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: This report is part of the Rand research program on The Growing Demand for
i Energy. The program focuses on the underlying cause of the conflict between the
¥ rapidly increasing demand for all forms of energy and increasing concern for envi-
i ronmental protection, and on the implications of that conflict for public policymak-
E 1ng.
The work reported here is a portion of the research done for the California State
£ Assembly, with additional support from a grant for energy studies from the Rocke-
. feller Foundation. The broader study is summarized in R. H. Ball, R. G. Salter et}
L al., California’s Electricity Quandary: IL Planning for Power Plant Siting, R-1115-
E RF/CSA, September 1972. :
The report describes a new type of tower for cooling electric power plants called{
; the dry/spray tower, which seems particularly well suited to California’s semi-aridj
 interior. The author suggests how the dry/spray tower might operate and makes aj
E preliminary assessment of its cost and water-conserving possibilities compared with
I conventional wet and dry cooling towers. This study is intended for those analysts
£ concerned with the siting of power plants and conversant with the technology of
t power generation.
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r SUMMARY

_ The generation of electric power by thermal plants produces a great deal of’
| waste heat, and the most practical means of dealing with it has been cooling by the
- once-through method, which uses great amounts of water. The abundance of cold
ocean water in California has meant that more and more power plants have been.
. built on our coastline. Those installations not only occupy scenic and recreational.
¢ land but also discharge heat into coastal waters, affecting (possibly damaging) the.
- coastal ecology. ;
The desire to forestall these environmental effects has raised interest in finding
{ ways of cooling power plants that will make it practical to locate them inland, rather
* than on the coast. That means finding alternatives to the once-through cooling
I process, for which inland fresh-water resources are simply inadequate. The existing
| alternatives are cooling towers, wet (evaporative) or dry, and mechanical- or natu-
! ral-draft. To date, mechanical-draft wet towers have been used most, but natural-
i draft wet towers are appearing on the scene, for example in the Rancho Seco power
| plant recently installed near Sacramento. g
A wet tower is more expensive to build and operate than a once-through cooling |
I system, but cost is not its biggest disadvantage. Wet towers consume large amounts |
of scarce water resources through evaporation, especially a problem in seml-arld
E locations. If all the new generation capacity required in California between now and §
¥ the end of the century were to be cooled by evaporation, generating electricity in th
£ year 2000 would consume annually an amount of water equivalent to half th
E capacity of the California Water Project.
1 Dry towers do not use water but are less efficient in very hot weather, as occu
the summer in most of California’s interior.
1 This report explores the potential cost and water-conserving possibilities of
8 new type of cooling tower, which we call the dry/spray tower. It is a “hybrid,” acting,
I as a water-conserving dry tower during cooler weather and as a more efficient 4
vaporative tower during hotter weather. As we see'it, it would be designed as a
odified dry tower, operating “dry” until the ambient temperature reached a cers
ain pomt above which water would be sprayed to cool by evaporation. For th";




I We conclude that the dry/spray cooling tower is likely to be very useful for
California, and we suggest that more detailed feasibility and design studies be

| performed.
b o




- i

g

ACKNOWLEDGMENTS

The author is indebted to Morton B. Berman and Charles Schutz of The Rand .
‘Corporation for their contribution to the Appendix. | JAlsojthanksf are} due]|Michael -
| Ozeroff and William Gosch, for their comments, and to Chnstme D’Arc for her

comprehensive editing of the text.

7
%






CONTENTS

- ACKNOWLEDGMENTS. ....... ..ottt eeeseiiiiiii e il }
Section |

L INTRODUCTION...........ouiiinniiinniiiiiiaeaiaeeannnn 1

£

II. THE OPERATION OF COOLING TOWERS
Wet Cooling Tower

Dry Cooling Tower. ...ttt eiiinae s
The Dry/Spray Tower
Natural-Draft Cooling Towers ..............coooiieiiirnennenn.n. 6 7
III. WATER CONSUMPTION AND COST OF THE DRY/SPRAY g
E L0707 < T U 0 3
Capital and Operating Cost ............ccivivvieeeeiiieiiennan, 10
& Water Cost .................... e 10¢
ConClUSIONS ... .ottt i et e ]

gAPPENDIX SEASONAL TEMPERATURES IN CENTRAL AND K
| SOUTHERN CALIFORNIA .. .. ... ... iiuiiiiiiiiieeaaiaeainenn, 13 %

?-;REFERENCES .................................................. e 19@







~ L INTRODUCTION

This report explores the potential benefits of a novel way to cool power plants,
" the dry/spray tower, which was conceived to overcome the drawbacks of the conven-
 tional wet and dry cooling towers.
i Though cooling by means of towers is preferable to the once-through method in :
- allowing the inland siting of power plants, existing towers are not very practical for .
~ widespread use. The wet tower needs far less water than the once-through method;
. but since its primary heat sink is the latent heat of vaporization of the water, the
i wet tower “consumes” water by evaporating it into the atmosphere. The availabilityf%
¢ of water for such consumptive use is now in serious question. Hydrologic studies *
- already project for all of California’s interior a demand for water exceeding the
 supply, not allowing for any use by power plants [1]. (Demand exceeding supply is
¢ predicted for the San Francisco Bay and South Coast areas by the years 2000 andf’
£ 2010, respectively.) If all new generation capacity required between now and the.
I year 2000 were cooled with evaporative cooling towers, it is estimated that by 2000
- generating electricity alone would annually consume 2 million acre-ft of water—
equivalent to almost half the projected capacity of the California Water Project to
ollect and deliver water to Central and Southern California.

~Fresh water is a renewable resource, but the availability of runoff water is?
imited absolutely by the amount of precipitation and practically by the means o
L collection and delivery. Southern California faces a greater problem than does the :

north because of the cost of building conveyancing capacity beyond that of the~ %
ecently completed California Water Project (CWP). The CWP is probably the last
t major installation for conveying northern water to the south for the foreseeable
uture. Waste water could be used for cooling inland power plants, and that possib:
ty has received some attention [2]. It will ultimately depend on the economics o
waste-water collection and drain development. Waste water may be needed for other
urposes incompatible with its use for evaporative cooling, such as ma':
yater supply in underground aqulfers and in the Salton Sea [2]

!%-
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ity of the system has to be increased, raising costs.
‘The dry/spray tower is intended to counteract (1) the great water consumptio
he wet tower and (2) the reduced performance of the dry tower in very hot tim
operating concept is quite simple. It is constructed as a dry tower and oper.
§ dry” at and below a chosen ambient dry-bulb temperature, say, 70°F. Whe
bient temperature exceeds the threshold, a controlled amount of water is spraye
Finto the heat-transfer matrix and evaporates, replacing the loss of sensible heat sink’
| in the closed-cycle cooling system. Such a tower does not need to be as largeasadry’
tower sized to operate at the temperature extremes of the region, and it uses less .
R water than a wet tower. The concept is not new—it has been used in automobiles '
' for years and is similar to the evaporative condenser used in the industrial process |
§ and air-conditioning industries. It apparently has not been applied, however, to.
. large, bulk power plants.
4 Section II describes the operation of conventional cooling towers and the dry/-
E spray tower as we conceive it. Section ITI makes a preliminary assessment of the
B dry/spray tower’s potential cost and water-conserving possibilities relative to wet
i and dry cooling towers. We append a study of the temperature profiles of several
- typical California locations as they bear on the calculation of cooling-tower perform-

. ance.




II. THE OPERATION OF COOLING TOWERS

} WET COOLING TOWER 7 .

The operation of a cooling tower may be depicted graphically in a format com-
. monly used in psychrometry. Figure 1 shows how a typical wet cooling tower works.
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Eﬁﬂhem”fa*’f”s’ink that absorbs the heat from the condenser cooling water 1S DOLH
sensible and latent. Approximately 25 percent of the heat is absorbed by the air.
- flowing through the tower, increasing the air’s sensible (dry-bulb) temperature. The
- remaining 75 percent of the heat is absorbed by the latent heat of evaporation of
part of the cooling water into the air streams. Typically, the exhaust air is saturated. :
What limits tower performance is the ambient wet-bulb temperature; at design.
conditions the water can be cooled only to a temperature that “approaches” that of’
the ambient wet bulb. In current design practice, the “approach” is about 18°F, and"
the “cooling range” (the temperature of the water as it enters minus the tempera--
 ture of the water as it leaves) is about 26°F [3]. :
If the air flowing through the tower is driven by mechanical fans, performance .
is reduced only if the ambient wet-bulb temperature exceeds the design wet-bulb
temperature. When that happens, the temperature of the cooling water is forced up,
in turn raising turbine exhaust pressure, which lowers generation capacity. In
- natural-draft towers, performance can be degraded at lower ambient wet-bulb tem-
- peratures, particularly at high dry-bulb temperatures, i.e., hot, dry conditions, due .
- to reduction of the chimney action. The Rancho Seco plant will provide the first
' demonstration of the extent of this problem for a power plant located in interior :
i California. (Natural-draft towers are discussed in greater detail below.)

DRY COOLING TOWER

The operation of a dry cooling tower can also be depicted in psychrometri
ormat, as shown in Fig. 2.
The humidity of the air has little effect on the performance of a dry tower, and~§
a_ll heat transfer ralses the sensible temperature of the incoming coohng alr at aa

'producing the chimney act1on to achieve the necessary air flow at other than desxgn
' conditions. When the ambient temperature is below the design dry-bulb tempera-
ture, the dry tower has greater cooling capacity, and turbine exhaust pressure
‘diminishes. When the ambient temperature is above the design dry-bulb tempera-;
ture the cooling-water temperature is forced up, with a resulting increase in turblne
“back pressure and loss of system capacity.

m s ,,,_i, ]

HE DRY/SPRAY TOWER

. The dry/spray tower would operate as a dry tower below a threshold amb1ent§
ry-bulb temperature. Above that threshold a controlled amount of water would be
ayed.into the cooling matrix to supplement the sensible sink with an evaporatiye;
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Fig. 2—Psychrometric conditions for the dry cooling tower

i sink, to preserve the design heat-absorption capacity. Figure 3 shows both modes of :
“operation. If the ambient air is at the threshold temperature, A, the final tempera--
' ture will be A”, and the cooling capacity will meet the design requirement. If the
ambient temperature is lower than A, for example at B, the temperature of the
exhaust air will be lower than the design point. Then, the discharged water will be .
at a lower temperature, in turn lowering the turbine condenser’s temperature. If the
ambient temperature is higher than the threshold, C, a controlled quantity of water
| is sprayed to provide the necessary heat sink to maintain the thermodynamic cycleigf
at the design condition. Controlling the amount of water introduced insures minimal |
- water consumption and more stable turbine exhaust pressure and cycle conditions.;
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NATURAL-DRAFT COOLING TOWERS

3 The operation of a natural-draft cooling tower depends on the buoyancy of the }
air in the tower chimney after it has absorbed the enthalpy released by the con-
denser cooling water. For the tower to produce the proper chimney flow, the den
of the interior air and water vapor mixture must be lower than that of the
re outside. If conditions change to raise the interior density, air flow in the towe
mpaired. oo
' dry tower maintains the proper density difference under a wide rang
1 conditions, since all enthalpy absorbed by the air flowing through




tough evaporation of the cooling water faster than the cooling water itself can
= provide the enthalpy as it flows through the tower. This excess cooling capacity;
: given a large enough surface area and sufficient residence time, lowers the tempeljaé
E ture of the air and water-vapor mixture and increases its density, thus reducing the
i tower’s chimney action and the air flow.
¢  Design conditions for a typical natural-draft wet cooling tower (in this case th
' Rancho Seco towers [4]) are described by points A and B in Fig. 4. These points|
. represent the design conditions of the ambient air and exhaust air, respectively. The
enthalpy gain is approximately 30 Btu/Ib of air flowing through the tower, of which:
' 22 percent is sensible and 78 percent is latent. A line of constant density of the,
.~ water-vapor and air mixture extends upward and slightly to the left on the ﬁgure:
and may be considered approximately a vertical line. Thus, the intersection of the;
line denoting outside dry-bulb temperature with the saturation line may be consid-,
F’ ered the minimum exhaust condition at which chimney action can be maintained.éf
The line C-D represents the locus of ambient conditions for which the latent en-
- thalpy capacity at constant density is 30 Btu/Ib of air. For a tower whose design .
' enthalpy gain is 30 Btu/lb, ambient conditions to the right of this line, or even
' approaching it from the left, will cause reduced air flow and, probably, reduced -
. heat-absorption capacity. The ambient conditions could be statistically analyzed
- according to this parameter to assess the likelihood of reduced heat-absorption
. capacity. '
A natural-draft dry/spray tower has an advantage over a conventional wet
! tower in hot, dry conditions. The ability to control and thus limit the water available
- for evaporation into the tower’s air stream limits the latent heat-sink capacity of the
, cooling air. Control of the water flow makes it possible to maximize the cooling
. tower’s efficiency and thus enhance the power plant’s effectiveness. Determination
- of the extent of that advantage was beyond the scope of this study.
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' II. WATER CONSUMPTION AND COST OF THE
DRY/SPRAY TOWER

:'.’WATER CONSUMPTION

How much water the dry/spray tower would consume depends on the amount
of time the ambient temperature is above the threshold temperature and the
i amount of water required to achieve the necessary heat sink. We used temperature
Ldata f'rom Bakersﬁeld asa representatlve south-central California location, to calcu-

% the results: a dry/spray tower in a Bakersﬁeld location would use only 23 percent |

g as much water as Would a wet tower in the same location.

Table 1

HYPOTHETICAL ANNUAL WATER CONSUMPTION OF DRY/SPRAY
TOWER COMPARED WITH WET TOWER

(Bakersfield data)

Dry/Spray Tower Consumption
as Percent of
Ambient Percent Wet-Tower Consumption
Dry-Bulb of Year

Temperature | Temperature For Time Yearl
(°F) Reacheda in Col. 2 | Total
70-80 .184 .16 .030
80-90 .122 .67 .082
90-100 .082 1.10 .090
100-110 .022 1.25 .028
All < 70 .410 —— .230

%pata derived in the Appendix.
bColumn 2 x Col. 3.



;- Using a cost model for power plant siting devised at Rand [5], we compared t.
£ capital/ operating and water costs of the three types of tower. The model applies
f power plants going into operation in 1985 and gives production costs in mills/ kWh.
We assumed natural-draft towers operating at a Bakersfield location. The results
re summarized below.

Capital and Operating Cost

¢ For the dry cooling tower, costs are given as a function of the ambient dry-bulb

temperature. The design dry-bulb temperature is assumed to be the temperature
' that is exceeded only 2.5 percent of the year. For Bakersfield, that temperature is
E 100°F (see the Appendix). Thus, dry tower costs are:

0.020(100) + 1.53 = 3.53 mills/kWh.

For the dry/spray tower, we assume a threshold temperature of 70°F. We also
| assume that losses of capacity (to which conventional dry towers are vulnerable) can
L be limited to those of a wet tower operating in the same location. Dry/spray tower
. costs are thus:

0.020(70) + 0.62 = 2.02 mills/kWh

The costs of a wet tower are not represented in the model as a function of
ambient temperature and are taken as 1.082 mills/kWh.

Water Cost

The costs a tower incurs are here computed as a function of the cost of ‘water
he source and the cost of transporting it from the source to the power plant. Table
hows the result of that calculation for wet and dry/spray towers, assuming a

Table 2

WATER COSTS FOR WET AND DRY/SPRAY TOWERS

(Mills/kWh)
Dry/Spray
Wet Tower Tower
At source ($200/acre-ft) . . . . . « + « o . 0.500 0.120
Conveyancing:

10 mi, 100-ft elevation rise . . . . . . . 0.109 0.025
100 mi, 1000-ft elevation rise . . . . . . 1.090 0.250
r T
L 10 )



» source cost and two conveyancing conditions. The relative water costs’
E assumed to be proportional to relative water consumption of the two tower type
Figure 5 depicts the combined effects on production costs of capital/ operatm
5 . costs and water costs for the three types of towers.

i CONCLUSIONS

As Fig. 5 shows, the dry/spray tower would be less expensive than the dry tower
in the range of water costs considered and is about as expensive as the wet tower. /
Only if water-source costs are quite high, above $400/acre-ft, would the cost of |
generating power make the dry/spray tower the decisive choice over the wet tower. -
‘F Thus, relative cost alone is not a likely basis for choosing between the dry/spray and '
£ the wet tower.

A much more compelling reason for choosing the dry/spray tower for 1n1and

E siting is its potential for conserving water. As each new increase in California’s
fresh-water supply becomes more expensive or puts us closer to using the maximum
= resource available, it is all the more important that electrical power-generation be
§ conservative in its consumption of water.

: This preliminary assessment of the dry/spray tower concept has established 1ts

- potential for conserving water at inland California locations. What is now needed
is a preliminary design study to develop better data on which to base performance
specifications and cost estimates before procurement. That study should include:

o Further system studies to establish dry/spray tower design tradeoffs with
ambient condition statistics.

o Naturaldraft buoyancy studies to determine optimization procedures for
site and system characteristics.

e Detailed heat transfer design/configuration evaluations, including matrix

shapes, spray patterns, etc.

Spray water treatment and material compatibility investigations.

tual tower procurement will involve the following steps, to be carrie:
cular plant type and site under consideration:

- System design/engineering, including buoyancy tradeoffs for nat
draft towers.

Detail tower system production design and specification.
roduction cost estimate. o s SRS

ment fabncatlon, mstallatmn, and testmg
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Appef;di} |

SEASONAL TEMPERATURES IN CENTRAL;AND
SOUTHERN CALIFORNIA v

i  Temperature and other climatic factors have unusually wide ranges through-
out California, not because of latitude, as in most states, but because of a greatly

diversified topography. The Great Interior Valley, the mountains, and the extensive

Mountain climatic zones, of which all but the last are applicable to this study.

airport weather station): Los Angeles (LAX), to represent the Coastal zone; Bakers-

| hours at the airports.

Table 3

-GEOGRAPHIC CHARACTERISTICS OF THREE CALIFORNIA LOCATIONS

Latitude and Elevation
Longitude (ft)
Los Angeles (LAX) ........ 33°56'N; 118°24'E 126
Bakersfield (BFL) ........ 35°26'N; 119°03'E 514
Bishop (BIS) ...vevvevenns 37°22'N; 118°22'E 4112
{13
18 a

outheast desert roughly divide California into Coastal, Interior Valley, Desert, and

For each of the three zones, we chose a typical location (for convenience, the

¢ field (BFL), to represent the Valley zone; and Bishop (BIS), to represent the Desert

zone. Their characteristics are indicated in Table 3. We studied the daily and sea-
! sonal temperature profiles of the three locations by comparing historic January and
| July temperature isopleths (Fig. 6) with 1970 temperature data recorded every three .
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dommatmg marine influence.

&

a———

7—High ambient temperature probability for three ¢
' lforma locat1ons 1970 (data from airport weather statlo s)




|
! Flg 8—Probab1hty of temperature ‘spread” at three typlcal
‘ Cahforma locations, 1970 (data from airport weather statlons)

GREAT INTERIOR VALLEY

Much of the air arriving in the Valley zone comes from the coast but is greatly}
odified by passage over and around the low coastal mountains. In the Valle
mmers are usually cloudless and hot, while winters are cool, under the influenc

oastal-type fog and low clouds. The long-term mean dry-bulb temperature at B

48 F in January and 83°F in July, or ~6-15°F higher than LAX. In 1970,

gh amb1ent temperature 23°F h1gher than LAX, mdlcatm ha




ert zone is represented here by Bishop, high in the Owens
ween the Sierras on the west and the equally high White Mountains on the eas
n summer the High Desert is usually cloudless and has weather similar to that
Bakersfield. In winter, though, Bishop’s weather is quite different, because of (1) t
greater influence of migrating storms east of the Sierras, (2) only brief periods of
r low clouds, and (3) Bishop’s higher elevation. The long-term mean dry-bulb te:
erature at BIS is 37°F in January and 75°F in July, or about 10°F colder than Bl
in both months [7] The 1970 BIS data corroborate these cooler temperat

ut of 10 days is largely the result of winter storms and snow on the grour
characteristics of winter weather at a high inland California statio
us, one should be cautious about accepting data from a single year as i
of an area’s climate. However, the 1970 airport-station data used to deter
nperature variability do seem to fall within reasonable limits when comp.

ng-term records [6,7]. o

IENT TEMPERATURE AND POWER PLANT COOLING

e eﬁ’ectlveness of towers in cooling power plants is greatly influer
bient air conditions. A principal determinant of the size of the cooling towe
cular site is the high or “worst-case” ambient temperature. F
t is the high dry-bulb temperature, and for wet towers it is the high wet-
perature. These high ambient conditions are involved in the tradeoff betw
Ower plant capacity losses and the cost of the cooling tower.
The yearly temperature distribution, particularly the yearly average tempera-
re, is important in determining power plant capacity losses due to cycle ine

iency. A parameter that is particularly important in the design of the dry/spr,
er is the. amblent dry—bulb temperature dlstnbutlon at and above th

Wil



Table 4

TEMPERATURE DISTRIBUTION IN THREE CALIFORNIA LOCATIONS
Temperature Data Los Angeles | Bishop | Bakersfield
Average Temperature (°F) 61 54 65
Probability of temperature
>70°F 0.144 0.247 0.410
Design dry-bulb temperature
_(exceeded 2.5 percent of
‘the time) (°F) 78 95 100
i 18

:ﬁaﬁx% ~‘*éu’v$
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