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Task 2
Comparison of Wet and Dry Rankine Cycle Heat Rejection

1. Introduction

The efficiency of a Rankine cycle is defined, in large part, by the pressure and the temperature of the steam
both entering and leaving the turbine. The cycle efficiency can be improved either by raising the pressure
and the temperature at the inlet to the turbine, or decreasing the pressure and the temperature at the outlet.

The steam conditions at the turbine outlet are defined by the temperature at which the steam is condensed
and the latent heat of vaporization can be transferred to the environment. The lowest ambient temperature
available is the wet bulb temperature; thus, most power plants use an evaporation process to provide the
cooling water source for the condenser. However, the principal heat transfer mechanism in a wet cooling
tower is evaporation. As a result, approximately 1 pound of water must be evaporated for each pound of
steam condensed, and the water consumption in a large power plant can be significant. For example, an
80 MWe parabolic trough solar plant, operating with a capacity factor of 27 percent, will consume about
725,000 tons of water per year.

For sites which have a limited supply of water, heat can be rejected to the environment by condensing
turbine exhaust steam at the dry bulb, rather than the wet bulb, temperature. For desert sites, design values
for the dry bulb and the wet bulb temperatures are about 104 °F and 68 °F, respectively. Compared with a
turbine inlet temperature of 703 °F, a difference of 36 °F in the steam condensation temperature does not
appear significant. However, the work performed in the turbine expansion process is defined as [v dP, where
v is the fluid specific volume and dP is the change in pressure. With a turbine inlet pressure of 1,450 Ib¢in?,
and an outlet pressure of 1.07 Ib¢/in” defined by a condensation temperature of 104 °F, a theoretical overall
pressure ratio of 1,360 can be achieved. However, an outlet pressure of 0.34 1b¢/in’, defined by a
condensation temperature of 68 °F, results in an overall pressure ratio of 4,260. Granted, the theoretical
pressure ratios cannot be achieved due to economic limits on heat exchange area. Nonetheless, it is clear that
small changes in the condensation temperature can have a large influence on the expansion ratio, and
therefore the work performed by the steam.

An economic analysis was conducted to determine 1) the preferred design conditions for a dry cooling tower,
and 2) the anticipated increase in the levelized cost of energy due the selection of a dry, rather than a wet,
cooling tower. For the purposes of the analysis, the power plant was assumed to be an 80 MWe parabolic
trough facility located near Barstow, California. The study was conducted through the following steps:

* A model of an 80 MWe Rankine cycle using an air cooled condenser was developed using the GateCycle
program (Reference 1). Six models were developed, with initial temperature differences between 24 °F
and 49 °F. (Initial temperature difference is defined as Dry bulb temperature - Steam condensation
temperature.) For each of the six models, estimates of turbine output and cooling fan power demand were
made for dry bulb temperatures between 40 °F and 130 °F.
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A histogram of the hourly dry bulb temperatures, at direct normal radiation values above 250 W/m?, was
assembled for Barstow. For each of the six models, the predicted turbine output and fan power demand at
each of the 21 ambient temperatures in the histogram was multiplied by the number of hours at each
temperature, and the outputs summed to estimate the annual plant performance.

Capital cost estimates for the air cooled condenser in each of the six models were developed. The relative
economic benefits among the six models were plotted for a range of energy values between $60/MWhe
and $140/MWhe to determine the sensitivity of the preferred initial temperature difference on the selling
price of electric energy.

A second model of an 80 MWe Rankine cycle, this using a wet cooling tower, was developed with the
GateCycle program. One case was developed, with a condenser cooling water temperature range of 22 °F
and a cooling tower approach to the wet bulb temperature of 12 °F.

A histogram of the hourly dry bulb temperatures and coincident relative humidities, at direct normal
radiation values above 250 W/m?, was assembled for Barstow. From these data, an equation relating dry
bulb temperature and annual average relative humidity was developed.

Estimates of turbine output, cooling fan power, and water consumption for the wet heat rejection case
were made for combinations of dry bulb temperatures between 40 °F and 130 °F and the corresponding
relative humidities. From this, equations for estimating Rankine cycle performance were developed for
use in the Excelergy computer program. The annual net electric output and water consumption of the
plant were then estimated.

Estimates of the capital costs and the operating costs for the six plants with a dry heat rejection system,
and the one plant with the wet heat rejection system, were developed. The costs were used as inputs to an
annual cash flow analysis to determine the levelized energy costs for the seven cases.

For the dry heat rejection case with the lowest energy cost, additional GateCycle calculations were
performed to estimate the turbine output if the maximum exhaust pressure was limited to 8 in. HgA
during those periods in which the dry bulb temperature exceeded 110 °F. Equations of turbine output and
fan power demand as a function of dry bulb temperature were incorporated in the Excelergy computer
program, from which the annual net electric output and levelized energy cost were estimated.



Task 2
Wet/Dry Heat Rejection Analysis

2. Dry Heat Rejection

The procedure for determining the performance and the operating cost for the air cooled condenser in a plant
with dry heat rejection is outlined below.

2.1 Rankine Cycle

The Rankine cycle design closely followed that developed by Fichtner for the 55 MWe AndaSol project in
Spain. The cycle is a conventional, single reheat design with 5 closed and 1 open extraction feedwater
heaters. The live steam pressure and temperature are 1,450 Iby/in? and 703 °F, respectively, and the reheat
steam temperature is 703 °F. The GateCycle flow diagram is shown in Figure 1.

Cold and hot reheat steam pressures, feedwater heater extraction pressures, feedwater heater terminal
temperature differences, and feedwater heater drain cooler approach temperatures were taken from the
Fichtner flow diagram. Pressure losses in the steam lines to the feedwater heaters were set to zero, as
implied in the Fichtner diagram. The condenser pressure was set to 1.23 Ibg/in?, or 2.5 in. HgA.

Turbine expansion efficiencies, and the required live and reheat steam flow rates to achieve a gross output of
88.0 MWe, were calculated by GateCycle. Simultaneously, the low pressure turbine exhaust loss was
adjusted manually to yield a gross cycle efficiency of 0.377.

2.2 Air Cooled Condenser Sizes

Air cooled condenser heat transfer areas were calculated for the 6 initial temperature differences of 24 °F,
29 °F, 34 °F, 39 °F, 44 °F, and 49 °F. The calculations were based on a dry bulb temperature of 106 °F,
which is not exceed for all but 1 percent of the hours each year at Barstow. An allowance for subcooling the
water leaving the condenser by 2 °F is provided to ensure the flow to the condensate pump is single-phase.

The design parameters for the heat exchangers are listed in Table 1, and the calculated areas and fan power
requirements are shown in Table 2. As expected, both the heat transfer areas and the fan power requirements
are inversely proportional to the initial temperature difference.

2.3 Dry Bulb Temperature Distribution

A list of the hourly dry bulb temperatures was derived from the Excelergy weather file DAG_TMY2_hr.
The list was sorted into a series of 21 bins representing 5 °F increments in temperature between 20 °F and
125 °F. The summations were limited to those hours in which the plant was in operation by selecting
temperatures only for direct normal radiation values above 250 W/m?. The resulting histogram is shown in
Figure 2.
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Table 1
Air Cooled Condenser Design Parameters

Parameter
Condenser pressure, in. HgA
Tubes
- Diameter, in.
- Wall thickness, in.
- Arrangement

Fins

- Type

- Diameter, in.

- Thickness, in.

- Fins per inch, each
Air velocity, ft/sec

Exit subcooling, °F

- Rows perpendicular to air flow

Overall heat transfer coefficient, Btu/hr-ft>-F

Value
2.5

1.0
0.05

Staggered
3

Round
2.74
0.04

11.5
779!

Note 1: Based on sum of outside tube surface area and fin area

Table 2
Air Cooled Condenser Surface Areas and Fan Power

Initial temperature Heat transfer
difference, °F area~, fi?
24 4,378,469
29 3,596,010
34 3,046,976
39 2,644,881
44 2,325,841
49 2,078,986

Total fan
power, kWe
4,561
3,752
3,181
2,751
2,430
2,167

Note 1: Sum of outside tube surface area and fin area
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Figure 2 Dry Bulb Temperature Distribution for Barstow, California

2.4 Parametric Studies

For each of the air cooled condenser areas listed in Table 2, the performance of the turbine was modeled for
a series of dry bulb temperatures in the range of 40 °F to 130 °F. From this, equations were developed for
estimating turbine output as a function of the dry bulb temperature. Gross turbine outputs and fan power
demands were then calculated for each of the 21 temperature bins. The gross power outputs and the fan
power demands were multiplied by the hours in each bin, and then summed over the year to estimate the
annual gross output, the annual fan energy demand, and the net plant output. The results are shown in
Table 3.

The gross output increases uniformly as the initial temperature difference decreases. However, the highest
net output occurs with an initial temperature difference of 29 °F; the incremental increase in the fan energy
demand at 24 °F compared to 29 °F is higher than the incremental increase in gross output.

The line labeled “Net incremental output, MWhe” is the net output compared to the net output at a selected
reference initial temperature difference of 44 °F. The line labeled “Allowable incremental capital cost, $” is
calculated as follows:

(Net incremental output, MWhe)(Energy value, $/MWhe)
Fixed charge rate
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Table 3

Air Cooled Condenser Parametric Studies

Initial Temperature Difference, F

4F 43 F MFE BE MF 43 F
Dry Bulh Temperature Dustribution LWe WM'Whe MWe MWhe MWe MWhe LWe L Whe LWe LWhe MWe IM'Whe
0 hours from 20 Fto 249 F 1036 1] 101.5 I} 04 8 0 043 0 86.1 0 842 1]
1 hours from 25 Fto 299 F EER] 99 969 a7 928 a3 92.4 a2 BTT B3 BA.6 a7
7 hours from 30 Fto 349 F 5.0 [ilils} 938 a7 91.2 A3E a1.1 A3E B89 h22d 8% .4 [
26 hours from 35 Fto 39.9 F 92.6 2,408 91.8 2,387 90.4 2,352 90.5 2,352 9.7 2,333 89.5 2,327
49 hours from 40 Fto 44,9 F o1.1 4,466 o0.8 4,441 an.1 4416 o0.2 4418 a0.2 4422 o0.1 4415
118 hours from 45 Fto 499 F o0.3 10,661 o0.1 10,627 0.0 10,626 0.0 10,624 0.4 10,668 00.2 10,646
204 hours from 50 Fto S4.9 F 0.0 18,366 899 18,336 0.1 18,375 a0.a 18,352 90.2 18,406 5399 18,338
298 hours from 55 Fto S99 F 0.0 26,814 899 26,791 o1 26,841 89.8 26,7787 B9 26,735 89.2 26,571
392 hours from 60 Fto 64.3 F 90.0 35,297 90.0 35,267 9.9 35,255 395 35,092 389 34,845 88.1 34,532
301 hours from 65 Fto 69.9 F o0.1 2R115 89.9 2072 208 26,966 9.0 26,784 78 26,420 a6.7 26,105
340 hours from 70 Fto 749 F 90.0 30,596 89.7 30,503 9.0 30,250 B8.2 29977 a6.4 29 376 85.1 28,942
375 hours from 75 Fto 799 F 897 33,626 892 33,457 38.0 33,018 7.0 32,642 748 31,800 833 31,249
427 hours from 80 Fto 849 F 89.1 38,033 B8.4 37T 86.8 37066 5.6 36,555 &3.0 35449 81.4 34,760
320 hours from 85 Fto 9.9 F 88.2 28,209 &7.2 27917 853 27283 3.9 26,844 al.l 25,952 79.4 25408
249 hours from 90 Fto 943 F 26.9 21,641 85.7 21,351 3.4 20,778 1.9 20,397 791 19,697 T4 19,266
301 hours from 95 Fto 999 F 854 25,693 &4.0 25,269 al4 24 507 BN 24,010 Ti1 23,203 754 22,690
189 hours from 100 Fto 1049 F B35 15,790 81.9 15482 793 14,981 TrA 14,654 751 14,197 T34 13,888
75 hours from 105 Fto 1059 F 81.5 f,115 797 5,980 TR 5781 753 5,649 733 5,495 717 5,380
5hours from 110 Fto 1149 F 79.4 397 TS 388 750 375 733 366 716 358 70.2 351
0 hours from 113 Fto 1199 F T3 1] T5.4 0 732 0 T1.5 0 70.2 0 63.9 1]
0 howrs from 120 Fto 1249 F 754 1] FEN] 1] 715 0 0.3 0 A9 2 0 A&.0 1]

3,677 total annual operating hours

Gross output, MWhe 325,990 323,769 319,601 316,213 310,065 305,571
Fan energy, MWhe 16,771 13,795 11,695 10,116 8,935 TOa7
Wet output, MWhe 309219 309,974 3079068 306,097 301,131 297 604
Wet incremental output, M Whe 11,615 12,370 10,302 3493 3,526 1]
Energy value, $/MWWhe 120 120 120 120 120 120
Allowrable moremental capital cost, § 0291937 0895614 8,241,463 6,794,419 2,821,155 1]
Condenser area, f* 4 378 409 3,596,010 3,046,976 2,644 581 2,325,841 2,075,980
Condenser cost, § 21,783,431 18,490,143 15,753,691 13,574,076 11,951,296 10,885,353
Incremental capital cost, § 10,598,078 7604790 4,868,338 2,688,743 1,065,943 1]
Met cost benefit, § -1,606,141 2,290,824 3,373,125 4,105,857 1,755,212 1]
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For the purposes of the study, a fixed charge rate of 0.15 has been assumed.

The line labeled “Condenser cost, $” is derived from the data shown in Figure 4 (Reference 2).

$190,000 -
y= 79.09605x" - 8870.05650x + 322033
$170,000 -

$150,000

$130,000

Unit ACC Cost, $/ MW

$110,000

$90,000

$70,000 : : : : : —

20 25 30 35 40 45 50 55 60

Initial Temperature Difference, °F

Figure 4 Unit Air Cooled Condenser Cost as a Function of Initial Temperature Difference

The “Incremental capital cost, $” is the capital cost of the condenser compared to the capital cost of the
condenser at the selected reference initial temperature difference of 44 °F. The “Net cost benefit” is the
incremental capital cost minus the allowable incremental capital cost.

The results for the six initial temperature differences, at each of five energy values between $60/MWhe and
$140/MWhe, are illustrated in Figure 5. The ordinate locations of the curves are arbitrary since the adoption
of a reference initial temperature difference of 44 °F was also arbitrary. The curves show the optimum initial
temperature difference is likely to be in the range of 35 °F to 40 °F. Further, the curves show the optimum
temperature difference is, to a large degree, insensitive to the selling price of the electric energy.

As noted in Table 3, the analyses assumed the Rankine cycle operated at full load throughout the year. This
simplifying assumption was made to determine the sensitivity of the preferred initial temperature difference
on the overall plant economics. A more detailed performance and economic analysis, based on the
Excelergy program, is discussed in Section 4.
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Figure 5 Net Value to Plant as a Function of Initial Temperature Difference

2.5 Additional GateCycle Calculations

With an air cooled condenser area of 2,645,000 ft*, corresponding to the nominal preferred initial
temperature difference of 39 °F, the condenser pressure reaches 8 in. HgA with an ambient temperature of

about 108 °F. With an ambient temperature of 130 °F, the condenser pressure reaches (on a theoretical
basis) 14.2 in. HgA.

In practice, the condenser pressure is likely to be limited to a value of about 8 in. HgA to prevent excessive
aerodynamic loads on the last stage blades. To model the effect of this constraint on the output of the
turbine, a series of additional GateCycle calculations were made at ambient temperatures of 110 °F, 120 °F,

and 130 °F with the main steam flow rate reduced to the point where the condenser pressure does not exceed
8 in. HgA.

The results are illustrated in Figure 6. The upper lines represents the turbine output with no constraints on
the condenser pressure, and the lower line shows the turbine output with the pressure limited to 8 in. HgA.
With ambient temperatures of 120 °F and 130 °F, the turbine output must be reduced by a significant

31 percent and 55 percent, respectively. However, a review of the dry bulb temperature histogram for
Barstow in Figure 2 shows only a limited number of hours with temperatures above 110 °F. As a result, the

-9.
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effect on the annual plant output due a constraint on the condenser pressure should be minor. The effect is
explored on a quantitative basis in Sections 4 and 5 below.

100

90 -

80 -

70 A

60 -

50 A

Gross Cycle Output, MWe

40 A

30 T T T T T T T T
40 50 60 70 80 90 100 110 120 130

Dry Bulb Temperature, °F

Figure 6 Gross Turbine Output
with Allowable Condenser Pressures of 14 in. HgA and 8 in. HgA
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3. Wet Heat Rejection

The procedure for estimating the performance of a plant with a wet mechanical draft cooling tower is
outlined below.

3.1 Rankine Cycle

The Rankine cycle design for a plant with a wet heat rejection system follows very closely the design for a
plant with a dry heat rejection system. The principal changes are the deletion of the air cooled condenser,
and the addition of a surface condenser, the wet cooling towers, a circulating water pump, and a makeup
water source. The GateCycle flow diagram is shown in Figure 7.

The design condenser pressure is 1.23 Ibg/in® for both the dry and the wet heat rejection systems; thus, the
gross cycle efficiency is 0.375 for both plants.

3.2 Wet Cooling Tower Capacity

The capacities of the wet cooling tower were selected by the GateCycle program, based on a dry bulb
temperature of 106 °F and a coincident wet bulb temperature of 68 °F. This combination of temperatures is
not expected to be exceeded for all but 1 percent of the hours each year. The characteristics of the cooling
tower are summarized in Table 4.

Table 4
Wet Cooling Tower Design Parameters

Parameter Value
Condenser pressure, in. HgA 2.5
Approach to wet bulb temperature, °F 12.3
Circulating water range, °F 21.1
Cells, each 3
Total fan power, kWe 881
Water consumption, 1b,,/hr

- Blowdown 154,694
- Evaporation 531,620
- Drift 22,513
- Total 708,827

-11 -
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3.3 Annual Performance Calculations

The performance of a wet cooling tower is calculated by the GateCycle program using a combination of the
dry bulb temperature and the relative humidity. However, the data contained in the Excelergy weather file
DAG _TMY2_hr lists dry bulb temperature and dew point temperature. The relative humidities were
calculated from the dew point temperatures using the standard expression, as follows:

Steam saturation pressure at dew point temperature, b, /in’

. . 2
Steam saturation pressure at dry bulb temperature, Ib . /in

For the hours in which the direct normal radiation exceeded 250 W/m?, the dry bulb temperatures were
plotted against the corresponding relative humidities, which yielded the distribution shown in Figure 8.

1.00
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0.70 -
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Relative Humidity

0.30 -

0.20 -

0.10 -

0.00 T T T T T T T T
30 40 50 60 70 80 90 100 110 120

Dry Bulb Temperature, °F

Figure 8 Dry Bulb Temperatures and Calculated Coincident Relative Humidities

Using the equation shown in Figure 8, a representative annual relative humidity was developed for each dry
bulb temperature. From this information, the gross plant output and cooling tower water consumption were
calculated for a series of dry bulb temperatures between 40 °F and 120 °F. The results, summarized in
Table 5, show the plant output to be essentially invariant with the ambient temperature. However, the
cooling tower water use varies inversely with the ambient temperature.
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Table 5
Gross Plant Output as a Function of Dry Bulb Temperature
Wet Heat Rejection

Dry bulb Relative Gross turbine Cooling tower
temperature, °F humidity output, MWe makeup-, Ib,/hr
40 0.79 88.5 383,000
50 0.64 88.5 456,000
60 0.50 88.5 527,000
70 0.39 88.4 584,000
80 0.29 88.4 635,000
90 0.22 88.3 686,000
100 0.16 88.2 737,000
110 0.12 88.1 789,000
120 0.11 88.0 841,000

Note 1: Sum of blowdown, evaporation, and drift losses.

Strictly speaking, numerous relative humidities are associated with each dry bulb temperature, as illustrated
in the data points of Figure 8. Fortunately, for sites with low relative humidities during the summer, the
performance of the Rankine cycle is essentially invariant with the dry bulb temperature. As a result,
assigning only one relative humidity to each dry bulb temperature should result in an annual energy estimate
which is very close to a more complex analysis involving a three-dimensional surface fit of gross output as a
function of dry bulb temperature and relative humidity.

A combination of an essentially constant turbine output and an inverse relationship between ambient
temperature and water use should be characteristic of a desert location. In essence, the cooling tower always
transfer heats to the environment under favorable conditions: When the ambient temperature is high, the
relative humidity is low; and when the relative humidity is high, the ambient temperature is low. However,
at other plant locations in which the relative humidity is not a strong function of the ambient temperature, the
turbine output is likely to decline on hot days.
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4. Annual Plant Performance

The net electric outputs for the plants with dry and wet heat rejection were estimated using the Excelergy
computer program. The plant designs were based on the characteristics listed in Table 6.

Table 6
Plant Design Parameters for Use In Excelergy

Parameter Value
Collector type LS-2+
Collector field aperture area, m? 534,230
Solar multiple 1.45
Gross plant output, MWe 88.0
Gross cycle efficiency 0.377
Solar field design parameters Default
Solar field parasitic power demand Default
Power block design parameters Default
Power block parasitic power demand Default'

Note 1: With separate calculations for cooling tower and circulating water pump
auxiliary power consumption

4.1 Dry Heat Rejection

The gross output of the Rankine cycle was calculated using the standard Excelergy format, as follows:

Nth = .Qtpb / Qdesign
Nel = T2EPLFO + (T2EPLF1)(Nth) + (T2EPLF2)(Nth)? + (T2EPLF3)(Nth)® + (T2EPLF4)(Nth)*
.EgrSol = Edesign * Nel

where .Qtpb is the thermal power to the steam generator at each time step, Qdesign is the design thermal
power to the steam generator, .EgrSol is the gross turbine output at each time step, and Edesign is the design
gross turbine output. The part load thermal-to-electric coefficients T2EPLFO through T2EPLF4 are the
default Excelergy values; i.e., the ratio of part load to full load Rankine cycle efficiency is assumed to be
independent of the heat rejection system.

The effect of the ambient temperature on the gross cycle output is also modeled using the standard Excelergy
format, as follows:

Ntc = TempCorr0 + TempCorrl * Ttc + TempCorr2 * Ttc? + TempCorr3 * Ttc® + TempCorr4 * Ttc*
.EgrSol = .EgrSol * Ntc
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where Ttc is the dry bulb temperature, and the five coefficients TempCorr0 through TempCorr4 are derived
from a fourth order polynomial fit of GateCycle calculations of the gross turbine output plotted as a function
of the dry bulb temperature.

The gross turbine output assumes all 14 cooling tower fans are in operation when the turbine is operating at
or near full load, regardless of the ambient temperature. In principal, it may be possible to turn off some of
the fans at low ambient temperatures to reduce the parasitic energy demand. To explore the potential energy
savings, a series of GateCycle calculations were performed for the following conditions: 60 °F ambient
temperature; 50 percent relative humidity; and 8 to 14 fans in operation. The results are illustrated in

Figure 9. With 11 to 14 fans in operation, the reduction in parasitic energy demand associated with isolating
a fan was essentially equal to the reduction in the gross output of the turbine due to an increase in the
condenser pressure, and the net output of the plant remained nearly constant. However, with fewer than 11
fans in operation, the performance degradation due to the increase in the condenser pressure was larger than
the savings in fan energy, and the net output decreased. For the purposes of the study, the fan power
calculation assumed that all fans were in operation whenever the turbine was in operation at or near full load.
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Figure 9 Plant Performance and Air Cooled Condenser Operation

On a related point, the GateCycle calculations for fan power consumption are based on an air velocity at the
entrance to the tube bank of 11.5 ft/sec. As such, the mass flow rate and fan power consumption are
inversely related to the ambient air temperature. For example, with an ambient temperature of 40 °F, the
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power demand of each fan is 219 kWe; at 140 °F, the demand falls to 182 kWe. A polynomial expression is
included in the Excelergy parasitic block calculations to model this effect, as follows:

.EparCt = (CtPar)[(CtParF0 + (CtParF1)(AmbTemp(D, H, T)) + (CtParF2)(AmbTemp(D, H, T))*)] (.PbLoad)

where .EparCt is the cooling tower energy demand at each time step, CtPar is the fan power demand at the
design point, the coefficients CtParP0 through CtParF2 adjust the fan power demand with the ambient

temperature, and .PbLoad is the ratio of gross electric output at each time step to the design electric output.
As such, the number of cooling tower fans in operation is assumed to be proportional to the turbine output.

4.2 Wet Heat Rejection

The gross output of the Rankine cycle was calculated using a modified Excelergy format for wet cooling
towers. The effect of the wet bulb temperature on the Rankine output was modeled as follows:

Ntc = TempCorr0 + TempCorrl * Ttc + TempCorr2 * Ttc?
.EgrSol = .EgrSol * Ntc

where Ttc is the dry bulb temperature, and the three coefficients TempCorr0O through TempCorr2 are derived
from a second order polynomial fit of GateCycle calculations of the gross turbine output plotted as a function
of the dry bulb temperature. Each dry bulb temperature is assumed to have a corresponding relative
humidity, as illustrated in the trend line of Figure 8.

At the design point, the parasitic energy consumption was estimated to be 881 kWe for the cooling tower
fans, and 653 kWe for the circulating water pumps. For combinations of ambient temperature and Rankine
cycle output other than the design point, the energy demand was calculated as follows:

.EparCt = (CtPar)[(CtParF0 + (CtParF1)(AmbTemp(D, H, T)) + (CtParF2)(AmbTemp(D, H, T))*)] (.PbLoad)

where the coefficients CtParP0 through CtParF2 are based on GateCycle calculations which adjust the fan
and the circulating water pump power demands with the ambient temperature.

4.3 Annual Performance Comparison

The results of the annual performance calculations for the dry and the wet heat rejection cases are shown in
Table 7. Cases 1 through 6 use dry heat rejection systems, with initial temperature differences of 24 °F to
49 °F, respectively. Case 7 is the same as Case 4, but with the condenser pressure limited to 8 in. HgA..
Case 8 uses a wet heat rejection system.

The dry heat rejection cases deliver 91 to 96 percent of the annual electric energy supplied by the wet heat

rejection case, and have annual solar-to-electric efficiencies 0.5 to 0.7 percentage points lower. However,
the annual water use for the dry cases is only about 8 percent of that for the wet case.
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Table 7
Annual Energies for Plants with Dry and Wet Heat Rejection

Case 1 2 3 4 5 6 7 8
Type of cooling tower Dry Dry Dry Dry Dry Dry Dry Wet
Initial temperature difference, F 24 29 34 39 44 49 39! N/A
Fan power, kWe 4,541 3,800 3,194 2,724 2,399 2,194 2,724 1,559
Cooling tower fan energy, MWhe 11,820 9,823 8,138 6,857 5,901 5,311 6,860 4,124
Net energy generation, MWhe 192,933 193,282 191,651 190,263 186,324 183,506 190,346 201,177
Annual solar-to-electric efficiency 0.1294  0.1296  0.1285  0.1276  0.1249  0.1231  0.1276  0.1349
Raw water use, m’ 57,451 57,140 56,485 55,957 54,972 54285 55974 742,368

Note 1: Maximum condenser pressure limited to 8 in. HgA
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5. Economic Analysis

Levelized energy costs were calculated for the plants with dry and wet cooling using the year-by-year cash
flow analysis within Excelergy. The input financial parameters to the model are listed in Table 8.

Table 8
Financial Parameters for Levelized Energy Cost Calculations

Parameter Value

Interest during construction

- Construction period, years 2

- Interest rate, percent 7
Operation and maintenance cost, $ million

- Dry cooling ' 4.720 to 4.793
- Wet cooling 4.778
Cost of water, $/1000 gallons 1.40
Effective income tax rate, percent 40.0
Debt financing

- Interest rate, percent 6

- Period, years 20

- Minimum coverage ratio 1.4
- Nominal fraction of total investment, percent * 56
Investment tax credit, percent 10
Depreciation period, years 5
Equity financing

- Required return, percent 15

- Nominal fraction of total investment, percent > 44
Discount rate, percent

- Nominal 10.1
- Real 7.6

Notes:
1) Varies with the size and capital cost of the air cooled condenser
2) Actual value varies by plant, based on debt coverage ratio, depreciation
schedule, investment tax credit, and equity financing requirements

The capital cost for the plant with wet cooling was developed from the default values in Excelergy. As a
point of reference, the default estimate within Excelergy for ‘General Balance of Plant and Cooling’ was
compared with an independent estimate of the wet heat rejection system from References 2 and 3. The
results are shown in Table 9.
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Table 9
Comparison of Wet Heat Rejection System Costs

Excelergy Refs. 2 and 3
General BOP and Cooling $6,792,000
Surface condenser $1,650,000
Wet cooling tower $1,316,000
Cooling tower basin $553,000
Circulating water pumps $60,000
Circulating water pipe $81,000
Raw water well and well field $496,000
Evaporation pond $1,561,000
Total $6,792,000 $5,717,000

Assuming the Excelergy estimate includes balance of plant items other than the wet heat rejection system,
such as a compressed air system, the two estimates are in reasonable agreement.

The capital costs for the seven plants with dry cooling were developed by subtracting the ‘General Balance
of Plant and Cooling’ estimate from the default Excelergy values, and then adding the cost of the air cooled
condensers. To this was added an allowance of $1 million for those items within ‘General Balance of Plant
and Cooling’” which were not associated with the wet heat rejection system.

The annual operation and maintenance costs for the plant with both dry and wet heat rejection systems were
developed from the default values in Excelergy.

The results of the levelized energy cost calculations are shown in Table 10.

Table 10
Levelized Energy Costs for Plants with Dry and Wet Heat Rejection Systems

Case 1 2 3 4 5 6 1 8
Type of cooling tower Dry Dry Dry Dry Dry Dry Dry Wet
Capital cost, $ 1000 290,958 286,202 282,256 279,120 276,862 275,315 279,120 267,747
O&M cost, § 1000 4,763 4,744 4,728 4,715 4,705 4,698 4,716 4,778
Levelized energy cost, $/kWhe 0.1400  0.1379  0.1375  0.1373  0.1393  0.1408  0.1373  0.1270
Energy cost penalty, percent 10.2 8.6 8.3 8.1 9.7 10.9 8.1 Base

Thus, the use of a dry heat rejection system imposes a nominal 8 to 9 percent penalty on the levelized cost of
energy.
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With further optimization efforts, the expected penalty could perhaps be reduced to values in the range of
7 to 8 percent. Potential improvements include the following:

» Reducing the capital cost of the air cooled condenser by optimizing the tube and fin geometry in
conjunction with the design air velocity and the fan power demand

* Reducing the parasitic energy demand by optimizing a schedule for fan speed settings as a function of
turbine output and ambient temperature.

As noted in Table 8, the cost of raw water is estimated to be $1.40 per 1000 gallons. On a conceptual level,
the cost for water could rise to the point where the cost of energy for a plant with wet cooling is equal to the
cost of energy from a plant with dry cooling. A brief economic analysis shows the required cost of water to
be $14.80 per 1000 gallons, which is about a factor of 10 higher than current prices.

On a point related to the selection of the optimum initial temperature difference for the air cooled condenser,
initial considerations might lead to the selection of a low value for the design initial temperature difference.
The cost of energy from a solar project is higher than from a fossil-fired plant; thus, small approach
temperatures for the heat exchangers should be justified. However, the capacity factor of a solar power plant
without thermal storage is no higher than 28 percent. As a result, there are only a limited number of hours in
a year in which the capital investment in the larger heat exchanger can be recovered. This characteristic,
coupled with the limited number of hours in a year in which the ambient temperature exceeds 110 °F, leads
to the selection of an air cooled condenser with a relatively high initial temperature difference, and relatively
high turbine performance penalties on hot days.
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