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- cooled systems..

* INTRODUCTION , , T
" The f]oating?coolinj>c6ncegfviéférsfto,thé!éff-lf'

- design operation of an atmospheric cooled geother- - - .-

~wet or dry cooling tower (1,2),

ABSTRACT

The application of the floating cooling concept: -
to non-evaporative and evaporative atmospheric heat -
rejection systems is studied as.a method of improving -
the performance of geothermal powerplants operating .-
upon medium temperature hydrothermal resources. == .

The LBL thermodynamic process computer;code'GEOTHM&'i:7';

is used in the case study of a 50 MWe ‘isobutane -
binary cycle power plant at Heber, California,--It -
js shown that operating a fixed capacity plant in-.
the floating cooling mode can generate significantly -

~more electrical energy at a higher thermodynamic - .
efficiency ‘and reduced but bar cost:for approximate--

1y the same capital investment, Floating cooling -
is shown to-benefit 2 plant which is dry cooled to~ =~
an even greater extent than the same plant operating -
with an evaporative heat rejection system. Results . .-
of the Heber case study indicate that a dry floating

cooling geothermal binary cycle plant can produce <. T ¢

energy at a bus bar cost which is competitive with -
the cost of energy associated with‘gvaporatively, o

mal power plant rejecting heat to a forced-draft - -
The cooling system -
always operates at full capacity in response to.a .. .-
naturally varying wet or dry bulb sink temperature.-. :
The turbine back pressure (i.e., thé condensing
temperature) is periodically adjusted to generate -
the maximum -available net power provided by the:

-variable sink temperature. The net power output-

1

_atmospheric temperature fluctuations.
“-ing cycle, 'on the other hand, operates at a constant

(2)

- steam systems,

of the plant u111 float with the daily and seasonal
A fixed cool-

condensing temperature and delivers constant net
power during the time of the year that the design
wet or dry bulb temperature is not exceeded.

. The practical thermodynamic advantages of
floating cooling for medium temperature geothermal

“‘energy systems:are twofold:.

(1) Floating cooling can significantly increase the
-net power production of plants located in re-
gions where the.climatology exhibits large

.~ daily and seasonal wet and dry bulb temperature
varfations (3). .. - 0

‘The percentage increase in net power is greater
.. for geothermal plants designed to operate at
‘higher condensing temperatures, e.g., dry cool-
ing systems.. Floating cooling will counteract
~ the adverse influence on plant performance
. {nherent in the design of dry cooling systems
“operating at higher condensing temperatures than

- wet cooling systems.

Recent economic studies (4,5) have shown that medium
“:and Yow temperature hydrothermal.resources below

1800C favor organic fluid binary cycles over flash
The thermodynamic properties of
these organic fluids (much higher vapor pressures
and lower specific volumes than steam at similar

. condensing temperatures) allow turbines to be

constructed whose efficiencies are less sensitive
to the floating cooling operating mode than are
steam turbines. These organic fluid expanders.can

. PISTRIBUTICN OF T715 nocum:snmm%m



operate over the range of exhaust pressures exper-
ienced with varying wet or dry bulb temperatures

with minor variations in turbine efficiency. The
design and cost of these machines for 2 floating -

“cooling application are not radically different

from machines built to operate 2t 2 fixed exhaust
condition.

OBJECTIVE

) The primary objective of this report is to
establish and quantify the thermodynamic and cost
benefits of the floating cooling concept in the
operation of non-evaporative atmospherically-cooled
geothermal systems operating upon medium tempera-
ture hydrothermal resources. This subject has
recently been examined for evaporatively cooled
geothermal systems {1). A binary cycle power plant
utilizing the floating cooling heat rejection
method is shown to generate significantly more
electrical energy at a higher thermodynamic effi-
ciency and reduced bus bar cost than the same plant
operating in the conventional fixed condensing
temperature mode, for approximately the same capital

-investment., - :

© The thermodyamic and cost benefits of floating
cooling -are shown to be greater for a binary plant
which is air-cooled rather than cooled evaporatively.
Through ‘a computer modelling case study of a com-
mercial size binary plant at Heber, California, it
is determined that energy produced by a dry float-
ing cooling geothermal plant is cost competitive
with evaporatively cooled plants.

FLOATING COOLING IN THE IMPERIAL VALLEY--A CASE STUDY

The remainder of this report is devoted to com-
puter modelling of the thermodynamic and cost bene-
fits derived for floating cooling when applied to
commercial-size geothermal isobutane binary cycle
power plants located at Heber, CA. The resource
and sink characteristics of the Heber site are
typical of a number of medium temperature hydrother-
mal resources in California‘s Imperial Valley.
Floating cooling is particularly suited to exploit
the source and sink conditions characteristic of
the Heber site for the following reasons:

(1) The local desert climate exhibits high maximum
annual wet and dry bulb temperatures over rel-
atively few degree days and large daily and
seasonal wet and dry bulb temperature variations.

(2) The temperature of this resource (1800C) {is best
matched with an organic fluid binary cycle power
plant (4).

{3) A suitable cooling water make-up supply cannot .
be guaranteed over the life of the plant accor-
ding to preliminary design studies (4).

{4) The large additional capital and operating

expenses incurred with a dry cooling system are

offset by operating the plant in the flosting
cooling mode.

A FLOATING COOLING COMPUTER MODELLING
SCENARIO USING PROGRAM GEOTHM

‘The computer model used in this study is the
LBL-developed thermodynamic process computer code

GEOTHM. The unique single-step optimization capa-
bility of the GEOTHM code is first employed in the
design of two minimum energy cost 50 Mde net base
load power plants, The first plant, {llustrated in
Figure 1, incorporates conventional evaporative heat
rejection subsystem components, i.e., a water cool-
ed condenser coupled to 2 forced draft wet cooling
tower. The second plant, illustrated in Figure 2,
is configurationally identical to the first plant
except that a forced draft isobutane/air direct,
dry-type cooling.tower condensing system has replac-
ed the evaporative heat rejection system. These
are fixed 1X wet and dry bulb temperature designs,
j.e., the plants will deliver 50 MWe constant net
power during the 99% of the summer months (June
through September) that the design wet and dry bulb
temperatures are not exceeded. The program's off-
design optimization routines then simulate the
operation of these fixed capacity plants in the
floating cooling mode, during daily and seasonal
temperature variations, to maximize power production
throughout the year. The floating cooling plants

Pt Trbine.
O

190°C Grine 0 =3
Pratucton -
et -l @ & -

Gring o Bacondory Water Cavied Coview
(:5-@ ewn Exchempor Conterner ! .
o~

Soumermet ’ Weter
Somjaction Condonare e
Wett [ g c—-nm

- N-nn

OPTIMIZABLE PARAMETERS
<‘I> Turbine Inlet T @ Pinch Point AT
& Turbine Intet P < Pinch Point AT
(> Condemser P <:> Approach AT

Figure 1. A typical evaporative (wet) cooled binary
geothermal power cycle with 180°C inlet

brine.
' Secondary
Fluid Tordine
O
180°C 8rine 0
Geothermat
Production
well <> €>
Brine % Secondory Air  Cooted
Heot Exchonger Condenser o Ax
Rainjaction - Condensate .
Welt Pump

R 787-9837

OPTIMIZABLE PARAMETERS
&> Tuarbine Imtet T (D Pinch Point AT
& mabine Intet P & Pinch Point AT
<3> Condenger P

Fiaure 2. A typical dry air (dry) cooled binary
¥ geo{germaI power cycle with 1800C inlet

brine.



o

heat transfer coefficients.

will generate more than 50 MWe power during 99% of

the summer months. Assuming that these are base-
loaded plants, i.e., that all floating power can:.
be sold at the same rate, the cost of energy for -

“the floating cooling plants will be computed to

include the revenues derived from ‘the surplus-energy
sales, The cost of energy for.both the floating .
and fixed operating modes are than compared.

Design and Optimization of the 50 Mie
ixed Capacity Plants

. The binary cycle power plants modelled in this
study are illustrated by the simplified schematic

- flow diagrams, Figures 1 and 2. 1In order to design

and cost optimize these systems, the GEOTHM equip- -

" ment and cost models require that the user input :.

reasonable equipment efficiency and cost data. .

- applicable to the particular plant to be modelled.

The data for this paper was obtained from a compre-
hensive feasibility study for a fixed capacity eva-

“porative cooling 50 MWe isobutane binary cycle design

at Heber performed by Holt-Procon for EPRI-(4).--
Equipment design data included turbine-and pump
efficiency ratings, and heat exchanger-and condenser
For Holt's assumed -
values for the six system state parameters listed

:§n Figure 1, GEOTHM verified Holt's baseline design,

j.e., his fluid mass flows, component sizes,and -~ -
parasitic power_calculations. Scaling factors built

into GEOTHM's component costing routines were then. . -

adjusted so that:component costs computed by GEOTHM -

. were normalized to match Holt's vendor quotations, - -
Heat - transfer coefficients and component unit .area -

costs for the dry cooling tower system were obtained -

-~ from vendor design quotations supplied directly to - =~
LB IR e

. The brine cost ($/btu) was normalized to Holt's
for the same flow rate and primary heat exchanger .. -

duty. Direct and "indirect cost factors were simi-- -
larly scaled so that total plant and field capital

cost, and cost of energy were in agreement. - Finally, -
GEQTHM's non-linear optimization routines were used- - - -
‘to design the plants to produce 50 MWe net power . .-
at minimum cost of -energy for a 26.70C (80OF) -1X wet -
bulb temperature and a 43.90C (1110F) 1% dry bulb- ="
“temperature, respectively. - The GEOTHM adjusted the -
. optimizable .cycle parameters to arrive at the minimum

energy .cost -cycles illustrated on the T-Q plot-in -~

Figure 3.  The GEOTHM optimized wet cooling design is-
“in"excellent ‘agreement with Holt's. -Figure

design information is summarized in columns 1 and 2
jn Table 1. It is important to note that Holt's- -

50 Mide (net) design did not include the approximately

5 MWe of brine production and injection pumping~ -

power, whereas these parasitic power requirements
are included in the GEOTHM studies.. - ~ - - ‘0.

- " The two minimum energy cost designs depicted-in:

“ Figure 3 are a striking contrast in many respects. -

" The higher condensing temperature imposed by the . .. "'
‘dry cooling heat rejection system reduces:the energy

available -in the turbine expansion process, even -

though the optimizer has increased turbine Inlet .. ...~
temperature in comparison with the wet coolingcycle. '
Therefore, there is a large increase in a1l fluid -~
‘mass flows, which when coupled with the large para--- .

sitic fan power requirement, results in-amuch =

greater total heat load upon the cycle." Note there

js a much larger mean temperature difference across -

the air cooled condenser in comparison with the water:
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f Figure 3; A iemperature heat flow plot comparing

an evaporative (wet) cooled cycle with
a dry cooled cycle at the 1X design
-condition. -

3eycle

Table 1.. Power plant parumete}s ‘for fixed and floating wet and

dry cooled binary plants at Heber, California.

" Fixed Capacity

~ Float;ng Cooling

Plants lants
Process Destgn Cowet  Ory | Met Dry
- Parameters : : -
 Avg. et Pover (Mde) “'s0,0 T ‘50,0 0.5 ~  8L3
_ Avg. Gross Power (W) 703 €28 824 1M1
Avg. Cycle Efficiency (X): ~- 11.0° 8.6 12.0 11,8
Brine Flow Rate (kg/sec) 950" - 1427 992 1492
Avg. Plant Yield (kwhr c : ' .
per metric ton of brine) ~ 14.6 - 9.7 - 16.9 15.1
Heat Rejection System = - S o
Power Requirement (me) - 43 o 94 A3 . 8.5
Anual Brine Cost (M) 6.8 -10.2 721 106
© Plant Capita) Cost (MS) -~ 30.8° - 437 . 32.0 4.6
" Plant Capita) Cost Per kW el . '
“ . "of Average Net Power {$) 616 .- . 874 . 529 - 873
_Bus Bar Energy Cost* - oo
i (nﬂlslkwhs e L R 54.2 o -32.6 - . 35.2

“pensive finned-tube heat exchanger,
: r%injection temperature is higher for the dry cooled
plant.

*Eighty-five percent plant &uiﬂbﬂi:ty'ris' assumed.

- cooled condenser. This 1s'in“attempt by the opti- -

mizer to minimize the area of this relatively ex-
Note the brine




Off-Design Floating Cooling Modelling - -

" Once the plants have been designed, i.e., equip-
ment sizes, costs, and fluid mass flows established

at the GEOTHM minimum energy cost designs, the off-
design optimizztion routines can be invoked to
cperate the plants in the floating cooling mode.

n addition to fixing the brine flow rate,. the GEOTHM
floating cooling model assumes that the following

_conditions will remain constant throughout the year:

(1) turbine inlet temperature, (2) turbine inlet
pressure, -{3) heat exchanger area, (4) condenser
area (Ssrcooling tower packing area (wet system
onlys and, (6) cooling water or air flow rate.
Coupling these constraints with the system state
variables mathematically dictates a unique solution

for the turbine back pressure at any given wet or -

*dry bulb temperature. The one-to-one relationship

1inking turbine pressure ratio with wet and dry:bulb
temperature is plotted in Figure 4. The off-design
turbine efficiency will vary with turbine back
pressure according to the turbine performance models
shown in Figure 4. .In order to maximize the off-

. design production of floating power, the turbines

for each of the plants have been designed to operate
at their peak-efficiency for a turbine back pressure
corresponding to the annual mean wet or dry bulb
temperature, respectively. _

-The T-Q plot in Figure 5 shows how the dry
cooling cycle has been adjusted to accommodate a
seasonal shift in the dry bulb temperature. Case 2
represents the adjusted floating cooling thermody-
namic operating condition of a plant experiencing
the increased cooling potential afforded by the mean
January dry bulb temperature (11.99C) for Heber, CA.
Case 2 is a significant departure from the Case 1,

— Dry Cooling (Use Dry Buld Temperoture)
12} ———wet Cooling (Use Wet Bulb Temperature)
3 ’ Floating Turbine
2 - —0.85
S
»
£ 10K~ —lo.84
2 I~ N &
& of \. o83 3
i AN
- o
§ 8- —0825
a Flooting Pressure ©
L Roati ™~ £
% 7 atio ~josi 5
S [
6 -10.80
Annuol T
Meon Temperoture 1% Design
L L Zh 1 | Jemperoture

10 15 20 /25 30 35 40.
Ory # Bulb Temperature
1 i ] i
5 10 1S 20
Wet Bulb Temperature

Figure 4, Turbine pressure ratio and turbine
T efficiency vs wet or dry bulb temperature
_for wet and dry floating cooling power
cycles. .

T T T— T L
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Figure 5. A temperature heat flow plot comparing -
dry cooled cycles-at-the 1X-design dry
bulb temperature (43.9 C):and the mean
January dry bulb temperature (11.9 C).

the fixed 1% dry bulb temperature (43.99C) design
for the following reasons:

(1) The isobutane condensing femperature is about
00C lower! :

(2) The reduced condensing temperature, and conse-
quently the reduced turbine back pressure, allows
the turbine to extend its expansion process to
produce more useful work., This plot shows the
extended turbine expansion 1ine, resulting in
a 93X increase in net power!

(3) The increase in available energy at the lower
dry bulb temperature shows up as an increase
in the heat transferred across the heat exchanger
and condenser and as a nearly 200C decrease in
the drine reinjection temperature. :

(4) The greater heat transfer load imposed upon the
constant area exchanger and condenser is com-
pensated by an increase in the mean temperature
difference across these devices.

Seasonal Floating Power Qutput for.

. Heber Power Plants

X8L 787-9807 ™

The monthly mean net power generated by a float-
ing cooling power plant for the 1800C Heber resource
is computed using published monthly mean climato-
logical data (7). Figure 6 is a plot of the monthly
mean floating net power output for both the wet and
dry cooling plants, Note that the mean net power’
production during all months exceeds the 50 MWe fix-
ed capacity rating, since the mean monthly wet or
dry bulb temperatures are always less than the 1%
design temperatures. These seasonally varying float-
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- An initial inspection of Table 1 indicates the
seemingly attractive prospect of producing energy

" from a-dry floating cooling plant at costs compe-

titive with wet cooling systems. This pleasantly
suprising result must be examined with the following
qualifications: :

(1) The dry cooled plant which produces 50 MWe at
the 1X design condition requires about 50% more
plant capital investment expenditures than a
comparable evaporatively cooled plant.

(2)

The net power output of the floating cooling

Mean Net i’ower Output (MWe)

o floating values by integrating the area benea

“‘benefits.

-
o

L/
/

—/7Avercqe “Annual Wet Floating r -

o l% Dt’;siqn ‘Net Power . A
50— , _

D
Qo

1 ;J;V'[ 111 12 i
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Time of Year

Lo o B
AUG S o J AUG

Figuéejs;"Fléétihg net power as a function of the -

~ month of the year for floating evaporative
and -dry cooled plants which generate ™ ... -

- 50 MWe at the 1% design condition. -

ing power. curves can be normalized to &verége annual
curve. Figure 6 shows that operation as-a floating

cooling plant can increase the output of a 50 MWe . -
"~ fixed cooling plant to an average annual fleating - " -~ .. . R
‘7 - CAPITAL INVESTMENT--POWER OUTPUT--ENERGY COST

net power of 60.5 Mie for wet cooling or 81.3 Mie -
for dry cooling. This is a 21¥ and a 63% increase

respectively, provided that the generator is designed; -

.~ to accommodate the -largest anticipated floating power -
“output (85 MWe electricity gross, wet; 129 MWe o -

The average cycle efficiency-is also - -

gross, dry). A 1€ S ;
improved from 11% to 12 for the wet cooling plant .’

- and from 8.6% to 11.8% for the dry cooling plant. a

COST BENEFITS OF FLOATING COOLING  ~ ~ ~

'"*The’?ééﬁltélbf:iﬁese powef;p1ant'c$§e'stﬁdié§;

for the optimized fixed and floating, wet-and dry- = .~
“designs. are summarized in Table 1, ' Modification. =
of the fixed capacity plants to operate in the float- .

ing cooling mode requires only a minor increase-in.
plant capital investment. Nevertheless, revenues =

derived ‘from the sale of surplus floating power -
vsubstantially reduces the cost of energy produced - -
- compared -to:the same plant -operated at.fixed capacity. -
~This energy cost reduction is particularly dramatic._. .=~
: 4n the ‘case of the ‘dry cooling plant. “Whereas energy .
Yess than 43,90C (1%), 37.80C (15%), 33.99C (50%),
" “and 22.50C. (mean  annual-dry bulb temperature)
respectively, are optimized by GEOTHM for minimum

‘produced by the fixed capacity dry cooling plant. .-
costs 43% more than for 1its (fixed capacity) wet --
cooling counterpart, the energy cost of the dry "

- floating plant exceeds the wet floating energy cost - .-
“by only 8%. - Clearly, the incremental thermodynamic -~
advantages afforded the dry floating cycle over the .
wet floating cycle translates into significant cost
It is interesting to note that the .cost

of energy for the dry floating plant is less than -
that for the fixed capacity evaporatively cooled
system (1). v =

XBL 787-9805

(8)

~net power for these plants is 8

62,4 MWe, and 49,2 MiWe respectively. The plant cap-
- “ital costs and bus bar energy tosts for these plants
- are plotted in Figure 7.

plants fluctuate significantly with daily and
- seasonal atmospheric temperature variations.
Maximum daily power production occurs during
late evening and early morning hours. Maximum
seasonal power production occurs during the
winter months (see Figure 6). : These times are
usually considered off-peak demand periods by
-utilities. i

(3) This report assumes that all energy produced

by a floating cooling power plant can be sold
at the same rate. This assumption may be sub-
“ject to adjustment to reflect a utility's
attitudes toward the seasonal and daily power
production schedual.

The cost of brine paid to the producer is

- charged on a dollars per pound basis for a

- floating plant operating at a constant year-
round brine flow. requirement, even though the

- brine reinjection temperature fluctuates with
‘the sink temperature variation. The validity

. of this brine cost assumption for floating plant

;operations must await actual contractual nego-

tiations between field producer and utility.

TRAQE-OFFVSTUDYYFOR DRY FLOATING COOLING PLANTS
““Although dry floating cooling geothermal systems

- appear to be energy cost competitive with wet cool-
-ing systems, they are more expensive from a plant

capital investment standpoint. - Depending upon a
utility's ability to obtain capital, it may be de-

sirable to build.a floating cooling plant which is
" less expensive than a 1X dry bulb design. Such a
floating plant would generate less than 50 MWe during
‘a greater portion of the year than for the 1% design
case,
of these plants will be less than 50 MWe during a
" greater portion of the year than for the 1X design
case, T e

The average annual floating net power output

" To fllustrate this capital fnvestment--net power

“output--energy .cost relationship, the following com- -
‘puter modelling scenario was devised.:

7 T | Four dry -
floating cooling plants, each designed to generate. -
more than 50 MWe net power for dry bulb temperatures

bus bar -energy cost. . The ;verageaannua16§lga;;ng
- me, Ge ei

The GEOTHM then designed
four minimum energy cost 1% fixed capacity wet cool-
ing plants to deliver constant net power correspond-
ing to the average annual power output of the dry
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Figure 7. Plant capital cost and bus bar energy
cost as a function of average annual net
power output from fixed wet cooled plants
and floating dry cooled plants.

floating cooling plants. The plant capital invest-
ments and energy costs for each of these fixed
capacity plants are also plotted in Figure 7.

Comparison of the cost curves in Figure 7 shows
that a dry floating cooling plant can deliver the
same amount of average annual power as 3 fixed
capacity wet cooling plant for 2 sl‘lﬁﬂ* Tower
plant capital cost requirement and at 2 lower cost
of energy!

CONCLUSION

Floating cooling 1s best used in power cycles
employing the binary or secondary working fluid
concept. Dry zir cooling systems are particularly
well suited to the binary cycles because the
secondary working fluid entering the condenser
from the turbine has a lower specific volume, this
reduces the size of the air cooled condenser.

Bus bar energy cost from a thermal power
plant employing floating ¢ry cooling is competitive
with the cost of energy from an evaporatively

cooled system. The capital cost {(given in dollars
per average net kilowatt) of a floating dry cooled
plant {s comparable with the capital cost of an eva-
poratively cooled plant. A power plant with float-
ing cooling will exhibit wide seasonal and daily -
variations of net power production. This variation
will be greater 1f the plant uses dry air cooling.
As a result, the use of floating dry-cooling should
be considered for geothermal power plants located
in arid regions of the American West. (Most of the

- known hydrothermal geothermal resources in the United

States occur in such regions.)
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