITE: NEW HAMPTON, NEW YORK BASE OUTPUT: 1039 MWe WET/DRY TYPE: MECHANICAL SERIES (S1)

e

Fercentage Make-up Requlrement#
Mech, Mech. Mechanical Series Wet/Dry Mech.
t -

Tten Dry (H0)* | Dry (L) 2 10 20 30 40 Vet
Number of Tower Cells, 0/106 0/217 8/129 13/110 18/92 21/73 21/59 2110
Wet Tower/Dry Tower
Maximum Operating Back 11,72 5.07 5.0 4.0 3.5 3.5 3.5 3.05
Pressure P, in-HgA (297.7) (128.8) (127.0) (101.6) (88.9) {88.9) (88.9) {77.5)

max
Gross Plant Output at 927.1 988.0 989.5 1009.5 1019.1 1019.1 1019.1 1026.6
Pgax» MWe
Heat Load at P, x» 109 4.83 4,63 4,62 4,55 4,52 4,52 4,52 4.49
Bru/br (1012 JRr) (5.10) | (4.88) }(4.8m) 4.80) | 4.7 | .1 | (6.7 | 4.7%)
Heat Load Distribution 0.0/ 0.0/ 39,4/ 62,5/ 74.9/ 79.3/ 82.4/ 100.0/
at Py, (Wet Tower/Dry 100.0 100.0 60.6 37.5 25.1 20.7 17.6 0.0
Tower) , %
Annual Make-up Water 0.0 0.0 0.518 2,71 5.44 8.22 10.90 26.96
for Wet Tovers, 108 ga1 (0.0) ©.0) |(.196) | (1.03) | (2.06) | (3.11) %.13){ (10.21)
(10° m?) .

* H-High Back Pressure Turbine

' L-conventional Low Back Pressure Turbine
# Percentage of annual make-up required by optimized wet tower
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TABLE 0-10. MAJOR CAPITAL AND PENALTY COST COMPONENTS FOR OPTIMIZED COOLING TOWER SYSTEMS ($106)

SITE: NEW HAMPTON, NEW YORK YEAR: 1985 WET/DRY TYPE: MECHANICAL SERIES (S1)

Mech. Mech. JPercentage Make-up Requirement-Mech. Ser. Wet/Dry Mech,
bry (¥ | Doy @[, 10 20 30 40 Vet

Capital Cost:
Cooling Tower 36.97 75.69 49,70 46,01 42,67 37.82 32.94 15.94
Condenser 10.79 14.39 11,82 10,82 10,45 10.15 10.17 10.83
Clrculating Water System 7.40 12.67 11.62 10.58 10.52 9.48 9.56 7.53
Make-up Facility - - 10,83 13.83 15.58 16.27 16.65 18.92
Electrical Equipment 5.11 10.16 8.20 7.42 5.77 5.73 5.04 1.92
Indirect Cost 15.07 28.23 23.05 22.17 21.50 19.86 18.59 13.78
Total Capital Cost 75.34 141.14 115.22 110,83 107.49 99.31 92.95 68.92

Penalty Cosct;
Capacity 54,29 24,72 23,99 14.30 9.65 9,65 9.64 5.99
Auxiliary Power 10.42 19.82 13.75 13.48 13,16 12,14 11.80 7,64
Replacement Energy 118,09 1.03 21.20 23.45 22.18 28.99 32.15 2.36
Auxiliary Energy 35,10 60.63 42,30 38.07 36.80 34,67 34.69 24,07
Make-up Water - - 0.01 0.03 0.06 0.09 0.12 0.30
Cooling System Maintenance 3.66 6.98 5.00 4,75 4,65 4.01 3.74 2,21
Total Penalty 221.56 113.18 106.25 94,08 86.50 .89.55 92,14 42,57

* H-High Back Pressure Turbine
't L-Conventional Low Back Pressure Turbine
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APPENDIX P
MECHANICAL WET AND HYBRID WET/DRY COOLING SYSTEMS FOR PLUME ABATEMENT
This appendix contains design data, capital investment and penalty break-

downs for the optimized mechanical wet and hybrid wet/dry cooling systems

operating at Seattle, Washington; Cleveland, Ohio; Newark, New Jersey; and
Charlotte, North Carolina.
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TABLE P-1. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED MECHANICAL WET COOLING SYSTEMS
SITE: SEATTLE, WASHINGTON
MECHANICAL WET TOWER - GROUND FOGGING
Variable 5 Hours 10 Bours 20 Hours 30 Hours 60 Hours
General Design Data
Design Temperatures, °F (°C):

Dry Bulb 80.0 (2&.7) 80.0 (26.7) 80,0 (26.7) } 80.0 (26.7) 80.0 (26.7)
Wet Bulb 64.0 (17.8) 64,0 (17.8) 64.0 (17.8) | 64,0 (17.8) 64.0 (17.8)
Cold water 74.0 (23.3) | 75.0 (23.9) | 76.0 (24.4) | 78.0 (25.6) | 82.0 (27.8)
Cooling Range 30.0 (16.7) 28.0 (15.6) 30.0 (16.7) 26.0 (14.4) 26,0 (14.4)
Approach 10,0 (5.6) 11.0 (6.1) 12.0 (6.7) 14.0 (7.8) 18,0 (10.0)
Design Turbine Back Pressure, 2.54 (64.5) 2,45 (62.2) 2.68 (68.1) | 2.52 (64.0) 2.83 (71..9)

in-HgA (mm-HgA)

Maximum Operating Back Pressure,

in-HgA (mm-HgA)

Design Heat Load,
169 Bru/hr (1612 )/hr)

Plant Capacity at Cooling
System Design Point, MWe

Ground Fogging (hrs/year)

2.78 (70.6)

4,47 (4.72)

1033.9

2.69 (68.3)

4,47 (4.71)

1034.9

2.91 (73.9)

448 (4.72)

1032.1

19

2,75 (69.9)

4.47 (4.72)

1034.1

32

3.04 (77.2)

4.48 (4.73)

1030.0

60
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TABLE P-1 (continued)

MECHANICAL WET TOWER - GROUND FOGGING

Variable 5 Bours 10 Bours 20 Hours 30 Hours 60 Hours
Condenser

Surface Area, 103 fr2 (103 n2) 630 (58.5) 664 (61.7) 631 (58.6) 682 (63.3) 672 (62.4)
Number of Tubes 40,100 42,900 40,200 46,300 46,400
Tube Length, £t (m) 60.0 (18.3) 159.1 (18.0) }60.0 (18.3) 156.3 (17.2) |55.3 (16.9)
Circulating Water Flow & Pump
Circulating Water Flow Rate, 298 (1128) 319 (1208) 298 (1128) 344 (1302) 345 (1306)
107 gpm (m3/min)
Number of Pumps 2 2 2 2 2

Pumping Head, ft (m) of Water
Motor Rating, hp (kW) per pump

Motor Brake Horsepower,
hp (kW) per pump

87.4 (26.6)
4000 (2984)

3695 (2756)

88.4 (26.9)
4500 (3357)

3999 (2983)

87.6 (26.7)
4000 (2984)

3709 (2767)

86.0 (26.2)
4500 (3357)

4194 (3129)

85.4 (26.0)
4500 (3357)

4178 (3117)
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TABLE P-1 (continued)

MECHANICAL WET TOWER - GROUND FOGGING

Variable 5 Hours 10 Hours 20 Hours 30 Hours 60 Hours
Circulating Water Pipelines
Condenser Intake:
Number of Lines 1 1 1 1 1
Diameter/Length, in/ft (cm/m) [102/1120 102/1120 102/1120 108/1120 108/1120
(259/341) (259/341) (259/341) (259/341) (259/341)
Condenser Discharge:
Number of Lines 1 1 1 1 1
Diameter/Length, in/ft (cm/m) 102/940 102/940 102/940 108/940 108/940
(259/287) (259/287) (259/287) (259/287) (259/287)
Connecting Pipelines; '
Number of Lines 2 2 2 2 2
Dlametec/Length, in/ft (cm/m) [72/710 72/710 72/710 78/710 78/710
(183/216) (183/216) {183/216) (198/216) (198/216)
Cooling Tower
Number of Cells 43 41 37 33 26

Heat Exchanger Tube Length, ft (m)
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TABLE P-2. PENALTY BREAKDOWN AND -COST SUMMARY FOR THE OPTIMIZED MECHANICAL WET COOLING SYSTEMS ($106)

SITE: SEATTLE, WASHINGTON

YEAR:

1985

GROUND FOGGING HOURS - MECHANICAL WET TOWERS

Reference
Item 5 10 20 30 60
Penalty Breakdown:
Capacity Penalty 4.004 3.392 4,949 3.816 5.893
Replacement Energy Penalty -+220 -+657 «760 .008 2,357
Circulating Water Pumping 2,969 3.214 2,981 3.371 3.358
Power Penalty
Circulating Water Pumping 5.985 6,475 6.014 6.796 6.784
Energy Penalty
Cooling Tower Fan 2,782 2.645 2,372 2.099 1.627
Power Pemalty
Cooling Tower Fan 5.376 5.115 4.603 4,083 3.187
Energy Penalty
Make-up Water Purchase and . 0.393 0.393 0,393 0.39 0.399
Treatment Penalty
Make-up Water Pumping Energy’ 213 .213 .211 «20% .207
and Capacity Penalty
Cooling System Maintenance Penalty 2,267 2,266 2,114 2,073 1.891
. -
Cost Summary:

Total Penalty Cost 23.771 23.056 24,397 27.849 25,703
Total Capital Cost 56.406 55.589 51,840 50.246 44,815

80.177 78.645 76,237 73.095 70.518

Total Evaluated Cost




TABLE P-3, SUMMARY OF CAPITAL INVESTMENT COST FOR THE CPTIMIZED MECHANICAL WET COOLING SYSTEMS (810%)

9z

SITE: SEATTLE, WASHINGTON PRICING YEAR: 1985
GROUND FOGGING HOURS - MECHANLCAL WET TOWERS
Acct., No. Equipment Item 5 - 10 20 30 Refgéence
118, Circulating Water Pump M 0.762 0.781 0.762 0.802 0.804
Structures (L 0.609 0.623 0.609 0.641 0.641
(T 1.371 1.404 1.371 1.443 1.445
132.211 Circulating Water Pumps (E 1.656 1.736 1.656 1.736 1.736
and Motors M 0.017 0.018 0.017 0.018 0.018
(L 0.105 0,105 0.105 0.105 0.105
(T 1.77§ 1.859 1.778 1.859 1.859
132.25 Concrete Pipelines ™ 1.660 1.660 1.660 1.853 1.853
(L 1.351 1.351 1.351 1.472 1.472
(T 3.011 3.011 3.011 3.325 3.325
132.3211 Cooling Tower Basin M 2,791 2,661 2,401 2.141 1.687
and Foundation (L 5.020 4,786 4,319 3.852 3,034
(T 7.810 7.447 6.720 5.993 4.721
132.3212 Cooling Towers, Installed (E 8,917 8.501 7.673 6.843 5.391
M 0.090 0.086 0.078 0.069 0.054
(L 7.234 6.897 6.224 5.551 4,374
(T 16,242 15.484 13,975 12,463 9.819
133.1 | Condensers, Installed (E 6.653 6,956 6.661 7.142 7.077
(¢ 0.033 0.035 0.033 0.036 0.036
(L 3.604 3.701 3.607 3.769 3.753
(T 10.291 10.692 10.301 10.947 10.866
114 & Make-up Facilities (E 0.561 0.555 0,545 0.534 0.517
132.1 o™ 0,652 0,646 0.635 0.623 0.605
(47 1.110 1.100 1,081 1.061 1.031
(T 2,323 2,301 2,261 2,218 2,153
14 Electrical Equipment (E 0.891 0.893 0.802 0.777 0.674
™ 0.669 0.671 0,602 0.583 0.506
(L 0,740 0.710 0.650 0.589 0.483
(T 2,299 2,274 2,054 1.949 1.663
Direct Capital Cost of (E 18.678 18.641 17.337 17.032 15,395
Cooling System ™ 6.674 6.558 6.188 6.125 5.563
(L 19.773 19,273 17.496 17.040 14,893
(T 45,125 44,472 41.471 40,197 35.851
Indirect Cost 11.28]1 11,117 10,369 10.049 8.962
Total Capital Cost 56.406 55,589 51.840 50.246 44,815
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TABLE P-~4. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED WET/DRY AND REFERENCE COOLING SYSTEMS

5 HOURS PER YEAR GROUND FOG

SITE: SEATTLE, WASHINGTON

DRY HFAT EXCHANGER TUBE LENGTH - Wet Tower
System
Variable 15 ft 10 ft 5 ft
General Desigh Data
Design Temperatures, °F (°C):
Dry Bulb 80.0 (26.7) 80.0 (26.7) 80.0 (26.7) 80.0 (26.7)
Wet Bulb 64.0 (17.8) R 64.0 (17.8) 64.0 (17.8) 64.0 (17.8)
Cold Water 80.0 (26.7) 79.0 (26.1) 77.0 (25.0) 74.0 (23.3)
- Cooling Range 26.0 (14.4) 26.0 (14.4) 28.0 (15.6) 30.0 (16.7)
Approach 16.1 (8.9) 15.0 (8.3) 13.0 (7.2) 10.0 (5.6)
Design Turbine Back Pressure, 2.67 (67.9) 2.60 (65,9) 2.60 (65.9) 2.54 (64.5)
in-HgA (wm-HgA)
Maximum Operating Back Pressure, 2,90 (73.7) 2,82 (71.6) 2.83 (71.9) 2,78 (70.6)
in-HgA (mm-1gA)
Design Heat Load, 4.48 (4.73) 4.47 (4.72) 4.47 (4.72) 4,47 (4.72)
109 Beu/hr (1612 J/hr) .
Plant Capacity at Cooling 1032,2 1033.2 1033.2 1033.9
System Design Point, MUWe
Ground Fogging (hrs/year) 4 4 4 5
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TABLE P-4 (continued)

DRY HEAT EXCHANGER TUBE LENGTH

Wet Tower
Variable 15 ft 10 ft 5 ft System
Condenser |

Sucface Area, 103 £ft2 (107 m?) 676 62.8 679  (63.1) 658  (61.1) 630  (58.5)
Number of Tubes 46,300 46,300 42,900 40,100
Tube Length, ft (m) 55.8 (17.0) 56.0 (17.1) 58.4 (17.8) 60.0 (18.3)
Circulating Water Flow & Pump
Circulating Water Flow Rate 344 (1302) 344 (1302) 319 (1207) 298 (1128)
103 gpm (mglnin) ?
Number of Pumps 2 2 2 ' 2
Pumping Head, ft (m) of Water 93.5 (28.5) 91,1 (27.8) 20.8 (27.7) ‘87.4  (26.6)

Motor Rating, hp (kW) per pump

Motor Brake Horsepower,
hp (kW) per pump

5000 (3730)

4560  (3405)

5000  (3730)
4h4h  (3314)

4500  (3356)

4109  (3064)

4000  (2984)

3695  (2756)
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TABLE P-4 (continued)

DRY HEAT EXCHANGER TUBE LENGTH

Wet Tower
Variabld 15 ft 10 ft 5 ft System
Circulacing Water Pipelines
Condenser Intake:
Number of Lines 1 1 1 1
Diameter/Length, in/ft (cm/m) 108/1120(274/341) 108/1120(274/341) 102/1120(259/341) 102/1120(259/341)
Condenser Discharge:
Number of Lines 1 1 1 1
piameter/Length, in/ft (cm/m) 108/940(274/287) | 108/940(274/287) | 102/940(259/287) | 102/940(259/287)
Connecting Pipelines:
Number of Lines 2 2 2 2
Diameter/Length, in/ft (cm/m) 78/710(198/216) 78/710(198/216) | 72/710(183/216) | 72/710(183/216)
Cooling Tower
Number of Cells 29 31 35 43
Heat Exchanger Tube Length, ft (m) 15 10 5 -




TABLE P-5. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED WET/DRY AND REFERENCE COOLING SYSTEMS ($106)
5 HOURS PER YEAR GROUND FOG

08t

SITE: SEATTLE, WASHINGTON YEAR: 1985
DRY HEAT EXCHANGER TUBE LENGTH
Item Wet Tower
15 ft 10 ft 5 ft System
Penalty Breakdown:

Capacity Penalty 4,818 4,289 4,347 4.004

Replacement Energy Penalty 1.095 .512 .330 -.220

Circulating Water Pumping 3.670 3.570 3.307 2.969

Power Penalty

Circulating Water Pumping 7.405 7.203 6,669 5.985

Energy Penalcty

Cooling Tower Fan 1.829 1.964 2.235 2,782

Power Penalty

Cooling Tower Fan 3.570 3,826 4,342 5.376

Energy Penalty

Make-up Water Purchase and . 0.396 0.395 0.393 0.393

Treatment Penalty

Make-up Water Pumping Energy . 207 .208 .210 0.215

and Capacity Penalty

Cooling System Maintenance Penalty 2.360 2.336 2.316 2,267

Cost Summary:

Total Penalty Cost 25,350 24,303 24,149 23,771

Total Capital Cost 53.919 54.077 54,742 56.406

Total Evaluated Cost 79.269 78.380 78.891 80.177
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SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED WET/DRY AND REFERENCE COOLING SYSTEMS ($106)

TABLE P-6.
SITE: SEATTLE, WASHINGTON PRICING YEAR:
| HEAT EXCHANGER TUBE LENGTH Wet Tower
Acct. No. Equipment Item 15 ft, 10 fe, 5 ft. System
1181 Circulating Water Pump ™ 0.804 0.802 0.781 0.762
Stmctutesg (L 0.641 0.641 0.625 0.609
(T 1.445 1.443 1.406 1.371
132.211 . Circulating Water Pumps (E 1.815 1.815 1.736 1.656
3 sad Motors. P ™ 0.018 0.018 0.018 0.017
L 0.105 0.105 0.105 0.105
(T 1.938 1.938 1.859 1,778
132.25 Concrete Pipelines M 1.853 1.853 1.660 1.660
(L 1,472 1.472 1.351 1.351
(T 3.325 3.325 3.011 3.011
132.3211 Cooling Tower Basin ™ 1,881 2,011 2.271 2.791
and Foundation (L 3.385 3.618 4.085 5.020
(T 5.266 5.629 6.356 7.811
132.3212 Cooling Towers, Installed (E 8.912 8.717 8,925 8.917
M 0.090 0.088 0.090 0.090
(L 7.232 7.072 7.24]1 7.234
(T 16.234 15.877 16.256 16.241
133.1 Condensers, Installed (E 7.108 7.125 6.912 6.653
M 0,036 0.036 0.035 0.033
(L 3.760 3.765 3.689 3.604
(T 10.904 10,926 10.636 10.290
114 & Make-up Pacilities (E 0.524 0.529 0.539 0.561
132.1 16 0.612 0.618 0.629 0.652
L 1.043 1,052 1.071 1,110
(T 2.179 2,199 2,239 2,323
14 Electrical Equipment (E 0,750 0.780 0.806 0,890
™ 0.564 0.586 0.606 0.669
(L 0,529 0.559 0.618 0.740
(T 1.843 1.925 2.030 2.299
Direct Capital Cost of (E 19.109 18,966 18.918 18
Cooling System M 5.858 6.012 6.090 622%
(L 18.167 18.284 18.785 19.773
(T 43,134 43,262 43.793 45.124
Indirect Cost 10.785 10.815 10.949 11.282
Total Capital Cost 53.919 54,077 54,742 56.406
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TABLE P-7. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED MECHANICAL WET OOOLING SYSTEMS
SITE: CLEVELAND, OHIQ
MECHANICAL WET TOWER - GROUND FOGGING
Variable 5 Hours 10 Hours 20 Hours 30 Hours 38 Hours
General Design Data

Pesign Temperatures, °F (°C):

Dry Bulb 90.0 (32.2) 90.0 (32.2) 90.0 (32.2) 90.0 (32.2) 90.0 (32.2)

Wet Bulb 71.0 (21.7) 71.0 (21.7) 71.0 (21.7) 71.0 (21.7) 71.0 (21.7)

Cold Water 80.0 (26.7) 82.0 (27.8) 84.0 (28.9) 86.0 (30.0) 86.0 (30.0)

Cooling Range 28.0 (15.6) | 26.0 (14.4) | 26.0 (14.8) | 24.0 (13.3) | 26.0 (14.4)

Approach 9.0 ( 5.0) 11.0 ( 6.1) 13.0 ( 7.2) 15.0 ( B.3) 15.0 ( 8.3)
Pesign Turbine Back Pressure, 2.83 (71..9) 2.83 (71.9) 2.99 (76.1) 2.99 (76.1) 3.17 (80.5)
in-HgA (mm-HgA)
Maximum Operating Back Pressure, 2.87 (72.9) 2.86 (72.6) 3.02 (76.7) 3.01 (76.5) 3.19 (81.0)
in-HgA (mm-HgA)
?ggign Heat Loig, 4.48 (4.73) 4.48 (4.73) 4.49 (4.74) 4.49 (4.74) 4.50 (4.75)

Btu/hr (10*< J/hr)

Plant Capacity at Cooling 1030.0 1030.0 1027.6 1027.6 1024.8
System Design, Point, MWe
Ground Fogging (hrs/year) 4 11 21 31 38
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TABLE P-7 (continued)

MECHANICAL WET TOWER ~ GROUND FOGGING

20 Hours

Variable 5 Hours 10 Hours 30 Hours 38 Hours
Condenser »
Surface Area, 103 £t2 (10° u?) 651 (605) 672(624) 669(621) 694(64.5) 666(61,9)
Number of Tubes 43,100 46,400 46,500 50,400 46,600
Tube Length, ft (m) 57.7(17.6) 55.3(16.9) 54,9(16,7) 52,6(16,0) 54.6(16,6)
Circulating Water Flow & Pump
f(i}gculatinﬁ Water Flow Rate, 320(1211) 345(1306) 345(1306) 374(1416) 346 (1310)
gpn (md/min)

Number of Pumps 2 2 2 3 2
Pumping Head, ft (m) of Water 87.6(26.7) 85.4(26.0) 85.7(26.0) 83.9(25.6) 84.9(25.9)
Motor Rating, hp (kW) per pump 4500(3357) 4500(3357) | 4500(3357) 3500 (2611) 4500(3357)
Motor Brake Horsepower, 3978(2967) 4178(3117) 4174 (3124) 2969(2215) 4172(3112)

hp (kW) per pump
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TABLE P-7 (continued)

MECHANICAL WET TOWER - GROUND FOGGING

Variable 5 Hours 10 Hours 20 Hours 30 Hours 38 Rours
Circulating Water Pipelines
Condenser Intsake;
Number of Lines 1 1 1 1 1
Diameter/Length, in/ft (cm/m) 1102/1120 . 110871120 108/1120 11441120 105/1120(267/341)
(259/341) (274/341) (274/341) (296/341)
Condenser Discharge:
Number of Lines 1 1 1 1 1
Diameter/Length, in/ft (cm/m) }102/940 108/940 1068/940 1114/940 108/940(274/287)
(259/287) (274/287) (274/287) (290/287)
Connecting Pipelines:
Numbexr of Lines 2 2 2 2 2
piameter/Length, in/ft (cm/m) |{72/710 78/710 78/710 78/710 78/710
(183/216) (198/216) (198/216) (198/216) (198/216)
Cooling Tower
40 35 30 27 26

Number of Cells

Heat Exchanger Tube Length, ft (m)
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TABLE P-8.

SITE: CLEVELAND, OHID

YEAR: 1985

PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED MECHANICAL WET COOLING SYSTEMS ($106)

GROUND FOGGING HOURS - MECHANICAL WET TOWERS

item Reference
5 10 20 30 38
Penalty Breakdoun:

Capacity Penalty &.637 4,564 5.726 5.663 7.041

Replacement Energy Penalty 0.392 0.553 1.820 1.992 3.377

Circulating Water Pumping 3.197 3.358 3.354 3.579 3,353

Power Penalty

Circulating Water Pumping 6.447 6,773 6.774 7.229 6,779

Energy Penalty

Cooling Tower Fan 2.583 2,238 1,895 1.691 1.623

Power Penalty

Cooling Tower Fan 4,924 4,285 3.652 3.271 3.147

Energy Penalty

Make~up Water Purchase and 0.399 0.398 0.400 0.401 0.403

Treatment Penalty

Make~up Water Pumping Energy 0,218 0.214 0.212 0.210 0,210

and Capacity Penalty

Cooling System Maintenance Penalty 2.236 2,120 1.991 2.114 1.888

Cost Summary:

Total Penalty Cost 25.033 24,503 25.824 26,150 27.821

Total Capital Cost 54,747 51.730 47.880 47,016 44,799
79.780 76.230 73.704 73.166 72,620

Total Evaluated Cost




TABLZ P-9. SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED MECHANICAL WET COOLING SYSTEMS ($10%)

952

SITE: CLEVELAND, OHIO PRICING YEAR: 1985
GROUND FOGGLNG HOURS - MECHANICAL WET TOWERS
Reference

Acct. No. Equipment Item 5 10 20 30 38
118L Circulating Water Pump M 0,781 0.804 0.804 0.829 0.804
Structures L 0.625 0.541 0.643 0.662 0.643
(T 1.406 1.445 1.447 1.491 1.447
132.211 Circulating Water Pumps (E 1.736 1.736 1.736 2,122 1.736
and Motors M 0.018 0,018 0.018 0.021 0.018
(L 0.105 0.105 0.105 0.158 0,105
(T 1.859 1.859 1.859 2,301 1.859
132.25 Concrete Pipelines M 1.660 1.853 1.853 1.940 1.853
(L 1,351 1,472 1.472 1.550 1.472
(T 3.011 3.325 3.325 3.500 3.325
132.3211 Cooling Tower Basin ™ 2.596 2.271 1.945 1.751 1.687
and Foundation (L 4,669 4,085 3.503 3.152 3,034
(T 7.265 6.356 5.448 4.903 4,721
132,3212 Cooling Towers, Installed (B 8.295 7.257 6.221 5.599 5.391
[¢.1 0.084 0,073 0.063 0.057 0.054
(€1 6.730 5.888 5.047 4,543 4,374
(T 15,109 13.218 11,331 10.199 9.819
114 & Condensers, Installed (E 6.861 1.077 7.055 7.311 7.035
132.1 ™ 0.034 0.036 0.035 0.037 0.035
[¢7 3.678 3.753 3.746 3.836 3.742
(T 10.573 10.866 10.836 11.084 10.812
14 Make-up Facilities (E 0.565 0.551 0.537 0.529 0.527
™M 0.657 0.641 0.627 0.618 0.616
(L 1,119 1.092 1.067 1.052 1.049
(T 2.341 2,284 2.231 2,199 2,192
Electrical Equipment (E 0.879 0.806 0.733 0.737 0.674
™ 0.660 0.606 0.551 0.554 0.506
(L 0.694 0.618 0.543 0,545 0.484
(T 2.233 2.030 1.827 1.836 1,664
Direct Capital Cost of (E 18.336 17.427 16,282 16.298 15.363
Cooling System M 6.490 6.301 5.896 5.817 5.573
(L 18.971 17.656 16.126 15,498 14.903
(T 43.797 41,384 38.304 37.613 35.839
Indirect Cost 10.950 10,346 9.576 9,403 8.960
Total Capital Cost 54,747 51.730 47,880 47.016 64,799
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TABLE P-10. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED WET/DRY AND REFERENCE COOLING SYSTEMS
5 ROURS PER YEAR GROUND FOG
SITE: CLEVELAND, OHIO
DRY HEAT EXCHANGER TUBE LENGTH
Wet Tower
Variable 15 ft 10 ft 5 ft System
General Design Data

Design Temperatures, °F (°C):

Dry Bulb 90.0 (32.2) . 90.0 (32.2) 90.0 (32.2) 90.0 (32.2)

Wet Bulb 71.0 (21.7) 71,0 (21.7) 71.0 (21.7) 71.0 (21.7)

Cold Water 86.0 (30.0) 86.0 (28.9) 83.0 (28.3) 80.0 (26.7)

Cooling Range 25.0 (13.9) 25.0 (13,9) 26.0 (14.4) 28.0 (15.6)

Approach 15.0 ¢ 8.3) 13.0 ( 7.2) 12,0 ( 6.7) 9.0 ( 5.0)
Design Turbine Back Pressure, 3.08 (78.2) 2,91 (73.9) 2.91 (73.9) 2.83 (11.9)
in-HgA (mm-HgA)
Maximum Operating Back Pressure, 3.08 (78.2) 2,95 (74.9) 2.94 (74.7) 2.87 (72.9)
in-HgA (mm-HgA)
Design Heat Load, 4,50 (4.75) 4.49 (4.74) 4,49 (4.74) 4.48 (4.73)
109 Bru/hr (1012 3/hr)
Plant Capacity at Cooling 1026.2 1028.8 1028.8 1030.0
System Design Point, MWe
Ground Fogging (hrs/year) 4 4 A 4
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TABLE P-10 (continued)

DRY HEAT EXCHANGER TUBE LENGTH

Variable We;ygzzsr
15 fc 10 ft 5 ft
Condenser

Surface Area, 103 £e2 (103 mz) 679 (63.1) 682 (63.4) 670 (62.2) 651 (60.5)
Number of Tubes 48,400 48,300 46,500 43,100
Tube Length, ft (m) 53.6 (16.3) 53.9 (16.4) 55.1 (16.8) 57.7 (17.6)
Circulating Water Flow & Pump
Circulating Water Flow Rate, 360 (1363) 359 (1359) 345 (1306) 320 (1211)
103 gpm (m3/min)
Number of Pumps 2 2 2 2

Pumping Head, ft (m) of Water
Motor Rating, hp (kW) per pump

Motor Brake Horsepower,
hp (kW) per pump

92.8 (28.3)
5000 (3730)

4737 (3532)

90.5 (27.6)
5000 (3730)

4609 (3437)

87.9 (26.8)
5000 (3730)

4302 (3209)

87.6 (26.7)
4500 (3357)

3978 (2968)
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TABLE P-10 (continued)

DRY HEAT EXCHANGER TUBE LENGTH

Wet . Tower
Variable 15 ft 10 ft S ft System
Circulating Water Pipelines
Condenser Intake:
Number of Lines 1 1 1 1
Diameter/Length, in/ft (cm/m) [108/1120(274/341) [108/1120(274/341) {108/1120(274/341) | 102/1120(259/341)
Cbndense; Dischacge:
Number of Lines 1 1 1 1
Diameter/Length, in/ft (cmfm) {108/940(274/287) }|108/940(274/287) |108/940(274/287) 102/940(259/287)
Connecting Pipelines:
Number of Lines 2 2 2 2
Diameter/Length, in/fc (cm/m) 78/710(198/216) 78/710(198/216)  178/710(198/216) 72/710(183/216)
Looling Tower
Number of Cells 27 30 - 3% 40
Heat Exchangexr Tube Length, ft (m) 15 (4.6) 10 (3.0) 5 (1.5) -
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TABLE P-11, PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED WET/DRY AND REFERENCE COOLING SYSTEMS (5106)

5 HOURS PER YEAR GROUND FOG

SITE: CLEVELAND, OHIO YEAR: 1985
DRY HEAT EXCHANGER TUBE LENGTH
- Mechanical
Item 15 £t 10 ft 5 £t Wet System
fenalty Breakdowm:
Capacity Penalty 6.198 5.168 5.166 4.637
Replacement Energy Penalty 2,537 1.321 1,198 0.392
Circulating Water Pumping 3.807 3.703 3.457 3,197
Power Penalty
Circulating Water Pumping 7.693 7.476 6,977 6.447
Energy Penalty
Cooling Tower Fan 1.692 1.895 2,032 2,583
Power Penalty
Cooling Tower Fan 3.272 2.651 3.905. 4.924
Energy Penalty
Make-up Water Purchase and 0.402 0.400 0.399 0.399
Treatment Penalty
Make-up Water Pumping Energy 0.210 0.211 - 0,213 0.218
and Capacity Penalty
Cooling System Maintemance Penalty 2.230 2,308 2,264 2.236
Cost Summary;:
/Total Penalty Cost 28.041 25.133 25.611 25,033
Total Capital Cost §2.144 53.355 53.060 54,747
Total Evaluated Cost 80.185 78,488 78.671 79.780
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SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED WET/DRY AND REFERENCE COOLING SYSTEMS (5106)

TABLE P-12.
SITE: CLEVELAND, OHIO PRICING YEAR: 1985

HEAT EXCHANGER TUBE LENGTH Mechanical

Acct. No. Equipment Item 15 ft. 10 fe. 5 fe. Wet System
118L Circulating Water Pump M 0.817 0.817 0.804 0.781
Structures (L 0.633 0.653 0.641 0.625
(T 1.470 1.470 1.445 1.406
132.211 Circulating Water Pumps (E 1.815 1.815 1.815 1.736
and Motors M 0.019 0.019 0.019 0.018
@l 0.105 0.105 0.105 0.105
(T 1.939 1.939 1.939 1.859
132.25 Concrete Pipelines ™ 1.853 1.853 1.853 1.660
(L 1.472 1.472 1.472 1.351
(T 3.325 3.325 3.325 3.011
132.3211 Cooling Tower Basin M 1.753 1.948 2,076 2.596
and Foundation. (L 3.153 3.504 3.735 4.669
(T 4.906 5.452 5.811 7.265
132.3212 Cooling Towers, Installed (E 8.29% 8.436 8.159 8.295
M 0.084 0.086 0.082 0.084
(L 6.735 6.845 6.621 6.730
(T 15.118 15.367 14,862 15,109
133.1 Condensers, Installed (E 7.170 7.187 7.064 6.861
M 0.036 0.036 0.035 0.034
(L 3.788 3.792 3.749 3.678
(T 10.994 11.015 10,848 10.573
114 & Make-up Facilities (E 0.529 0.537 0.543 0.565
132.1 ™ 0.618 0.626 0.632 0.657
(L 1.053 1.067 1.077 1.119
(T 2.200 2,230 2,252 2,341
14 Electrical Equipment (E 0.722 0.766 0.754 0.879
(M 0.542 0.575 0.597 0.660
(L 0.499 0.545 0.575 0.694
(T 1.763 1.886 1.966 2,233
Direct Capital Cost of (E 18.535 18.741 18.375 18.336
Cooling System (M 5.722 5.960 6,098 6.490
(L 17.458 17.983 17.975 18.971
(T 41.715 42.684 42,448 43,797
Indirect Cost 10.429 10.671 10.612 10.950
Total Capital Cost 52.144 53.355 53.060 54.747




TABLE P-13. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED WET/DRY AND MECHANICAL WET COOLING SYSTEMS

SITE: NEWARK, NEW JERSEY

92

Mechanical MECHANICAL WET TOWER - GROUND FOGGING
Wet/Dry Towers
(5' Exchanger) Reference
Variable 5 Hours 5 Hours 10 Hours 16 Hours
General Design Data '
pesign Temperatures, °F (°C):
Dry Buldb 92.0 (33.3) 92.0 (33.3) 92.0 (33.3) 92.0 (33.3)
Wet Bulb 75.0 (23.9) 75.0 (23.9) 75.0 (23.9) 75.0 (23.9)
Cold Water 88.0 (31.1) 86.0 (30.0) 88.0 (31.1) 90.0 (32.2)
Cooling Range 22.0 (12.2) 26.0 (14.4) 22.0 (12.2) 22.0 (12.2)
Approach 13.0 (7.2) 11.0 (6.1) 13.0 (7.2) 15.0 (8.3)
Design Turbine Back Pressure, 2.99 (76.1) 3.17 (80.5) 2.99 (76.1) 3.17 (80.5)
in-HgA (mm-HgA)
Maximum Operating Back Pressure, 3.26 (82.8) 3.46 (87.9) 3.26 (82.8) 3.41 (86.6)
in-HgA (mm-HgA)
Design Heat Load,
107 Btu/kr (1012 j/hr) 4.49 (4.74) 4,50 (4.75) 4.49 (4.74) 4.50 (4.75)
Plant Capacity at Cooling 1027.6 1024.8 1027.6 1024.8
System Design Point, MWe
Ground Fogging (hrs/year) 3 3 10 16
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TABLE P-13 (continued)

Mechanical
Wet/Dry Towers

MECHANICAL WET TOWER - GROUND FOGGING

(5' Exchanger) Reference
Variable 5 Hours 5 Hours 10 Hours 16 Hours
Condenser ‘

Sucface Area, 103 fr2 (103 n?) 722 (67.1) 666  (61.9) 722 (67.1) | 720 (66.,9)
Number of Tubes 55000 46600 55000 55100
Tube Length, ft (m) 50.2 (15.3) 54.6 (16.6) 50,2 (15.3) 49,9 (15.2)
Circulating Water Flow & Pump
Ctgculatin§ Water Flow Rate, 408 (1544) 346 (1310) 408 (1544) 409 (1548)
103 gpm (m3/min)
Number of Pumps 3 2 3 3
Pumping Head, ft (m) of Water 84.3 (25.7) 84.9 (25.9) 81.8 (24,9) 81,6 (21.9)
Motor Rating, hp (kW) per pump 4000 (2954) 4500 (3337) 3500 (2611) {3500 {2611)
Motor Brake Horsepower, 3257 (2430) 4172 (3112) 3159 (2357) 3159 (2357)

hp (kW) per pump
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TABLE P-13 (continued)

Hechanical
Wet/Dry Towers

MECHANICAL WET TOWER -

GROUND FOGGING

(5' Exchanger) Reference
Variable 5 Hours 5 Hours 10 Hours 16 Hours
Circulating Water Pipelines
Condenser Intake:
Number of Lines 1 1 1 1
Dlameter/Length, in/ft (em/m) |120/1120(305/341) 108/1120(274/341){120/1120(305/341) | 120/1120(305/341)
Coundenser Discharge:
Number of Lines 1 1 1 1
Diameter/Length, in/ft (cm/m) [120/940(305/287) (108/940(274/287) |120/940(305/287) |120/940(305/287)
Connecting Pipelines:
Number of Lines 2 2 2 2
Diameter/Length, In/ft (cm/m) {84/710(213/216) {78/710(198/216) |84/710(213/216) |84/710(213/216)
Cooling Tower
Number of Cells 28 31 28 25
Heat Exchanger Tube Length, ft (m) 5 - - -




TABLE P-14. PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED WET/DRY AND MECHANICAL WET COOLING SYSTEMS ($106)

§9¢

SITE: NEWARK, NEW JERSEY YEAR: 1985
M’:‘;g&;“;ﬁir . MECHANICAL WET TOWER - CROUND FOGGING
Ttem (5' Exchanger) Reference
5 Hours 5 Hours 10 Hours 16 Hours
Penalty Breakdown:
Capacity Penalty 7.633 9.254 7.633 8.892
Replacement Encrgy Penalty 1.321 2,176 1.321 2.616
Circulating Water Pumping 3.926 3.353 3.808 3.808
Power Penalty
Circulating Water Pumping 7.925 6.772 7.685 7.695
Energy Penalty
Cooling Tower Fan 1.813 2.024 1.813 1.604
Power Penalty
Cooling Tower Fan 3.498 3.893 : 3.498 3.109
Energy Penalty
Make-up Water Purchase and 0.398 0.397 0.398 0.400
Treatment Penalty
‘Make-up Water Pumping Energy 0.210 0.212 0,210 0,209
and Capacity Penalty
Cooling System Maintemance Penalty 2,370 2,016 2,156 2.079
Cost Summary: ,

Total Penalty Cost ) 29.094 30.097 28.522 30.412
Total Capital Cost 52.034 48.624 48,736 - 46,439
Total Evaluated Cost 81.128 78,721 77.258 76.851
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TABLE P-15. SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED WET/DRY AND MECHANICAL WET COOLING SYSTEMS (5106)
SITE: NEWARK, NEW JERSEY PRICING YEAR: 1985
We§?ggm§ggg,s MECHANTCAL WEL TOWER - GROUND FOGSING __
e e

Acct. No. Equipment Item 5 ?‘ﬁf}ﬂ%e’) 5 Hours 10 Hours 16 Hours
118L Circulating Water Pump ™ 0,856 0.804 0.856 0.856
Structures L 0.682 0.643 0.682 0.685

(T 1.538 1.447 1.538 1.541

132.211 Circulating Water Pumps (E 2,241 1.736 2.122 2.122
and Motors ™ 0.023 0.018 0.021 0.021

(L 0.158 0.105 0.158 0.158

(T 2.422 1.859 2.301 2.301

132.25 Concrete Pipelines o 2.133 1.853 2.133 2.133
(L 1.679 1.472 1.679 1.679

(T 3.812 3.325 3.812 3.812

132.3211 Cooling Tower Basin [ 1.816 2,011 1.816 1.622
and Foundation (L 3.268 3.618 3.268 2.917
(T 5.084 5.629 5.084 4,539 .

132.3212 Cooling Towers, Installed (E 7.140 6.429 5.805 5.183
M 0,072 0.065 0.059 0.052

(L 5.79%4 5.217 4.711 4.207

(T 13.006 11.711 10.575 9,442

133.1 Condensers, Installed (E 7.611 7.035 7.611 7.600
™ 0.038 0.035 0.038 0,038

(L 3.939 3.743 3.939 3.937

(T 11.588 10.813 11.588 11.575

114 & Make-up Facilities (¢4 0.533 0.542 0.533 0,526
132.1 (1 0,622 0.631 0.622 0.615
(L 1.059 1.075 1.059 1.046

(T 2.214 2,248 2.214 2,187

14 Electrical Equipment (E 0.802 a.747 0.753 0.708
M 0.602 0.561 0.565 0.533

(L 0.559 0.559 0.559 0.513

(T 1.963 1.867 1.877 1.754

Direct Capital Cost of (E 18.327 16.489 16,824 16.139

Cooling System ™ 6.162 5.978 6.110 5.870

(L 17.138 16.432 16.055 15.142

(T 41,627 38.899 38.989 37.151

Indirect Cost 10,407 2.725 9,747 9.288

Total Capital Cost 52.034 48.624 48,736 46,439




TABLE P-16. SUMMARY OF DESIGN DATA FOR THE OPTIMIZED MECHANLCAL WET COOLING SYSTEMS

SITE: CHARLOTTE, NORTH CAROLINA

£92

MECHANICAL WET TOWER - GROUND FOGGING
Reference
Variable 10 20 30 61
General Design Data
Design Temperatures, PF (°C):
Dry Bulb 97.0 (36.1) 97.0 (36.1) 97.0 (36.1) 97.0 (36.1)
Wet Bulb 73.0 (22.8) 73.0 (22.8) 73.0 (22.8) 73.0 (22.8)
Cold Water 83.0 (28.3) 85.0 (29.4) 85.0 (29.4) 89.0 (31.7)
Cooling Range 26.0 (14.4) 24.0 (13.3) 26.0 (14.4) 22.0 (12.2)
Approach 10.0 (5.6) 12.0 (6.7) 12.0 (6.7) 16.0 (8.9)
Design Turbine Back Pressure, 2.91 (73.9) 2.91 (73.9) 3.08 (78.2) 3.08 (78.2)
in-HgA (mm-HgA)
Maximum Operating Back Pressure, 3.01 (76.5) 3.00 (76.2) 3.17 (80.5) 3.13 (79.5)
in-HgA (mm-HgA)
Design Heat Load, 4.49 (4.74) 4.49 (4.74) 4.50 (4.75) 4.50 (4.75)
109 Btu/hr (1012 J/hr)
Plant Capacity at Cooling
System Design Point, MWe 1028.8 1628.8 1026,.2 1026.2
Ground Fogging (hrs/year) 11 20 32 61
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TABLE P-16 (continued)

Variable

MECHANICAL WET TOWER - GROUND FOGGING

10 20 30 Refg{ence

Condenser
Surface Area, 103 £t2 (103 mz) 670 (62.2) 695 (64.6) 667 (62.0) 721 (67.0)
Number of Tubes 46,500 50,300 46,500 55,000
Tube Length, ft (m) 55.1 (16.8) 52.7 (16.1) 54.7 (16.8) 50.1 (15.3)
Circulating Water Flow & Pump
Circulating Water Flow Rate, 345 (1306) 374 (1416) 346 (1310) 409 (1548)
103 gpm (m3/min)
Number of Pumps 2 3 2 3
Pumping Head, ft (m) of Water 85.3 (26.0) 84.0 (25.6) 85.1 (25.9) 81.7 (24.9)
Motor Rating, hp (kW) per pump 4500 (3357) 3500 (2611) 4500 (3357) 3500 (2611)
Motor Brake Horsepower, 4176 (3115) 2970 (2216) 4173 (3113) 3159 (2357)
hp (kW) per pump
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TABLE P-16 (continued)

MECHANICAL WET TOWER - GROUND FOGGING

Variable Reference
10 20 30 61
Circulating Water Pipelines
Condenser Intake:
Number of Lines 1 1 1 1

Diameter/Length, in/ft (cm/m)
Condenser Discharge:

Number of Lines

Diameter/Length, in/ft (ca/m)
Connecting Pipelines;

Number of Lines

Diameter/Length, in/ft {cm/m)

Cooling Tower
Number cf Cells

Heat Exchanger Tube Length, ft (m)

108/1120 (274/341)

1

108/940 (214/287)

2

78/710 (198/216)

35

11471120 (290/341)

1

114/940 (290/287) -

2

78/710 (198/216)

3

108/1120 (274/341)

1

108/940 (274/287)

2

- 78/710 (198/216)

120/1120 (305/341)

1

120/940 (305/287)

2

84/710 (213/216)

25
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TABLE P-17., PENALTY BREAKDOWN AND COST SUMMARY FOR THE OPTIMIZED MECHANICAL WET COOLING SYSTEMS ($106)

SITE: CHARLOTTE, NORTH CAROLINA YEAR: 1985
MECHANICAL WET TOWER - GROUND FOGGING
Ttem Reference
10 20 30 61
Penalty Breakdown:
Capacity Penalty 5.667 5.559 6,909 6.560
Replacement Energy Penalty 1.819 2,006 3,338 3,526
Circulating Water Pumping 3.356 3.580 3.353 3.808
Power Penalty
Circulating Water Pumping 6,777 7.231 6,781 7.700
Energy Penalty
Cooling Tower Fan 2,214 1,945 1,878 1.544
Power Penalty
Cooling Tower Fan 4,266 3.760 3.638 3.007
Energy Penalty
Make-up Water Purchase and 0.429 0.427 0.427 0.427
Treatment Penalty
Make-up Water Pumping Energy 0,225 0.222 0.221 0.218
and Capacity Penalty
Cooling System Maintenance Penalty 2,119 2,216 1,991 2.080
Cost Summary:
Total Penalty Cost 26,872 26.946 28.536 28.870
Total Capital Cost 51,728 50.103 47,883 46.454
Total Evaluated Cost 78.600 77.049 76.419 15.324
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SUMMARY OF CAPITAL INVESTMENT COST FOR THE OPTIMIZED WET/DRY AND MECHANICAL WET COOLING SYSTEMS (3106)

TARLE P-18.
SITE: CHARLOTTE, NORTH CAROLINA PRICING YEAR: 1985
MECHANICAL WET TOWER - GROUND FOGGING
ReLTrence

.Acct. No. Equipment Item 10 20 30 61
118L Circulating Water Pump ™ 0.804 0.829 0.804 0.856
Structures (L 0.641 0.662 0.643 0.685
(T 1.445 1.491 1.447 1.541
132,211 Circulating Water Pumps (E 1.736 2.122 1.736 2,122
and Motors M 0,018 0,021 0.018 0.021
(L 0.105 0.158 0.105 0.158
(T 1.859 2,301 1.859 2.301
132,25 Concrete Pipelines ™ 1.853 1.950 1.853 2.133
) (L 1.472 1.550 1.472 1.679
(T 3.325 3.500 3.325 3.812
132.3211 Cooling Tower Basin (M 2,271 2.011 1.946 1,622
and Foundation [¢# 4,085 3.618 3.501 2.917
(T 6.356 5.629 5.447 4.539
132.3212 Cooling Towers, Installed (E 7.257 6.429 6.221 5.183
M 0.073 0.065 0.063 0.052
(L 5.888 5.217 5.047 4,207
(T 13.218 11.711 11.331 9.442
133.1 Condensers, Installed (E 7.064 7.321 7.043 7.606
0. 0.035 0.037 0.035 0.038
(L 3.749 3.838 3.744 3.937
(T 10.848 11.796 10.822 11.581
114 & Make-up Facilities (E 0.555 0.544 0.542 0.528
132.1 o 0.646 0.634 0.631 0.616
(L 1.100 1.079 1.075 1.050
(r 2.301 2,257 2.248 2.194
14 Electrical Equipment (E 0.806 0.796 0.733 0.709
M 0.606 0.598 0.551 0.533
(L 0.618 0.605 0.543 0.513

(T 2,030 1.999 1.827 1.755

Direct Capital Cost of (E 17.418 17.212 15.275 16.148

Cooling System [4:4 6,306 6.145 5.901 5.171

(L 17.659 16.727 16.130. 15.146
(T 41,383 40,084 38.306 37.165
Indirect Cost 10,345 10.020 9.576 9.291
51.728 50.103 47.883 46.454

Total Capital Cost
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