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- - -COMPARISON OF -SOLAR POND
CONCEPTS FOR ELECTRICAL POWER GENERATION

1.0 INTRODUCTION

The objectives of th1s study are to:

1. Identlfy the various solar pond concepts for e]ectr1c
power generation,; including but not limited to:

a: nonconvectivé salt gradient solar-pond,
b. ponds with various plastic or other membranes at
suitable locations to minimize or eliminate convection,
c. ponds which are totally or partially ge]led to reduce
"or e11m1nate convoct1on, and

- d. sha]low convect1ng ponds,

2. analyze and compare ‘the performance of these .various
~ concepts; and” '

3. estimate the pond cost and overall powér plant system
cost for each concept assuming the nonconvective gradient
salt pond as the base case.

Solar ponds are generally relatively low temperature systems so
that the conversion efficiency from thermal energy stored in the pond to
electric energy is small. The energy in the pond may be more efficiently
used for purposes other than power generation. For this reason, pond
costs are related to energy production separately as well as in the power,
plant context.

The approach includes a preliminary design of several power plant
systems based on solar pond concepts, and performance and economic evalua-
tion based on these preliminary designs.

Battelle-Northwest is developing a computer program on geothermal
power production(]) for ERDA which is appliied to this study. The geo-
thermal program (GEOCOST) considers the geothermal field and power plant
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economics. For‘this_study,.tﬁe,solar pond was substituted for the geo-
thermal field. lﬁowef'planf considerations are comparable. The utilization
of this program thus provides an extensive analysis of economics for
electricity production. ' ' ' '

The GEOCOST program includes flashed steam, binary, and hybrid cycles
for low temperature operation. Several man years of effort have been spent
in the development of low temperature power cycle costs.

Because temperatures involved in the solar pond are lower than those
generally considered for geothermal applications, GEOCOST is not directly
applicable. Some corrections have been made and some operations have been
performed by hand.

It should-be noted that the time and dollars for this solar pond
study were limited. The time from authorization to completion of the.
original study was 5 weeks and the manpower allocation was approximately
14 man weeks. An additional 3 man weeks has since been spent checking
and editing. The general conclusions are believed to be sound, but specific
detail should be considered preliminary.
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2.0 SUMMARY

Four solar pond concepts were reviewed: 1) nonconvecting sait,
2) nonconvect1ng ‘salt with membrane, 3) gelled, and 4) shallow convecting
pond.

Because there are many technical unknowns in the first three, the
results arrived at are uncertain. Assuming that solar ponds are shown
to be technically practical, the magnitude of pond costs 111ustrated 1s
considered reasonable. However, severa] factors could change the costs

up or down by 50% or more. A comparison of the ‘three concepts is hence

not at all conclusive.

In the case of the shallow convecting pond, pond costs are based on
Lawrence L1vermore documents and demonstrated technology.

A 10 Mw plant was used for purposes of ana]ys1s This requires
2 (1.49 km?) or 4,000
ft (1.2 km) on a side. Both flash .steam cycles and binary cycles using

a pond with an area of approximately 16,000,000 ft

isobutane as ‘the working fluid were-eValuated. ‘The binary cyc]e'is
considered more realistic at the present time because turbine technology
for steam at the low temperatures considered is not developed.

The variation in power cost with pond cost is illustrated in

Figure 2.1. ‘With a zero pond cost and a binary cycle operating at 90°C,

the cost of electric power production would be approximately 45 mills/kW-hr.
At a pond cost of $32,000,000 or above $2.00/ft2, the cost of power would be
approximately 125 mills/kW-hr. These cosfs are based on fixed charges of
approximately 16% per year, which is probably high. Fifteen percent is more
frequently used today, and with present interest rates, 13 - 14% could be
reasonable. However, time did not allow for iterations.

, Assuming technical feasibility within the economic framework developed
here, solar ponds might possibly produce thermal energy in the range of
$2.00 - $4.00 per million Btu.

General conclusions based on preliminary analysis are:

. Electrical power production from solar ponds is not cost com-
petitive with other systems, based on current central staticn
power producing technology.

2.1
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The cost of power pkoduction with solar ponds is in a range
such that additional evaluation may be warranted for unique
circumstances such as isolated sites. ’

Based on the cost of Btu's produced by solar ponds, it is quite
possible that they can be competitive with other energy systems
in some circumstances, if they are technically practical.

The technical feasibility of nonconvecting solar ponds is not
established.

There are a number of problems which could prevent them from
being widely used.

Results of the economic analysis are summarized in Table 2.1.
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TABLE 2.1. Ten Megawatt Electrical Solar Pond Concepts Economic Summary"

Nonconvecting ‘ ‘ - Free* .  Geothermal
Steam Binary Membrane Gel ‘Shallow Salt Reference
Pond cost 41.6 41.6 28.0 41.4 31.1 1M.5 4.5
($ x 10°) o o
Plant capital ~  17.148 7.107 7.107 7.107 7.107 7.107 . 7.132
cost ($ x 10°) ) _ ' o
Net power 6.652 7.653  7.653 7.653  7.653 7.653 . 6.240°
outputl(Mwe)
Installed cost 8,690 6,366 4,588 6,339 4,993 2,236 1,864
($/kwe net) ' .

Cost of power 203.6 105.2 114.4 149.6 124.9 71.1 87.1.
(mil1s/kW-hr) A

*Free salt is the case where the solute for the nonconvecting salt gradient pond is
available at no cost.



3.0 SOLAR POND TECHNOLOGY

Solar ponds, as presently conceived, fall into two categories: non-
convecting ponds and shallow convecting ponds. Nonconvecting ponds include

conventional ponds proposed by Tabor,(z) those with membrane barriers to

(3)

aid stability proposed by Rabl and Nielsen and ponds containing gels

proposed by Shaffer. 4 _ The cdhveétjng‘pond discussed here is the shallow
pond developed by Clark, Day, Dickinson and Wouters et al. at the Lawrence

" Livermore Laboratory.(sz

3.1 Nonconvecting Salt Water Pond

The more conventional of the nonconvecting solar ponds is the salt
-water pond without membrane barriers, but possibly with a cover. This pond
" type was the first of the nonconvecting pond concepts and will be referred
to throughout this report as the conventional nonconvecting pond.

-+ 3.1.1 Description

The nonconvecting solar pond is a nonconvecting, transparent, Tiquid
pool in which temperature increases with depth. In 1948 Dr. Rudolph Bloch
~suggested that a density gradient could be formed by stratifying salt solu-
tions of various. densities such that the dénsity increases with increasing
. depth.(6) The stabilizing concentration gradient can overcome the effect
:;“of a destabilizing temperature gradient. This principle is shown schemati-

l[‘cally in Figure 3.1.(7)

Solar energy, which impinges on the pond (collector) surface, is
partially reflected and partially transmitted and absorbed. Convection is
prevented by establishing an opposing dénsity gradient with a solute.

Since water is almost opaque to the far infrared only the short wavelengths
are reported(8 to penetrate up to 100 m of water. Thermal energy near the
pdnd bottom will be trapped because of the opaque nature of water to far
infrared radiation, the relatively poor conductivity of water, and the
inability of the salt solution to éonvect. Energy extraction must be from
this bottom layer. o

3.1
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Physically the pond absorbs solar energy throughout its bulk in a
manner which depends on the local inso]atjon. Only the 0.2 to 0.9 um wave-
lengths reach the bottom of ponds 1 to 10 m deep. The energy I(x) reaching

any depth x below the pond surface can be approximated by:
"

- T
I(x, t) = TIO {Zp ny e i

where I is the insolation at the surface of the pond, t = transmission
coefficient, M s the absorption coefficient for a given range of wave-
lengths, and n; are constants which can be adjusted to fit the measured
energy distribution of sunlight at various depths x. Rabl and Nielsen have
shown this to be good within 3% of the values quoted by Defant(8) for

Seawater.

L

., The general one-dimensional heat conduction equation has been solved

(9)

by Weinberger‘”’/ using an insolation expression similar to the above; and

expressing IO as a sum of an average and periodic insolation.

From this solution the pond temperature is shown to lag behind the
insolation by about two months. This will vary with the energy extraction
rate. Assuming a constant working temperature of the hot fluid at the
bottom of the pond (that is to say, once the pond reaches temperature all
energy reaching the pond bottom is extracted at a constant temperature)
and by optimizing energy extraction by means of a Carnot engine, the mean
energy, overall solar to mechanical or electric conversion efficiency, and
optimum temperatures were cetermined. These values are reproduced as a
function of pond depth in Figure 3.2.

The collection efficiency can be found by optimizing the thermal energy
extraction rate and comparing the resulting extraction rate with the insola-
tion. In this manner Weinberger obtained an efficiency of collection between
25 and 30% for a 200 W/m? insolation and a pond 1 m deep.

From the above discussion, the pond can be characterized by its
optimum working temperature, its phase lag relative to insolation, and
its collection efficiency. But less obvious intrinsic characteristics
are vitally important to the pond operation. For discussion purposes, we
assign the following designations to these characteristics: i) diffusion
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is the migration of -salt due to the concentration gradient necessary to make
the 'salt water. pond nonconvective, i1i) storage is the intrinsic thermal
storage in the nonconvecting pond and iii).stability refers to the ability
of the pond to rema1n nonconvectlng over a range of temperatures, con-
centrat1on gradlents, and outs1de 1nf|uences

3.1.].1 Diffusion

Any time there exists a concentration gradient in a material and there
is ample thermal energy to activate an atomic or molecular migration, there
will exist diffusion of the solute species from high concentration regions
to regions of low concentration. It is not surprising then that the non-
convecting salt water ponds exhibit considerable diffusion of salt to the
surface of the pond (0.063 kg/m?/day).(g)
of the density gradient. To keep the pond functioning, the concentration
gradient must be restored on a continuing basis. Two methods have been

The tendency is toward destruction

proposed for doing this. One method suggests the salt which diffuses to
the surface be removed by washing a top saline layer away and replacing it

 with water of a lower salinity; salt must be restored to the bottom of the

(10)

pond.. The other method, proposed by Tabor and Matz extracts hot brine

' fkom‘the'pond‘bottom at a rate such that salt which migrates upward in the

moving reference frame of the falling pond (falling, because water is
éxtracted from the lower regions only) finds itself stationary with respect
to the reference frame fixed in the earth. Fresh water, or a low salinity
solution, must be simultaneously added to the top-regions of the pond to
keep the pond depth constant. Enough salt or highly concentrated brine
must be put back into the pond bottom regions to maintain a suitable ’
dens1ty gradient.

3. ] 1 2 Storage

Therma] conversion of solar power to useful electrical power is a con-
cept that depends heavily on energy storage. Whether the system supplies

. power during peak demand or continuous conversion it is necessary that either

thermal, electrical, or chemical energy storage be included in the system
design if full advantage of the insolation is to be realized. The nonconvect-
ing solar pond concept does just this; it stores the solar energy collected
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and releases thermal energy on demand. This is analogous to the hydroelec-
tric dam which is essentially a potential energy collection and storage
device.

Storage of thermal energy is inherent in the nonconvecting systems.
Energy is trapped in the liquid near the pond bottom and is lost only by
slow thermal conductivity to the surface or it is absorbed by the sur-

. ‘rounding earthen containment; it is assumed that parasitic losses by ground
water are negligible. It is assumed that the side walls are insulated so
that all earth stofage will be beneath the pond. Then the earth tempera-
ture during warm-up is given by: '

Tg (y»>t) = Tg (0) erfc (2_5/__?) 4

where Tg (0) is the initial surface temperature of the earth and y and «
are vertical distance below the earth surface and thermal diffusivity of
the earth, respectively; time is represented by t.

9

This implies that the approach to steady state goes as ]/VET Since
the depth in the earth for temperature oscillations of frequency w to be
damped to 1/e of their‘surféce value is %3 this can be taken to be the depth
of useful storage in the earth.(3) For soil with a 4.6 x 107/ m2/sec dif-
fusivity, this amounts to about 2 m. Approximately 1 year is necessary for
the earth at this temperature to reach 1/e of its final value. MWeinberger
has shown that ground storage decreases the maximum rate at which energy
can be withdrawn, and that this maximum energy removal rate increases with
operating time. For example, at an operating temperature of 98°C and an
.operatinq time of 0.5 and 4 years the optimum energy removal rate changes
from 80 to 93%, respectively, of that attained after an infinite time of
operation. This is due to the relatively slow manner in which the ground
approaches steady state. Some solar energy is being absorbed by the ground
during this time, and until steady state is reéchéd this absorption
decreases the rate of energy withdrawal if the temperature of the hot brine
is to remain constant. '

This energy absorption is dependent on the thermal diffusivity of the
earth and operating temperature of the fluid. Energy stored in the ground

3.6
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can be recovered, but only at the expense of decreasing the working tempera-
ture of the brine and therefore decreasing operating efficiency of the power
plant. Of course, if storage were not available the brine would reach its

peak for energy withdrawal rate sooner. But in the advent of relatively long
periods of low insolation this withdrawal rate would approach zero very quickly.
Ground storage, on the other‘hand, allows for energy withdrawal (albeit at a
Tower conversion efficiency) during these low insolation periods. In fact,

1 m3 of "average" soil can store about 2 x 106 Joules per degree. The tem-
perature of the soil at depth x, during net energy extraction from the soil,
can be estimated by: '

- X_
Tg = Tg (0) erf (T-El)

9

This assumes for simplicity that soil temperature is initially Tg(O) and it
radiates into 0° water. This implies that soil temperature at some aver-
age depth, say 0.5 m, decreases to 85% of its initial value in about

1.5 days. If the initial temperature of the ground is 95°C, this cor-
responds to a 14° change and hence an average 122 W/m2 contribution from
the soil. Therefore, thermal energy stored in the soil might be used for

a period of a few consecutive days. If lower temperatures are useful this

use period can be extended considerably.

3.1.1.3 Stability

To obtain a nonconvecting salt water pool without the use of artifi-
cial barriers, the decrease in density with depth which would accompany
the increase in temperature in a uniform-concentration solution is can-
celled by arranging for the salt concentration to increase with depth,
so that the net effect is an increase in density with depth.

4 d_pz _B_Q .dl + —a..g d_c_>0
dx aT dx ac dx
' c T
where p, T, x and c are density, temperature, distance below the surface
and concentration, respectively. As an initial condition to be fulfilled
in constkucting a pond, such a concentration gradient is readily obtained.

Maintaining it, however, appears to be another matter. That it can be
maintained indefinitely is yet to be established. Naturally-occurring
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solar pond effects have been observed (e.g., at Medve Lagoon, Lake Vanda,
Los Roques), experimental solar ponds have been}bui]t, and approximate
analytical models of related situations are being developed.

' Nie]sen(]l) has been able to control convecting layer growth in NaCl
ponds by injecting saline solutions of an appropriate density into the
convecting layer region. This technique has been used successfully by
Nielsen to actually decrease the thickness of convective layers which form
adjacent to the pond bottom.

Several critical questions remain to be answered, however, before the
potential of the solar pond as an effective energy collector can be pro-
perly eva]uated.(]z) Most of these questions have to do with whether or
not long-term stability is possible and what conditions or arrangements are
necessary to obtain it. In particular, what conditions are necesSary to
avoid the instabilities associated with the spontaneous occurrence and

growth of convection cells which destroy the density gradient?

As discussed in the preceding section, some means of maintaining the
concentration field in the pool against the effects of diffusion are
~ necessary, but there are still other difficulties. Such a pool is in a
sort of metastable state in that, if the concentration gradient were to be
destroyed by stirring or mixing the pond could not spontaneously restore
it. Nor would just the heating of the pond restore it, since convection
cells would develop first. This is important because some evidence is
available which suggests that naturally occurring mechanisms may, in the
absence of corrective action, bring about the occurrence and slow growth
of a convecting layer in the initially gravitationally-stable pond. This
would lead eventually to the destruction of the energy-storing capability
of the pond. Weinberger(g) develops a stability criterion and suggests
that maintaining an adequate density difference (340 kg/m3) at the bottom
and top of the pond will prevent an increase in oscillatory motion with
time.. However, there appears to be more. A model by George Veronis(]3’14)
predicts three different possible modes of convection for a liquid layer
subjected to a destabilizing temperature gradient which is initially

3.8




nonconvecting due to the effects of a stabilizing concentration gradient:
1) spontaneously-occurring steady convective motion, as in Benard cell
formation; 2) overstable oscillatory motion occurring at a smaller Rayleigh
number* (smaller AT); and 3) a disturbance-initiated, finite amplitude
steady motion, which would be sustained at a Rayleigh number which is still
smaller, in some cases almost negligible.**

According to this model, an initially nonconvecting layer maintained
at higher salinity at the bottom than at the top, heated from below and
cooled from above, if sufficiently disturbed, will develop and maintain
finite-amplitude steady convection at extremely small Rayleigh numbers. An
adequate disturbance would be onelwhiqh mixes the interior to uniformity
so that the temperature and concentration gradients are confined to the
boundary regions. After the cessation of such a disturbance, the desta-
bilizing temperature gradient would create convection cells in the interior
before a stabilizing density gradient could establish itself. This implies
that, in constructing a stable so]arvpond, the density gradient must be
established before heating takes place, or it will not be established.

This appears to be confirmed by the experience to date. This would

- 3
* Rayleigh Number Ra = 9%%—-AT

g = local acceleration due to gravity

= - %(%‘%) » p = density, ¢ = solute concentration
AT = temperatuie difference over convection cell height
h = convection cell height (not pond depth)
k = thermal diffusivity '
v = kinematic viscosity

** In considering these convective mode possibilities, it is useful to
keep in mind that the shape of the temperature profile in a solar
pond varies widely on a regular basis. To relate the models which
speak of "heating from below" or "heating from above" to the solar
pond it is necessary to do so on the basis of the local temperature
gradient. For a discussion of the temperature profile var1at1on see
Eliseev, Usmanov and Teslenko(15) and Turner.(16
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probably make pond cleaning by stratified extraction difficult since the
disturbed region may not be able to reestablish its density gradient.

(]3)4has been -

The overstable oscillatory mode predicted by Veronis
observed in laboratory experiments by Shirtc]iffe(]7) and by Turner and
Stomme].(]s) According to Schechter, Rrigogine, and Hamm,(]g)

ditions under which this mode can be expéected are related to the Soret

the con-

(20)
effect. This model indicates that, for a layer subjected to a destabilizing
temperature gradient, this mode can be expected with positive Soret coef- -
ficients, andlthat-thebgreater the Soret coefficient, the smaller the
Rayleigh number at which it can occur. This is further discussed and

(21) and by Hurle and Jakeman.(zz)

summarized by Velarde and Schechter
(23) (20)

The stability difficulties described by Tabor with NaCl
salt ponds (NaCl has a positive Soret coefficient) are not inconsistent
with this model. Nor is the growth of the convecting layer in the upper
part of the MgC]2 salt pond constructed by Tabor, where it is noted that
‘the steepest destabilizing temperature gradients may occur near the surface

and Tanner

and spread downward during the cooling part of the daily cycle as the pond
is being brought up to operating conditions.(]s) Tanner(zo) reported MgC]2
as one of a few salts which yielded separations in Soret effect tests which
© were too small to be measured. Again, a very small MgC]2 Soret coefficient
is not inconsistent with the slowness of the layer growth noted by Tabor.
The third mode indicated as possible by Veronis' model, spontaneous steady
convection, would occur for greater Rayleigh numbers than the overstable
oscillatory mode, so the latter is the mode predicted for the onset of
convection.

3.1.2 OUperation

Pond operation requires 1) preservation of the salt gradient, 2) main-
tenance of pond transparency, and 3) use of optimum energy extraction
techniques.

3.1.2.1 Preservation of the Density Gradient

Since a concentration gradient is necessary to overcome the buoyant
forces due to thermal expansion in a solar pond, salt diffusion from bottom
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to surface will be continual. As noted in the discussion in the preceding
section on Weinberger's stability criterion and his calculation of the salt
gradient necessary for stability, for a pond using MgC]z, a 340 kg/m3 dif-
ference in density must be maintained between the surface and bottom layer.
Weinberger also calculates that 0.063 kg/m% day of salt must be removed
each day and replaced in the Jower layer of the 1 m deep pond. For a 1 km2
pond this means that 63 tonnes of salt must be controlled during each day
of operation.

Tabor(23)

concentration salt solution while maintaining the bottom concentration

would provide a satisfactory approach to this problem. As previously dis-
cussed, Tabor and Matz suggest a "falling pond" arrangement as an improved
way of maintaining top and bottom concentrations when the energy-extraction

reports that washing the surface with fresh water or low

process involves a flash evaporation of the bottom brine. In this process,
brine from the hot bottom layer of the pond flows .into a Tow pressure flash
evaporator where a pressure drop is accompanied by a small temperature drop
and the evaporation of some of the water from the brine. The vapor and
(now more concentrated) brine are separated and leave the evaporator in

two separate streams. The vapor flows on to drive a turbine and the brine
is returned to the bottom of the pond to be reheated. Water is added to
the top of the pond to replace the water evaporated from the surface of the
pond as well as the water removed from the bottom layer brine in the evapo-
rator. The net effect is a slow downward flow of the water in the pond
against the upward diffusion of the salts. If the two velocities are of
the same magnitude, the salts, and consequently the salt gradient, are
stationary. '

Tabor indicates that the downward water velocity required to balance
the diffusion of the salts is less than 1 mm/day. This would impose a
minimum requirement on the average evaporation rate in the flash evapo-
rator. Greater flashing rates, if dictated by energy-extraction rate
‘requirements, could be accommodated by returning to the brine as much of
the vaporized water as necessary after it has been through the turbine and
condenser. If a weak solution is added at the surface insteéd of fresh



water, the downward motion:of the pond water would result in a net flow of
salt to the bottom layer. Salt would have to be removed after flash evapo-
ration at the rate at which it is supplied to the surface.

Another possibility might be a saturated-solution pond-composed of a
solution in which the increase of solubility with temperature is sub-
stantial enough to provide the density gradient necessary for stability.
Potassium nitrate, ammonium nitrate and calcium chloridedihydrate are salts
which fit this category. It appears that such a pond could automatically
maintain the desired gradient, provided that convective stability require-
ments could be met. A satisfactory energy extraction process for such a
pond would probably be difficult, however.

3.1.2.2 Pond Transparency

Transmission properties of a solar pond can be seriously.altered by
particulate debris. Particulate matter may be carried in the air and
deposited in the pond, or may originate in the pond walls or bottom and
migrate by currents and buoyancy forces into the interior. In either case,
the particulates will seek a level identified by the localized pond density
and the density of the particulates.

Tabor and Mat? report an exceptionally bad problem in one of their
experimental ponds which has been built on a clay bed overlaying marshy
ground. At start of operation, the lower layer of brine warmed from 20 to
70°C and the earthen bottom temperature reached 41°C some 0.2 to 0.3 m into
the earth. At these temperatures CO2 and HZS gas bubbles were released
from the bottom in sufficient quantities to seriously disturb density
gradients, prevent settling of debris, and also transport debris up from
the bottom into the fluid; evidently bacterial decomposition was occurring
in the marshy bottom. Pond bottom materials are important--pollution caused
by bacterial decomposition must be avoided.

Tabor and Matz have worked on an experimental pond with a butyl rubber
lining designed to vent gas generated in the pond bottom. Results of this

(24)

distillation basins in Greece with butyl rubber sheets and found that in

experiment have not been published. Delyannis and Piperogiou lined solar




25)

the spring wild grass grew through the rubber sheeting. Lawand( ' reports
that 0.8 mm-thick butyl rubber sheet has been successfully used to line
solar distillation bays in the West Indieé. Morrison, Dodge, Merriman, and
E]]sperman(zs) conducted a field evaluation study of various lining mate-
rials used in brine disposal ponds. For seepage control, the flexible
membrane linings were most effective; soil sealants were found to be 1east

effective.

A pond need not die from particulate pollution. It may be that the
particular layer where debris has settled can be cleaned by using a selec-
tive stratified layer extraction process relative to removal of the heated
bottom layer. Indeed, it has been proposed by Benton, et al. (27) that
water reservoirs use this technique to control water quality downstream.
The analysis makes this method look particularly suitable for removing
polluted layers in a solar pond; the layer could be filtered and injected
back to its appropriate level. Air-transported particulates can be kept
from the pond by providing a transparent cover which is periodically washed.
As mentioned previously, theory suggests this method will cause convection
cells and destroy pond stability. However, the rather limited experience
with ponds suggests this may not be the case. Further research is needed
in this area.

3.1.2.3 Energy Extraction

The obvious techniques of extracting energy from large ponds using a
separate working medium may be prohibitively expensive. For example, one
might conceive of a network of high thermal conductivity pipes on the pond
bottom, with a fluid flowing through the pipes to extract energy from the
pond.' Because of low thermal conductivity of stationary water in the pond
this technique would be very inefficient in a nonconvecting layer. For
this reason, Tabor(z) proposed using a stratified layer extraction tech-
nique whereby the entire bottom high-density layer is extracted, its energy
removed by passing through a heat exchanger, and the brine returned without
pond mixing to the bottom. Such selective withdrawal techniques have been
studied theoretically and experimenta]]y(27’28) but there is little pub-
lished experimental information on stratified extraction from thermohaline
ponds.



(10) heport_that experiments at the Technion in Haifa

" Tabor and Matz
show stable horizontal flow of a layer at the bottom of a solar salt pond

can be achieved. The example stated is that over a length of 500 m, with a

vertical density gradient of 3.3 x ]0'3/cm4, a stable Tayer flows from the

pond through a 0.15 m high aperture at a rate of 1.5 &/sec/m width; details

of these experiments were reported by Elata and Levin.(zg) Danie]s(30)has

detailed some of the results of these experiments and(co?pared results with
31

experimental stratified withdrawal results of Debler.

Elata and Levin's results are dépicted schematically in Figure 3.3.
The bottom layer (cross hatched) was successfully withdrawn. A secondary
layer formed adjacent to the withdrawal layer; the eddy resulting from end
effects of the pond is responsible for this secondary layer and yielded the
density and velocity profiles shown in Figure 3.3 (b and c). Note that
velocity goes to zero at a point within this secondéky layer. Tabor and
Matz suggest the same technique be used to remove debris which might
accumulate at various depths.

Weinberger included the effect of withdrawal in his analysis of tem-
perature variations in the solar pond. It is assumed in this analysis that
a convection zone of some depth forms at the bottom of the pond. The cal-
culations show that this zone will reduce the hourly variations about the
mean temperature at the bottom. In fact, by using Carslaw and Jaeger's(32)
equation for a convective zone and the diffusion equation, Weinberger shows
the maximum hourly temperature variation is reduced from 14°C without con-
vection to 6°C with a convecting layer 0.2 m thick. This variation is then
used with an energy extraction rate relation (proportional to flow rate and
temperature difference to which the working fluid is subjected) to calculate
variation in convected energy due to temperature fluctuations of the pond.
Results show that without a convection layer a pond operating at 98°C will
have an excursion in the hourly rate of energy conversion which varies by
9.1% about the daily mean. On the other hand, the maximum and minimum
hourly rates with a 0.2 m deep convection layer are 3.4 and 3.2% greater
than and less than the daily mean, respectively.
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Usmanov, Eliseev, and Umarov(33) have shown experimentally that strati-
fied layer withdrawal of the bottom layer is possible "without violating
stable operation" of a 0.23 m deep laboratory model pond. In these experi-
ments energy was extracted at a rate close to the rate at which energy was
absorbed in the extraction layer. These experimenters observed also that
if the boftom extraction layer is separated from the nonconvecting insula-
tion layer by a thin transparent film the temperature of this layer
increases by about 8% and the bottom layer is cooled at a slower rate
than when the film did not exist. This indicates some convection in the
pond.

There has been 1ittle effort devoted to energy extraction from the
removed layer. One concept which should be considered is suggested by

Hirschmann$34’35)

to flash evaporate the hot brine and use the vapor to
drive a turbine, The resulting fresh water ‘could then be used to wash
diffused salt from the pond surface; the concentrated brine could be
injected back into the bottom layer of the pond. Hirschmann calculates
that with an average useful power of 104 w/m2 availahle for the Claude pro-
cess,(36) resulting useful mechanical energy would be about 3.4% of total
heat received at the collector. It should be noted that subsequent analy-
sis in this report'indicates Jower overall efficiency. .Bloemer, Eibling,
Irwin and Lot(37) discuss use of flash evaporation in pond-type solar stills.
Hirschmann(35) reports results of a geothermal flash-evaporation plant which

began operation in 1953 with 91°C Water and produced 200 kwe.

Magnitudes of energy extraction rates for nonconvecting ponds have been
calculated, but only for operation at some optimum temperature. These cal-
culations have been discussed briefly; the results appear in Figure 3.2.

It is emphasized that the calculations were based on operation at a constant
optimum pond temperature and a given mean power conversion. For example,
the optimum operating temperature for a 1 m deep pond is about 98°C and the
overall conversion efficiency (including collection and conversion by a
Carnot engine) is approximateiy 4%. The corresponding mean power density

of the pond approaches 10 Mwe/kmz. Efficiencies arrived at in preliminary
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plant design later in this report are generally less than 3%, largely
because of higher parasitic losses associated with the large quantities of
water which must be moved to obtain power from a low Carnot efficiency
system.

3.2. Nonconvecting Membrane Pond

Stability of nonconvecting ponds from which energy is extracted is not
well established. The experimehta] extraction studies performed by Usmanov,
Eliseev and Umarov, discussed in the preceding section, indicate that while
extraction was accomplished: "without violating stable operation," cooling
of the bottom layer was retarded by inserting a transparent barrier between
the extracted layer and the nonconvecting isolation layer (i.e., the barrier
seemed to help retain stability). This is the nonconvecting pond with mem-
brane concept, one which Rabl and Nielsen propose should be‘usefu]'in main-
taining-stability in ponds used for comfort heating of buildings. It is
this concept which will be addressed in this section. ‘

3.2.1 Description

A membrane-partitioned salt water pond is divided into two'components
which are separated by a transparent partition (Figure 3.4). A nonconvec-
tive component above the partition is created by producing a salt gradient
which acts to stabilize the fluid in the manner described previously. This
component is equivalent to the conventional nonconvective salt water pond
except it does not contain a bottom convective region. The second component
is, on the othér hand, the hot convective region of the pond from which
energy is extracted. It is located beneath the transparent'partition and
the black bottom foundation of the pond. The fluid in this region can be
moved freely with minimum mixing in the upper (insulating) component. This
would eliminate some possible instability due to energy extraction from
conventional, nonconvective ponds.

The process of operation is identical to that of the conventional non-
convecting pond. Solar energy incident on the pond surface is partially
refracted and absorbed in the bulk. The 0.2 to 0.9 um wayelengths penetrate
the transparent partition and reach the pond bottom. The region beneath
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the partition is thermally energized and reaches a uniform temperature by
means of convection. The nonconvecting layer allows energy to escape pri-
marily by thermal conduction, which is small (approximately 0.6 W/mz/m).
Consequently thermal energy is trapped in the water and soil beneath the
partition.

Since rigid partition structures would be costly, the partition would
likely be a flexible membrane. If this is the case, overall loading of
the partition must be small to prevent rupture. This means that either the
lower layer density must be such that the convection region supports the
insulation layer, or the convective region must be given a pressure head to
balance gravitational forces on the partition. This latter method would
allow use of fresh water for the convective fluid and eliminate corrosion
problems otherwise associated with energy extraction from a brine. Since
salt content is proportional to the square of the depth (with a constant
gradient), the membrane allows for Ose of considerably less salt and hence
a substantial reduction in pond cost. It would require, on the other hand,
that the membrane be fixed to the pond walls by a leak-tight seam. If
salt water is used as the convective layer the membrane attachment to the
pond foundation may not need such a seam, Nie]- n has observed the con-
vecting 1ayef growth rate to be smﬂ]] in NaCl ponds so that it may be that
the mere positioning of a membrane with crude (loose) support (i.e., no
attempt to make the membrane leak-tight around its periphery) will tend to
deter layer growth. This is conjecture only; further experimentation is
necessary to substantiate effects of a "loose" membrane.

3.2.1.1 Diffusion

Problems associated with diffusion of salt in the membrane pond are
identical to those posed by the conventional nonconvecting pond. Salt will
diffuse from the bulk to the surface at the same rates with a deterioration

_of the density gradient. This salt will have to be washed from the surface
and make-up salt injected into the lower region of the insulating layer.
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3.2.1.2 Storage

Storage in membrane ponds is an inherent feature of these systems.
Thermal energy is stored below the membrane in the fluid and in the soil
(assuming ground water conditions permit this) and remains there until
demand requires its release for conversion or heating purposes.

Ground storage time constants will be the same as those discussed ear-
lier for conventional nonconvecting ponds. But temperature of the convec-
ting region will be more controllable; i.e., temperature will depend on
thickness of this region (depth below the membrane). Calculations performed

by Rabl and Nie]sen(B)

show this temperature decreases with increasing
thickness of the convecting layer. The mean value of the temperature is
independent of the thickness of the convecting layer. If the pond area is

allowed to become infinite this mean temperature is given by:

y

- — 1l _
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where T; is the average ambient temperature, d is the thickness of the
insulation region, and Ky is the thermal conductivity of the pond.

These same investigators show that variations about the mean decrease
with increasing thickness of the convection region while the phase lag
increases. For example, increasing the convecting layer thickness from
1.8 to 3 min a 160 m2 pond with a 1.4 m thick insulating (nonconvecting)
layer decreases variations about the mean from 29°C to 21°C and increases
the phase lag relative to insolation from 85 to 92 days. The pond tempera-
ture peaks about October if insolation peaks in July. This phase relation
is shown in Figure 3.5.

However, in power producing ponds with relatively high flow rates and
relatively low AT, the above phase relationships are of Tittle significance.

3.2.1.3 Stability

The membrane pond will be more stable during energy extraction than
the conventional nonconvecting pond. Fluid can be moved in the convection
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layer, only perturbing the insulating layer by thermal energy exchanges
through the membrane. Since simi]ér thermal interactions exist between
convection and insulating layers in conventional nonconvecting ponds, the
primary difference between these two pond concepts is in the mechanical
coupling and molecular diffusion rates between the two layers.

Instabilities associated with the insulating layer are identical to
those in the insulating layer of the conventional pond. That is to say
convection cells can occur at almost any depth and once initiated they may
spread unless precautions are taken to quench them. The injection tech-
niques developed and being tested by Nielsen show promise of this control.

1t is important to note that effects of membrane partitions have not
been evaluated extensively enough to draw precise conclusions of their
value in controlling stability. The Russian experiments (Usmanov, et a1.)(24)
indicated membranes increased pond efficiency, even though the experimental
ponds used were small and side effects may have been.considerable. On the
other hand, these same investigators conclude from.results of experiments
on ponds without membranes that the bottom layer can be extracted and
reinjected without loss of pond stability. If this can be shown on a much
larger scale there will be no need for a partition to help assure stable
operations. Indeed, Nielsen's extraction and injection experiments on an
outdoof NaCl pond indicate this might be so. It should be realized, however,
that the approximate temperature variation between surface and bottom was
from 20 to 60°C in Nielsen's work. Ponds with Targer temperature gradients

may show instabilities not present with the smaller gradient.

3.2.2 Qperation

Pond operation can be described in terms of the same properties which
describe conventional nonconvective ponds. These properties have been
designated previously as salt gradient preservation, transparency mainte-
nance and energy extraction; their relationships to pond operation are
discussed in the following pages.
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3.2.2.1 Pond Transparency

Maintenance of pond transparency is as critical to the membrane pond
as it is to the conventional pond. Layer extraction and filtering might be
used to remove suspended debris but removal of debris and algae accumulation
on the partition could be difficult if adhesive forces at the surface of the
partition prevent fluid flow from sweeping the membrane surface clean.

3.2.2.2 Energy Extraction

Membrane ponds look most attractive in the area of thermal energy
extraction. This is because fresh water might be used in the convecting
region below the membrane; as noted earlier in this report, this should be
possible if the convecting region is pressurized to eliminate loading of
the membrane. The corrosion problems associated with handling hot brine in
the thermal energy exchangers would be eliminated then. In addition pond
costs would decrease by about 50% since salt (the most costly ingredient in
the pond) would not be used to build up the density of the nonconvective
region.

It should be noted also that rate of extraction of the hot fluid is
"less dependent on stability of the insulating region than in the conven-
tional pond where the convective (mixed) region thickness depends on rate
of removal of the hot layer.

Conversion to electrical power will be similar to that envisioned for
conventional nonconvecting ponds; i.e, thermal energy removed from the hot
layer and converted to electrical energy by means of a closed or open cycle.

3.3 Viscosity Stabilized Pond

The use of thickeners to stabilize a solar pond is a relatively new
cohcept. Analysis has been completed only on a preliminary basis. The
discussion below was provided by L. H. Shaffer.

Little information is available on the spectral transmission charac-
teristics of thickened solutions. It is expected that Tight transmission
will be within 1 or 2% of that for clear water. However, the collection or
development of real data is required.
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The question of viscosity versus convection is an exceedingly complex
problem. In a nonconvecting system with a 1inear temperature/depth charac-
teristic, the. fourth power of the maximum stable depth should be directly
proportional to the viscosity and inversely proportional to the AT.

Ponds that are 1 m deep, with bottom temperatures of 60 to 90°C, can
have viscosities as high as 100,000 cps (about 1ike mayonnaise - will not
flow readily) and still not guarantee stability. Smaller temperature gra-
dients, a shallower pond, lower temperatures, or perhaps other measures may
be necessary. In connection with the viscosities, there is one favorable
factor. A1l of the numbers reported herein and most that are available are
for a flowing system; however, polymer gels are shear sensitive, and gener-
ally the zero shear rate viscosity--the one that applies before convection
begins--is several times higher than the value appropriate to a flowing
fluid.

In a working pond, it may be desirable to reduce the water loss asso-
ciated with evaporation. It may be desirable to use a horizontal trans-
parent cover on the pond.

- 3.3.1 Thickeners for Viscosity Stabilized Solar Pond

Natural Po]ymérs

A truly astonishing number of natural polymers are available. which
might be used to thicken water. Substances such as gum arabic, locust
bean gum, algin, starch, and gelatin are all potentially useful for the
purpose if sufficiently refined and clarified. The possible utility of
these natural materials has not been pursued in any systematic manner for
the following reasons: 1), the supplies of such materials are uncertain,
2) it would be hard to guarantee the cleanliness and quality control required
for the routine preparation of clear gels from patural materials, and
3) materials such as starch and the starch derivatives and animal products‘
such as casein and gelatin, are not expected to have the required degree
of stability in hot aqueous systems. However, it seems 1ikely that natural
products such as the plant gums and seaweed extracts should be examined
when time permits. ’
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Semisynthetic Polymers

In addition to the natural products that are normally water soluble
(dispersible), there are a large number of materials based on cellulose.
Celluloge itself i5 insoluble, but soluble derivalives with a side variety
of characteristics are easily prepared. The monomer unit of the cellulose
chain may be taken to be glucose minus one molecule of water. There are
three reactive OH groups per anhydroglucose residue. Variation in the num-
ber and kind of substituents allows great control over the properties of
the derived polymer. o

The water soluble derivatives of cellulose are manufactured in large
quantity. They are intended to compete with, or replace, the nétura] gums
and thickeners. They are inexpensive, of good quality, and seem inherently
more stable than starch (both starch and cellulose are polysaccharides but
they are linked together in a slightly different spatial arrangement). The
principal water soluble cellulose derivatives are: carboxymethylcellulose,
hydroxyethl cellulose, methylcellulose, and hydroxypropyl methylcellulose.
Prices range from mostly $1.00 to $1.20/1b to a high of $1.60/1b. The
cellulose derivatives are efficient thickeners: substantial effects are
produced at concentrations of 1 to 3%.

Synthetic Polymers

The synthetic polymers which seem most 1ikely to produce substantial
effects when used alone or as salts in aqueous systems are: polyacrylic
acid (salts), polyacrylamide, a -carboxy vinyl polymer, and polymers of
ethylene oxide. Prices here range from $1.25 to $2.90/1b, the most expen-
sive being exceedingly efficient at only 1% in water.

In addition to the materials which provide a high degree of thickening
by themselves, two water soluble synthetics offer outstanding possibilities
for enhancing the performance obtained from other water soluble polymers.
They are polyvinyl alcohol (PVA) and polyvinylpyrolidone (PVP). Considera-
tion of blends and mixtures is far beyond the scope of the present report,
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but PVA at $0.57/1b, which its known excellent stability in hot aqueous
solutions, and its superior resistance to sunlight, is certainly a prime
candidate for inclusion in any further investigation.

Special Techniques

Cross-linked Polymer Gels. Several of the polymers already mentioned

can be cross-linked to form permanent gels: 1) 0.5% solutions of CMC can
be converted to soft gels by adding on1y 0.035% of basic aluminum acetate
to the resin/water mixture; 2) the American Cyanamid Company has developed
a "chemical grout" that is preparéd by adding cross-1inking agents and a
catalyst to aqueous solutions of the polyacrylamides; and 3) materials such
as PVP can be permanently gelled by heating the aqueous solution with
alkali. Techniques such as. these offer great potential for reducing the
cost of the polymer gel controlled solar pond. However, to get good Tight
transmission we need a higH]y homogeneous mixture, and it is clear from

the manufacturer's instructions that great care must be exercised to obtain
a uniform gel. Research and development may be needed to learn how to make
these gels reliably on a large scale. Further, some method for disposing
of the "permanent" gels will eventually be needed.

Detergent/0il/Water Gels. It is'possib1e to make clear gel-like

compositions without using polymers at all. Quite a variety of ethylene

~ oxide adducts of o0il soluble organics will, either by themselves or with

a clear oil in the system, form clear gels. The problem here is that most
systems require a minimum of 20% of the organic ethoxylate at prices

in the range of $0.50 to $1.00/1b. This appears unattractive from an
ecanomic point of view. Perhaps there would be other benefits.

3,3.2 Suitability of Various Polymers for Prolonged Use in Hot Water

The semisynthetic (cellulosic) polymers may be heated in water to
near the boiling point without obvious viscosity degradation, but they may
not have long-term stability at temperatures above 60°C. Methocel gels
come out of solution at this temperature or a bit above depending on the
grade. This phenomenon may serve to protect the polymer. At the same time,

~
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the precipitation of polymer will probably cause a drastic reduction in
light transmission. This may provide a desirable degree of self-regulation.

Some of the synthetic polymers, polyacrylamide for example, may be
just as limited as the cellulosics. However, substances such as PVA and
carboxy vinyl polymer are expected to have outstanding stability in aqueous
solution. The polymers of ethylene oxide precipitate reversibly from aque-
ous solutions just below the boiling point. They are expected to have
adequate stability.

3.3.3 Stabilization/Additives

Preservatives

Any warm moist body offers the potential for the incubation of molds
and bacteria and it seems 1ikely that the upper cooler layers of the solar
pond will require some defense. This is particularly important for the
cellulosic materials as they are subject to enzymatic degradation. A great
variety of suitable materials are known and the quantities needed are
exceedingly small. For the preparation of cost estimates, we should add
1 to 2% to the value of the polymer.

Antjoxidants

Many polymer degradation reactions involve oxygen, alkali, and possibly
light. It is desirable to exclude oxygen and some pond designs will inci-
dentally perform this function. Nevertheless, it is probably wise to plan
for an oxygen scavenger. Inexpensive materials are available and they will
be used in small quantities in any case. The cost will probably be
negligible.

Sunscreens

Most organic materials are susceptible in one way or another to attack
and degradation by ultraviolet light. For long-term stability under the
conditions that will exist in the solar pond, materials that cut out or
absorb the UV component of sunlight will almost certainly have to be
added. Energy will not necessarily be lost; much of it may show up as
heat in the upper layers of the pond. Compounds that are suitable for the
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protection of standaid plastics are commercially available. For cast esti-
mating, 1 to 2% should probably be added to‘the;vg]ue of -the: palymer,

3.3.4 Light Transmission and Physica1 Characteristics of Solution

Clarity

Some of the polymers proposed are promoted on the basis of the ekcep—
tional clarity of the solutions or gels that they produce. However, there
do not seem to be any precise data on the 1ight transmission of long columns
of the thickened fluids. Such data are needed, preferably at several dif-
ferent wavelengths. In the absence of any other information, solutions
which look clear, water white, and which have been properly mixed so that
there are no obvious strings or cords should be assumed to have the same
light transmission characteristics as water.

Physical Properties

Dilute (2%) solutions of the polymeric thickeners covered here will
not differ appreciably from wateyr in many physical properties. The refrac-
tive index may -be increased by as much as 1%, Densities should be within
0.3% of the value for the solvent, and for estimating purposes, the heat
capac1t1es may be taken to be the same as water.
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4.0 PRELIMINARY DESIGN

Comparative evaluation of the various solar pond concepts is accom-
plished by normalizing all concepts to the same set of operating and envi-
ronmental conditions. The primary basis for comparison is a 10 MWe gross
output. A common gross power output was selected to facilitate use of
Batte11e-Northwest's computer codes available for power plants.

The baseline solar pond power system was delineated on the basis of
technical feasibility where possible (i.e., systems and equipment with _
proven performance in other applications). The systems and equipment cho-
sen are not necessarily the most economically viable. Innovations, situa-
tions of opportunity, or technological improvements that could substantially
improve performance or reduce costs are discussed in Section 8.0.

Modern central power plants do not operate over the range of fluid
temperatures avajlable from solar ponds. Thus, standard equipment with
highly predictable performance such as turbines and condensers are gener-
ally not applicable.  The only power plant that could be found worldwide
that operates over a similar range of fluid temperatures is the Paratunka
Geothermal Electric Power Station on the Kamchatka Peninsula in Russia.(38)
The plant operates on a binary fluid (Freon-12) Rankine cycle. Pertinent
details of this plant are outlined below: ‘

e Installed capacity - 750-1,000 kW (approximately 1 Mwe)
o Consumption.of electric energy by power station - 37%

o (Cost of 1 kW installed capacity - 1600 rubles (1967) approxi-
mately $1600 U.S. (1967)

® Geothermal water temperature - approximately 83°C (181°F)

® Geothermal water flow rate - 1272 gpm (approximately 17,000 gpm
mr1om%)

® Cooling water temperature - 15°C (59°F)
® Cooling water flow rate - 6693 gpm (90,000 gpm for 10 Mwe)

® AT between source and sink - 68°C (122°F) -
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A single annual average value (550 ly/day - 0.26 kW/mz) for insolation
was selected. The limited time available precluded evaluation over a range
of daily and seasonal environmental fluctuations. Similarly, climatological
factors such as temperature and humidity were represented by single repre-
sentative_va]ues, although such values were not necessarily mean annual
averages. ‘

The following assumptions or ground rules were selected:
The power plant has a gross output of 10 Mwe.

® The baseline power plant is a binary fluid (isobutane) closed
Rankine cycle using conventional tube-and-shell heat exchangers.
A flashed steam cycle is included for comparative purposes.

e Storage of heat in the ground beneath the pond or removal of
heat by groundwater are neglected with respect to power produc-
tion. This is a conservative assumption, since ground heat will
in fact contribute to smoothing out pond temperatures.

® All cooling water is provided by wet cooling towers.

e Evaporation rates are based on a relative humidity of 40% and
dry bulb temperature of 21°C (70°F).

® The salt concentration is 25 wt% and the salt used is magnesium
chloride. (Note: 0.25 g/cm3 was used in thermodynamic calculations).

® land costs $500/acre with utilities, access roads, and improvements.

® A1l ponds are lined on the sides and bottom to prevent leakage,
but not insulated.

* Wave suppressors'are'required in open ponds.
° The useful 1ife of the pond and power plant is 30 years.

The cost analysis is directed toward two basic items: 1) capital cost
in $/kW using 1975 dollars and no escalation and 2) energy cost at the bus
bar at a wholesale price in mills/kW-hr. The capital cost is divided into
direct and indirect costs. Direct costs include equipment purchases,
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construction and installation costs.  Indirect costs include interest on
capital money, taxes, insurance, engineering costs, quality assurance, etc.
The energy cost is calculated from the total capital cost by summing fixed
charges (insurance, interest, taxes, etc.) and operation and maintenance
(08M) costs (personnel charges plus annual expendables).

4.1 Preliminary Design of Ponds

For comparison purposes, it is assumed that, except for the shallow
pond, the pond characteristics are similar. Since there are no completely
reliable engineering design data on any of the systems, this seems a reason-
able assumption.

Each nonconvecting pond is assumed to be 6 ft (1.83 m) deep. A1l of
the ponds are assumed to operate at 90°C (194°F). Such an operating tempera-
ture throughout the year may be optimistic. If this temperature is main-
tained during periods of low insolation the energy extraction rate will have
to be lowered. This would héve the effect of increasing power costs. How-
evef, effects will be comparable for each of the pond types. Hence, for com-
parative purposes, this is considered an adequate assumption.

For reference design purposes, an overall cycle efficiency of 2-1/2%
(electrical energy at bus bar versus mean solar insolation) was assumed.
Pond costs were to be adjusted proportionally for variation from this. How-
ever, cycle efficiencies obtained in subsequent analyses were close enough
to this value that.the estimated pond costs were used with little
modification.

4.1.1 Pond Size
An average annual insolation of 550 ly/day is used for'pond'sizing.
550 cal/cn? - day =
550 ca]/cm2 - day x 929 cmz/ft
x 1/252 Btu/cal = 2028 Btu/ft® - day
2028 Btu/ft? - day x 365 days/yr

740,220 Btu/ft-yr
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At 550/1y day and 2-1/2% overall efficiency 10.Mwe requires a pond size of:

SOSoRe = 400 MW thermal
400 MW x 365 days/yr x 24 hr/day

3.5 x 107 KH-hr/yr

1 kW-hr = 3412 Btu

3.5 x 10° x 3412 = 1.2 x 10

1.2 x 10'3
740,220 Btu/fté yr

13 Btu/yr

Btu 1.6 x 107 t2

= 4000 ft (1.22 m) on a side

4.1.2 Common Pond Chararacteristics

The common design characteristics of each nonconvecting pond follow.

Earth Construction

The pond is cohstructed on nearly level ground which requires only a
few passes with a patrol grader for leveling. The dike is constructed by
moving earth from directly outside the pond area, creating a shallow ditch.
The dike is 12 ft across at the top to provide a reasonable access road.
Dike construction is illustrated in Figure 4.1.

Pond Lining

The pond is lined with hypalon. While extensive work might indicate
that a clay lining or building ponds on clay might be adequate, the rela-
tively small cost and the extra degree of environmental protection achieved
with a liner indicate this to be a worthwhile step. The hypalon liner also
provides a uniformly black surface and protects against plant growth from
the bottom of the pond. There is a reasonable amount of experience with
lined ash ponds and other large-scale applications. The material can be
guaranteed for 20 years.

The bottom liner (and membranes where used) are retained with a 12 in.
wide by 24 in. deep concrete section running the full circumference of the

pond.
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Heat Extraction

For design purposes, it is assumed that a 1ayéred flow can be achieved
without introducing pond instabilities. Flow is calculated as follows for
the reference pond. As with pond size, variations arrived at from power
plant design were to be adjusted propbrtiona]]y. However, the effects were
small enough and time short enough that these %terations were not made. The
design arrived at below was used'for cost purposes.

Assume:
Power = 10 Mwe

Insolation = 550 ca]/cm2 day average over year

AT = 14,5°C (26°F)
£ = 10% cycle efficiency
p = density = 1.2 g/cm3

Cp = heat capacity = 0.86 cal/g °C
F = flow, Ft3/min (28,316 cn’/ft%)

1 watt = 14.3 cal/min

Then:

6 W .
10 Mwe x 10 MWE‘X 14.3 cal/min - watt

0.1 x Fx1.2 5%3 x 0.86 cal/g - °C

Power

x 14.5°C
1.43 x 108 cal/min = 1.50 F

r;Jn
3|

e ‘ 8 cm3
‘F]OW = F=0.95x 10 m L

3354 £t3/min

26,400 gpm

With a pond width of 4,000 ft and a flow of 3300 ft3/m1n, the velocity
of a 1 ft thick layer would be:
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volume/min
cross section

Velocity =

_ 3,354 ft3/min
7,000 Ft x T ft

0.82 ft/min (0.25 m/min)
This velocity is sufficiently low that layered flow seems a possibility.

With a heated layer oﬁ]y 1 ft deep and a velocity of 0.82 ft/min, it is

interesting to note that the layer would be completely changed in %gg%_;%ymin
_ . 4900 min _ : ,
= 4900 min or 50 min/hr 82 hr, or about 3 1/2 days.

Assuming a 5°C AT is allowable for power plant operation, the time
required to restore a meter of water from the lowest to the peak temperature
(say from 87°C to 92°C) is calculated below;

A1 m deep by 1 cm2 column at 5° AT requires 100 cm deep x 1 cm2 Cross

section x 5° AT x ca]/cm3 - °C AT = 500 cal. With 500 ca]/cm2 - day and an
insolation efficiency of 25%, the time required to recover is
500 ca]/cm2
550 cal/cmZ - day x 0.25 efficiency
= 3.64 days

A slotted plenum for water removal is placed the full length of the
pond and connected to transfer piping by a 6-in. diameter plastic pipe
through the dike. A comparable system is installed on the opposite side
of the pond for water addition (Figure 4.2).

While cost estimates were based on this design, subsequent thinking
is that the collection and distribution pipes could be placed directly in
the pond, eliminating the need for insulation and simplifying the constru-
tion considerably. However, flows arrived at subsequently were actually i
considerably greater than those used for cost estimates, so the estimates
were not changed. It is expected that this analysis will be revised in
the future, but the total present estimate is only a little over $1,000,000
so the modifications are not expected to be significant.
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Facilities for desalination and makeup materials shown fn Figure 4.2
will be discussed later.

As an alternate, a separate item is identified for economic considera-
tions. This assumes that laminar flnw across the full width of the pond
cannot reasonably be achieved. To compensate, 4 in. slotted pipes are placed
every 100 ft on both the inlet and outlet sides, the full width of the pond
and water is transferred only 50 ft. The 4 in. pipes are placed as shown
in Figure 4.3, so flow from incoming pipes travels only 50 ft from each side
to an exit pipe. Flow in opposite directions with such an arrangement could
help to reduce overall drag on different pond layers. It should be noted
that this is simply a concept and fairly extensive analysis and experimenta-
tion is required to provide design information suitable for actual pond con-
struction. This alternate arrangement requires 50 - 4000 ft lengths of
4 in. slotted pipe on each side, a total of 80 x 4000 = 320,000 ft of pipe.

The pipe from the plenum to the power plant is placed outside the dike
and buried with cured-in-place insulation 6 in. thick. Expansion fittings
are provided every 200 ft (Figure 4.2). The pipe size is varied from 4 in.
diameter at the far end to 36 in. diameter at the power plant. Pipe is
sized for 8 fps maximum velocity and the size is increased in 500-ft incre-
ments to accommodate added flow along the length.

Using a flow rate of 3,300 ft3/min and a maximum ve]ocity of 8 ft/sec,
the pipe diameter at entry to the power system is: -

F = 3,300 ft3/min =

area of'pipe x velocity

= A x 8 fps = A x-8 fps x 60 sec/min
3,300 ft3/min

A= 780 ft/min |
- 6.9 ft2 = 6.9 x 144 in.?
= 1000 in.
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A=
02 2 8A _ 4.1000 _ 4,70
m
D = 35.6 in

Using a pipe ]éngth of 4000 ft, 500 ft increments and a minimum pipe
diameter of 4 in., the pipe sizes would be:

Area, in.2 Pipe, I.D. in.
1 1000 36
2 859 33
3 718 30
4 577 27
5 436 24
6 295 20
7 154 - 14
8 13 4

Subsequent analysis showed larger flow to be desirable to optimize heat
exchanger AT. However, an iteration in pipe size was not made.

Pumping stations are placed 1500 ft and 3000 ft from the power house
end of the pond outlet pipe.

Pump sizes will vary with power plant characteristics.

Reference pond characteristics specific to pond type are discussed
below.

4.1.3 Nonconvecting Salt Pond

A cross section of the nonconvecting salt pond is shown in Figure 4.4.
It is assumed that the bottom foot of the pond is uniformly 25 wt% MgCl.
The top 5 ft of the pond varies uniformly from 25 wt% to O wt% MgCl. MgCi
is used for reference purposes because it is presently believed to offer
greater stability potential. NaCl or other materials may be less expensive
and may ultimately be shown to be satisfactory.
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The density gradient is maintained with recycled salt and fresh water
from either a flash evaporation cycle or from distillation of a part of the
pond outlet stream (Figure 4.3).

At 0.063 kg/mz—day diffusion rate, a pond 4000 ft x 4000 ft will
require: '

6 .2

x 0.09 m2/ft2
2

16 x 10° ft

14.4 x 10° m

0.63 kg/m - day x 14.4 x 10° m?

9.1 x 10* kg/day

9.1 x 10% x 2.2 1b/day

]

200,000 1b/day
At 25 wt% salt, the weight of water to be evaporated each day is thus:
200,000 x 3 .

600,000 1b/day

or 600,000 _

m-l = 75,000 ga]/day

For desalination, a vapor compression cycle system was used for esti-
mating purposes because a budget-type estimate could be obtained from a
manufacturer(39) very quickly. For the 75,000 gal/day requirement, the
estimated cost was .$500,000. The vapor compression cycle system requires
power to operate - about 3% of the plant output. This has not been included
separately in parasitic power loss calculations, but is probably within the
tolerance of the figures used for such losses.

~ Since we are using the sun and looking for electrical power, a solar
still is probably more logical and should be given a detailed look in
future considerations.

Makeup water to compensate for evaporation is also added with the
desalinated water. ’



The salt is injected into the pond inlet line (Figure 4.2) and uni-
formly mixed prior.to' reaching the 1n1ét‘p1enum. The fresh water is added
at the top-of the pond, along with the makeup water. The combination of
supersaturated solution at the inlet at the bottom of the pond and fresh
water flowing aéross the top of the pond will be designed to maintain the
density Qrad1ent. ‘

A Tedlar cover 4 mils thick is pfovided for this pond to reduce
evaporation, minimize debris, and prevent wave action. The Tedlar cover
is provided with air pockets for buoyancy.

4.1.4 Nonconvecting Membrane Pond

In the membrane pond (Figure 4.5), if membrane support were not pro-
vided the salt concentration would have to be the same as in the non-’
membrane pond--25% in the bottom half and 25 to 0% in the top half. There
would thus be little difference in the mehbrane pond and the nonmembrane
pond. An extra 4-mil Tedlar sheet would be added and stabi]fty problems
would be simplified. In practice, this pond might require more salt than
a nonmembrane pond. In the latter some gradient might be possible from
top to bottom. In the former, the bottom half would have to be heavier,
or at equal pressure with the top half.

"Thus, for comparison purposes, a wéter-tight membrane with sufficient
strength to support the higher.density top half was considered.

The difference in weight of the top half, assuming a uniform gradient
from 25% to 0% is:

BBl w1 £e? x 625 /7t
x 0.25 x 0.50

25.6 1b/ftl

This is'a greater loading than the minimum 1live load (20 1b/ft2) in
the Uniform Building Code. To support such a load in a flowing salt
solution appears at first glance to be unreasonably costly.

A simple design, shown in Figure 4.6, and cost estimate appear to
support this conclusion. '
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Because of the above problems, a concept based on a membrane with
pressure equalized on each side was used. This concept is illustrated in
Figure 4.5. By pressurizing the bottom half of the pond with one or more
standpipes, pressure is the same on each side of the membrane and structural
support is not required. The membrane should be leak-free. However, since
the'pressure is equal on each side, transfer from one side to another would
be by diffusion and convection and not by a pressure difference. Maintain-
ing aAleak-free, or nearly so, membrane of a size in the range of 4,000 ft
on a side seems difficult. The use of a series of smaller ponds might be
one approach to simplification of this problem. '

In order té avoid discharging salt water outside of the pond envi-
ronment and minimize salt costs, the reference pond withdraws from the
bottom layer, just above the membrane, desalinizes this, and returns fresh
water and salt to the pond. This is illustrated in Figure 4.5,

4.1.5 Nonconvecting Gelled Pond

Because of the relatively limited evaluation of gelled pond concepts,
this type of pond is subject to more variation in approach. Thus, while
the following reference design is specific, it should be noted that it may
be even less firm than the previous design. However, the potential for
success of gelled ponds appears to be at least as great or perhaps greater
than that of salt ponds.

In order to minimize potential problems in pumping a high viscosity
solution and to optimize pond stability, a pond depth of 6 ft (1.83 m) is
assumed with the bottom 3 ft being brine or water with sufficient salt
content to assure that the gel will float. (See Figure 4.7.)

The top 3 ft are water-gelled with a synthetic polymer,

A cover sheet of 4-mil Tedlar is used to minimize evaporation and
debris. A 4-mil Tedlar sheet is also placed between the top layer and
bottom layer to prevent mixing.
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4.1.6 Shallow Convecting Pond

For the shallow pond concept, design and cost data from a recent LLL
(40) The collection temperature is assumed to be 90°C
and the collection efficiency is assumed to be 25% of the average annual

report are used.

insolation. LLL calculations 40 actually indicate efficiencies of

32.9% to 59.7% with an annual average of 43.4%. However, these are based
.on a temperature increase during the day with a final pond water tem-
perature of 29°C (85°F) to 79°C (175°F). In practice, a power plant sys-
tem would be designed to optimize the power plant efficiency - collector
temperature - collector efficiency relationship.

The collector design is a single plastic glazing over a water bag.
This design is illustrated in Figure 4.8.

In order to provide comparable storage, a volume equivalent to the

| nonconvecting ponds is used. This volume is provided in a reservoir

45 ft (14 m) deep with a surface area 1/7 that of the nonconvecting ponds.
This provides a liquid storage valume comparable to that of the con-
vecting layer in theAnoncohvecting ponds, Storage from the earth is
reduced. However, this is minimal for the assumptions used. In practice,
because we are working with a Jow AT and high flow rates, the storage in
the earth is probab]y'of little significance for'short-term - hours or
days - needs. '

The earth is used as insulation for the sides and bottom of the pond.
The top is insulated with a 6 in, layer of styrofoam floating on the sur-
face and a 4-mil Tedlar cover to minimize evaporation and heat loss due
to winds.

The storage tank is illustrated in Figure 4.9.
4.2 Power Plant

Calculations were based on two plant types,la binary fluid cycle
using isobutane and a flash steam plant. A schematic of the binary fluid
plant is shown in Figure 4.10, A flashed steam plant is shown in Fig-
ure 4.11. Conventional shell-and-tube heat exchangers, located outside
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of the pond, were selected. A binary fluid cycle power plant is more
realistic than the flash cycle at present. A turbine that will operate
in the flashed steam cycle conditions is not commercially available and
may never be readily available unless low temperaturé cycles become more
competitive.

A wet cooling tower was selected for cooling the working fluid due
"to uncertainty in the existence or use of natural features such as rivers
and lakes. Dry cooling towers are more expensive and less efficient for
the range of operating conditions under consideration and were not evalu-
ated. Evaporative ponds were rejected due to extremely large requirements
for makeup water and land. Use of wet cooling towers. can impose a large
thermodynaﬁic penalty with the resultant lowering of cycle efficiencies
as the wet bulb temperature increases. Dry bulb temperatures of 21°C
(70°F) and a 40% relative humidity assumed for the baseline plant limit
the condensing temperature of the working fluid to approximately 38°C
(100°F). The sink temperature of the Carnot cycle is the Towest available
cooling water temperature (wet bulb temperature). At a source temperature
of 90°C (194°F) the theoretical Carnot cycle efficiency therefore is:

sink(515°R)

TSOUY‘CE (654 R)

[«
Tsource(654 R) - T

nCarnot = 21%.

4,2.1 Binary Fluid Cycle

The turbines associated with binary fluid cycles are much smaller
than the corresponding turbines for a flashed steam plant because high
molecular weight fluids such as freons, ammonia or isobutane are used.
Problems with handling high salinity solutions, noncondensible gasés and
solids are restricted to the heat exchanger and greatly minimized. The
baseline plant calculations are based on isobutane as a working fluid
because the Battelle-Northwest power plant computer code (GEOCOST)
includes isobutane and previous work indicated that isobutane is an
appropriate working fluid over the temperature range available.
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Many questions concerning practical application of binary fluid cycles
for low quality heat sources should be answered in a few short years as
prototype plants are constructed for geothermal development in the Imperial
Valley of California and other Jocations within the linited States. Several
institutions (including Battelle-Northwest) are developing comprehensive
power plant computer models to permit analysis of binary fluid power plant
performance over a wide range of operating conditions.

The comparative performance of the various solar pond concepts were
evaluated using GEOCOST. The code covers geothermal fluids over a higher
range of available temperatures (up to several hundred degrees Fahrenheit)
than available from solar ponds. Therefore, operating ranges and assump-
tions in the GEOCOST code were modified as appropriate to suit solar pond
systems. Hand calculations were also performed to verify the validity of
the modifications.  The thermodynamic performance affects the costs of the
system in many subtle ways. The GEOCOST code was relied upon for compara-
‘tive evaluation of the various concepts over a range of operating tem-
peratures. The costs associated with the baseline plant may not be quite
correct due to differences between geothermal and solar pond systems.
However, the error in using the GEOCOST computer model for solar pond
power plants is felt to be less than 20%. The GEOCOST model is felt to
be within 30% of actual geothermal power plant costs. The cumulative
error for solar pond plants might be up to 50%.

The installed costs and bus bar energy costs derived in this study
are probably optimistic from an overall system standpoint because of the
nearly ideal operating conditions assumed. Cooling water temperatures
available have great effects on low AT heat source power plant perfor-
mance. Parasitic power losses for pumping increase substantially as the
cooling water temperature or pond temperature change even a few degrees.

Use of ammonia or some refrigerant other than isobutane as the cycle
working fluid might improve power plant performance in the low temperature
ranges available. The use of ammonia would be particularly appealing if
the pond could.not be maintained at 90°C either continuously or on a
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seasonal basis. The primary benefit derived from the use of ammonia is
improved heat transfer characteristics and correspondingly smaller heat
exchangers. Cycle pressures could also be higher.

(41) assumes a value for the overall heat

A recent study by TRW, Inc.
transfer coefficient (U) of approximately 420 Btu/hr ft2 °F using ammonia
as a working fluid in titanium heat ekchangers. The source temperature in
the TRW study was below 27°C (80°F). The comparable U for isobutane in the
same temperature range is approximately 250 Btu/hr ft2 °F. Reducing the
heat exchanger area in a solar pond power plant proportionate to the ratios
of the overall heat transfer coefficients for ammonia and isobutane
(250/420) results in a 40% decrease. The decrease would reduce the heat
exchanger area by approximately 66,000 ft2 in the 90°C (194°F) non-
convecting salt gradient pond with an isobutane working fluid. The
cost savihgs would be $790,000 or 11% of the plant capital costs. <Cool-
ing water requirements would similarly be reduced. However, other con-
siderations such as hazard to personnel and material compatibility must .
be factored in for ammonia cycle; the short time available for the study

did not permit detailed analysis of an ammonia cycle.
The assumed cycle operating conditions are as follows:

e Inlet water from solar pond: 90°C (194°F)
- o Condensing temperature for working fluid: 36.1°C (97°F)
e Wet cooling tower environment (69°F and 40% relative humidity): 55°F
wet bulb S
e Turbogenerator efficiency: 75%

A description of the power plant section of the GEOCOST computer
model follows below. Backup hand calculations are also included. Thermo-
dynamic properties of the working fluids are calculated using equations of
state rather than tabulated data. The pertinent cycle .calculations from the
GEOCOST program are described below:

Heat Exchangers

The preheater vaporizer and superheaters are assumed to be single-
pass, counter-flow, shell-and-tube type heat exchangers. The isobutane
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preheater, vaporizer and superheater equations below are set up to deter-
mine a heat transfer area from which a cost is determined, based on a rate
of $12/ft2 of surface area required. Heat transfer coefficients are
derived from actual working fluid properties determined from equations of
state. The heat transfer area in square feet is determined by the fol-
]ow1ng relationship:

Heat transfer area = mAh
where
m = mass flow rate of isobutane (1b/hr)
Ah = change in isobutane enthalpy (Btu/1b)
U = overall heat transfer coefficient (Btu/hr-ft2'°F)
LMTD = Log Mean Temperature Difference (°F)

At inlet - At out]et
At inlet
In(ZF SutTet)

To determine the overall heat transfer coefficient (U) =

1. Po D B 1 (fouling factor)
T HTC, (D 5K nDi ATC, fouling factor
where |
D, = outside tube diameter (ft)
Di = inside tube diameter
HTCi = inside heat transfer coefficient (Btu/hr ft2 °F)
HTC = outside heat transfer coefficient
= thermal conductivity of heat exchanger tube
material (Btu/hr ft2 °F)
Fouling - 2
Factor = Q.001 hr °F ft®/Btu.

The fouling factor is based on typical values for concentrated brines.

The heat transfer cdefficient (HTC) is determined as follows:

(Pr) 0. 3(Re)0 8
D

(0.023)K¢q 444

HTC =
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where

Kf]uid = thermal conductivity (Btu/hr ft2 °F)

Pr = Prandt] number
Re = Reynolds number
D = tube diameter (ft).

The solar pond water runs through the tube side of the preheater,
vaporizer and superheater. The number of tubes and length were derived
from conventional heat exchanger design methods. Sufficient heat is added
in the superheater to avoid two-phase flow through the turbihe. The '
vaporizer changes the working fluid from a saturated 1iquid to a satu-
rated vapor. The preheater heats the working fluid from the condensing
temperature to a saturated liquid state.

Turbine Generator

A conventional turbine was assumed for the power plant. Only one
turbine is known to have been manufactured in the United States specifi-
cally for binary fluid cycles. The turbine is a 9,000 kwe, three-stage,
radial-flow unit designed for isobutane and is manufactured by the York
Division of Borg-Warner Corporation for Magma Energy, Inc.(42{

The turbine exhaust conditions are established by the condenser cool-
ing water temperature available. Isentropic expansion is assumed through
the turbine. The theoretical steam rate (TSR) in pounds of vapor per kW,
is established from the following relationship:

3414 ' '
inlet ~

TSR =
h hcond

where

h = enthalpy of the vapor from the
superheater (Btu/1b)
= enthalpy of the working fluid

at condenser conditions

inlet

hcond

The actual steam (or vapor) rate is determined by dividing the theoretical
steam (TSR) by the turbine efficiency (v75%). '
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Condenser

The working fluid condenser for the binary fluid cycle is assumed to
be a single-pass, counter-flow, shell-and-tube type similar to the super-
heater, vaporizer and preheater. The equations are the same as those
tabulated earlier for the heat exchangers (superheater, vaporizer and
preheater.) Inputs include inlet and outlet cooling water temperatures,
working fluid enthalpies, temperatures and pressures, working fluid pro-
perties and flow rate and tube diameters. The output is the condensing
water flow rate, condenser area and length, and the individual heat trans-
fer coefficients. The condenser costs are based on the same price per
square foot ($12.00) as the other heat exchangers.

Pumps

A11 system pumps are standard centrifugal units driven by an electric
motor. Power consumption for pumping fluids is based on an 85% efficiency.
A 90% efficiency was assumed for the cooling tower fan motor. Discharge
heads are based on normal pressure drops through conventional heat
exchangers and the elevation required for cooling tower entrance.

Cooling Tower

The cooling tower used in the GEOCOST computer model is an induced-
draft evaporative cooling tower. Operating conditions assumed were
55°F wet bulb. Inputs to the cooling tower equations include cooling
water flow rate and temperature at the inlet, wet and dry bulb air tem-
peratures, humidity ratio and approach. Output values include the cooling
tower air flow rate, evaporation rate and overall heat load. Costs of the
cooling tower are based on a fixed cost for the gross plant power output
($720,000 for 10 MW, plant).

The heat load to the cooling tower in Btu/hr =

XCo (To =T ) =Q,Co (T g ~Tey)
Qwin Py T ! Qe Ce, UTia T

where:
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Q = cooling tower flow rate (1b/hr)

Yin
CP = specific heat of water at inlet temperature
1
A Tw = temperature of inlet water
in : .
T = temperature of outlet water
W
out
QLA = evaporation rate
CP = specific heat of water at evaporation temperature
2
TLA = temperature of saturated air at exit of tower
TCI = cooling water inlet temperature

Calculation of Thermodynamic State Points

The state points for a sub-critical binary fluid cycle are shown in
Figure 4.12.

In general, the final state points are established by an iterative
method based on cooling water temperature, heat exchanger approach, heat
exchanger pinch points and,the'fina] temperature of the solar pond fluid.
The computer runs for several binary cycle plants over a range of inlet
pond water temperatures are shown in Section 5.

An approximate hand calculation based on textbook values of the.base-
Tine binary fluid cycle power plant is included below for the noncon-
vecting salt gradient pond.

Hand Calculation of Power Plant Operating Conditions and Costs

The following baseline plant assumptions are used for the cycle
calculations:

e Inlet pond water: 25 wt% salt at 90°C (194°F)

e Condensing temperature [based on wet cooling tower at 13°C (55°F) wet
bulb operating over a (25°F) range with a (12°F) approach]: 32.1°C
(97°F). ‘ 4 '

o Working fluid: isobutane
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e Turbine efficiency: 75%

e Pressure drop in heat exchangerﬁ: 10 psi each

° Pumping head required fof cooling tower enfrance: 45 ft
o Pressure drop in condenser: 10 psi

-Assuming a (10°F) pinch point in the vaporizer and no superheat,
the maximum temperature of the isobutane working fluid in the cycle is
10° Tess than the incoming pond water 90°C (194°F). Therefore, the maxi-
mum isobutane temperature is 84°C (184°F) which corresponds to a maximum
cycle pressure of 212.5 psia. A maximum cycle operating pressure of
185 psia was selected to permit superheat of the working fluid (and thus
avoid two-phase flow) and also to accommodate a temperature approach
greater than 10°F in the superheater. The maximum cycle pressure of
185 psia corresponds to a maximum temperature of 79°C (174°F) (including
2°F superheat). Figure 4.13 shows the state point values for the
isobutane cycle.

The ideal Rankine efficiency for the isobutane cycle is:

(no) = h '.h2 est
R hy - hy sat 1iq
_ -627 + 644 _

nR = m = 10.8% (1dea])

The flow rate of the isobutane working fluid (wa)'is determined
from the following relationship:
_ 3474 x GRKHW

A = (hy - hy est)nTURB
whére
h, = enthalpy at turbine inlet (Btu/hr)
h2~est = exhaust enthalpy assuming isentropic expansion

Nrurg = turbine efficiency (assumed to be 75%)

GRKW = turbine output in kilowatts
wa .= 3414 x 10,000
' (-627 + 544)0.75
th = 2.68 x 106 1b of isobutane per hour
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The flow rate of pond water (pr) is determined by ca]cu]ating.a heat balance
on the vaporizer and superheater.

pr Cp (Tinlet B Tpp) = Quf (hy - h4)
where

Cp = specific heat of pond water at cdnstant pressure
1.0 Btu/1b

Tin]et = inlet pond water temperature = 90°C (194°F)

Tpp = pinch point temperature = 83°C (182°F) (see explana-
tion directly below)

h] = enthalpy of working fluid at outlet of super-
heater = -627 Btu/1b

hy = enthalpy of working fluid at inlet to

vaporizer = -736 Btu/1b

The vaborjzer pinch point temperature is the minimum temperature difference
between the pond water and the working fluid in the vaporizer as shown in
Figure 4.14, ’

. S
_ 2.68 x 108 (627 + 736) _ , 4 o 1a7
Quw = =" 1.0 (194 - 182y~ _ 243 x 100 1b/hr

adding 25% for the salt concentration

Qpy, = 3:04 x 107 1b/hr (49,000 gpm)

To calculate the exit temperature of the pond water, a heat balance is per-
formed around the preheater using the same pinch point as above:

Qe (g = hy SATL) - pr (Tpp ) Texit)cp
o . 3.04x 107 (182) - (2.68) x 10° (-736 + 784)
exit 3.04 x 10’
: Texit = 177.7°F
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FIGURE 4.14. Vaporizer Pinch Point Temperature

. Calculate heat rate (q) in heat exchangers (vaporizer, preheater and
superheater):

q = th (h3 - h])
6

2.68 x 10° (-784 + 627)

4.21 x 108 Btu/hr

To calculate surface areas of evaporator, preheater and superheater:

A=—9d
U x LMTD
where
q = hea? ratg =AwaAh |
U= overall heat transfer coefficient, Btu/hr ft2 °F
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LMTD = Log Mean Temperature Difference (°F)

Atsp - Atont

In

The following overall heat transfer coefficients were assumed:
preheater and superheater: 100 Btu/hr ft2 °F
* vaporizer: 250 Btu/hr ft? °F

For the vaporizer (refer to Figure 4.13):

A= Quelhs - hy) )
(193-172) -

Btu (182-172)
250 1 =fy20f ]
10
A = 77,400 ft?
For the preheater:
a2 Qurlng=hs)
100 (TSZ-}SZ) - (177.7-97)
In 80,7
A = 38,000 ft°
For the superheater:
A= Qur (h1 ~ hsx
(194-174) - (193-174)
In W
2

. A =2,750 ft

Total surface area for superheater, vaporizer and preheater = 2,750 +
38,000 + 77,400 = 118,000 ft2
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To calculate surface area of the condenser:

A O ("2 acT - D

- 2 SAT LIQ)
U x LMTD .

Inlet temperature of working fluid = Ty ACf = 49°C (121°F)
| Condeﬁsing temperature = 36°C (97°F)

Inlet water conditions to condenser = 19°C (67°F)

Outlet water conditions from condenser = 33°C (92°F)

Assume U = 250 Btu/hr ft° °F

A=2.68 x 10° (-639.8 + 784)
250 [§121—67)5; (97-92)]
1n5—
A = 75,000 ft2
Cooling tower flow (Qct):
Ot Cp Toug = Tin) = Que (ho act = a2 sat L1
q . = 2:68 x 10% (-639.8 + 784)
ct © 1(92-67)
_ 7
Qet = ].54 x 10" 1b/hr

Cooling tower heat load:

h )

q= Qy (houtlet ~ Yinlet

h

= enthalpy of water at 67°F-= 35.05 Btu/1b

inlet
= o

hout1et = enthalpy of water at 92°F

7

61.98 Btu/1b

q=1.54 x 10" (61.98-31.05)

8

g = 4.76 x 10° Btu/hr
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4.2.2 Flash Steam Cycle

A flashed steam cycle is more straightforward than the binary fluid
cycle. A power plant diagram was shown in Figure 4.11. The flashed steam
cycle has the added advantage of providing fresh water for pond make-up and
concentrating the brine without the aﬁxi]iary equipment required for the
binary fluid cycle. Standard turbines are not commercially available for
the available range of operating pressures. Turbine efficiency could well
be so Tow (probably well under 50%) that potential benefits would be can-
celled by high costs and poor performance. The short duration of the study
did not permit an evaluation of steam engines in lieu of turbines. However,
steam engines should be examined in detail before the concept of a flashed

steam cycle is discarded. The performance data for flashed steam plants

appear in the tables at the end of Section 5.0.

The ideal Rankine cyc1e efficiency for a flashed steam plant over the .
above range of conditions, assuming a practical exhaust pressure of 2 psia
and the flashed steam at 71°C (160°F) is:

h-l" h
nRankine = - h

2 estimated
2 sat. liquid

where

h = enthalpy in Btu/lb, sat. liquid = saturated liquid and
h estimated is based on isentropic expansion through the
turbine. '

.- 1129.9 - 1035 9
nRankine = 11559~ - 8.9%

Subtracting the losses due to pressure drops, turbine efficiency, pump-
ing losses, etc., the actual Rankine efficiency is below this value. The
actual Rénkine cycle efficiency is less than one-third of the Carnot
efficiency.

The quantity of steam that will flash from solar pond fluid is based
on the following assumptions: '
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o Fresh water at 90°C (194°F) and one atmosphere (14.7 psia)

e To compensate for salt, add 25% (or percent concentration)
to required flow of pond water

* Enthalpy of fresh water at 50°C (194°F) = 162 Btu/1b (from Combustion
_Engineering Steam Tables)
® The heat contribution of the salt in solution is negligible

Steam fraction recovered (X) in steam 1b/water 1b in a flash vessel:
h
h

oy = n - Neaturated 1iquid

vapor Nsaturated Tiquid

hin = enthalpy of entering water from
pond = 162 Btu/1b at 50°C (194°F)

h = enthalpy of pond water leaving

saturated liquid
flash vessel

hvapor = enthalpy of vapor at flash temperature

The maximum steam fraction recoverable from fresh water is obtained
by evacuating to near absolute zero pressure:

_ 16250 e 1
X=1g751-0" '°1%

or 15.1 1b of steam per 100 1b of fresh water. For 25% salt solutions, an
additional 25% flow of water would be required. The maximum steam fraction
recoverable from a 25% salt solution is therefore 15.1 1b/125 1b water,

or 12.1%.

The pressure in the flash vessel must be balanced against the lowest
practical condenser pressure (approximately 2 psia) and the pressure drop
across the turbine. Decreasing the pressure in the flash vessel to produce
more steam results in a lower pressure drop across the turbine and an
increasingly ‘larger turbine. Time did not permit optimization of the pres-
sure balance between the flash vessel turbine and the condenser. A common
method is to average the temperatures as follows:
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T -7 | ) (Twih ~ Tcond.)
F S Wine 2. .. .
TF = temperature of flashed steam
Win - temperature of water from solar pond = 90°C (194°F)
Tcond = temperature of saturated liquid at a practical condenser
A pressure (2 psia) = 52°C (126°F)
T =94 - U3 T28) 2 q9q - 34 = 710 (160°F)

Figure 4.15 shows the steam fraction recovered versus temperature for
fresh water and a 25% salt solution. For the 71°C (160°F) average tempera-
ture selected:

steam fraction recovered (X) = ]}gg ; 12{é§787

from fresh water

X = 0.0341 or 3.41%

steam fraction recovered (X) = 0.0341 1%%%1 (100)
from pond solution

X 2.72%

Steam Flash Vessel

The flashed steam cycle begins in a flashing vessel where the pressure
is reduced on the pond water entering at approximately one atmosphere
(14.7 psia) and 90°C (194°F). The flash vessel would probably require steam
ejectors to remove noncondensib]e'gases in the pond water. The optimum tem-
perature for flashing is a function of the cooling water temperature avail-
able (or condensing temperature), the inlet pond water enthalpy and the
pumping power required to move the pond water to the flash evaporator. The
optimum flash conditions are normally very nearly equal to.the average of
the incoming pond water and condensing temperatures. A diagram of steam
fraction flashed versus temperature is shown in Figure 4.15,
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FIGURE 4.15. Steam Recovery Versus Temperature
for 90°C Solar Pond

4.4



The condensing temperature of 52°C (126°F) (2 psia pressure) is based
upon experience with barometric'condensers at the Geysers geothermal steam
plant near San Francisco. The lower condenser pfessures (2-3 in. Hg abso-
lute) attained in large central power plants are possible because highly
purified and recyc]éd water is being used. Solar pond water would likely
not be treated to remove dissolved gases and other impurities.

Turbine

The low molecular weight and corresponding high specific volume of
steam at pressures below one atmosphere require relatively large turbines
for a fixed power'output as compared to high molecular weight vapors such
as freons, propane or isobutane used in binary fluid cycles. The current
trend in conversion of other low quality heat sources, such as geothermal
and ocean thermal AT, to electricity is to employ binary fluid cycles pri-
marily for that reason. The binary fluid cycle has other advantages in
handling of salt solutions and vapors where noncondensible gases exist.

The binary fluid cycle is felt superior for the power plant in nonconvect-
ing salt pond. However, other considerations such as the need for provid-
ing fresh makeup water to both the pond and cooling tower and the necessity
of cohtinuous]y concentrating the brine in the lower portion of the pond
make an open flashed-steam cycle attractive for the present application.
However, the availability of turbines to operate at the available steam
conditions is doubtful. The use of steam engines or other rotary expansion
machines could not be investigated within the framework of the present
study. '

The approximate steam flow rate to the turbine (Qstm) is determined
from the relationship below: '

3414 x GRKW

(h] - h2 est) n turb

Qstm =
where

GRKW is the gross turbine output in kilowatts (10,000 for the
baseline plant)
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hy ?ventha]py of steam entering turbine from flash
vessel = 1129.9 Btu/1b

h2 Est = enthalpy of steam at turbine exhaust pressure (2 psia)
assuming isentropic expansion (from stcam tables)
-nTurb = turbine efficiency

For a turbine efficiency of 75%:

3414 x 10,000
Qstm = 729.9 - 1075) (0.75)

i
= 8.29 x 10° 1b/hr

Approximately 5% of the steam would be required to evacuate and remove
noncondensible gases from the flash vessel and condenser based on experience
at the Geysers geothermal power plant.

The steam flow rate is inversely proportional to turbine efficiency.
A steam flow rate of approximately 1,500,000 1b/hr would be required for a
turbine with 40% efficiency. ‘

The flow of pond water corresponding to the steam flow rate of
8.29 x 10° Tb/hr is:

_ Steam flow rate
Steam fraction

1b pond water/hr

8.29 x 10°

_ 7
= 0.0272 = 3.0 x 10" 1b/hr

Adding.S% for the steam required for ejectors and converting to
gallons per minute:

7
3.0 x 107 1b/hr (1.05) 1 )
70.43 Tb/gal/hr &0 min/hr = °0-335 gpm

A 40% efficient turbine would require approximately 100,000 gpm
flow from the solar pond.

The turbine diameter can be roughly estimated by calculating the pipe.
diameter required for a flow of steam at 200 ft/sec at specific volume o

the entering steam.(43) ’ '
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. Spec1f1c volume of inlet steam %77 ft /1b Assumingia steam flow rate
of . 8.29 x ]0 1b/hr and using the re]at1onsh1p Q = pAv

where:
Q= flow rafe !
p = density
V':= velocity
A - 8.29 X 10° 1b/hr —

1 o3 200 ft/sec 3600 sec/hr
77 ft7/1b ‘

equ1va1ent diameter = 10.62 ft (3 2 m)

Turbines with a 10 ft d1ameter wou]d be very expensive and are not
manufactured for the range of pressure available from solar pond steam.
Two steam turbines purchased in 1964 for the N-Reactor at Hanford were
among the largest turbines specifically built for low temperature applica-
tion. Each cost $9,]00,000; These turbines have a rated output of 440 Mwe
and the longest blades are 41 in, The cost of similar turbines today is
.estimated to be $20,000,000. An estimate of -$10,000,000 for the turbine was
used for the flashed steam plant calculations summarized in Tables 5.4 and
5.5, this may be below the eventual cost. |

Flashed steam plants would be more sensitive to seasonal fluctuations
in the solar pond than binary fluid cycles. .The sensitivity is due to the
narrow range of pressure avallable between the incoming pond water and the
condensing pressure

Condenser

Barometric condensers are presently being used for geothermal steam
applications where the purity of the incoming fluid cannot be controlled.
It is felt that the solar pond water will similarly require barometric con-
densers operating at condenser pressures of approximately 2 psia. The con-
denser and flash vessel are eracuated by steam ejectors which require
approximately 5% of the total flow to the turbines.
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Cooling Tower

Wet cooling towers with induced draft (cross flow) were selected to
provide cooling water for the condenser. Dry cooling towers and natural
draft water cooling towers would both be more expensive and less cfficient.
Rivers and cooling lakes or ponds were rejected because comparative data
is lacking and the makeup water requireménts are very high. A condenser
pressure of 4 in. Hg absolute (approximately 2 psia) was selected as the
minimum practical condenser pressure based on the experience YJZ? baromet-

The

environmental conditions selected for the single set of cooling tower

ric condensers at the Geysers geothermal plant in California.

operating conditions are shown below. One cannot use the annual average
temperature for sizing cooling towers due to restrictions on power plant
performance at warmer temperatures.

Average air temperature - 21°C (70°F)
Relative humidity - 40%
Corresponding wet bulb - 13°C (55°F)

The 2 psia barometric condenser pressure lower limit sets the tempera-
ture of the condensing steam at 52°C (126°F) in a flashed steam cycle. The
condensing temperature of the working fluid in a binary fluid cycle depends
on cooling tower conditions and will typically be 40-50°F above the ambient
wet bulb temperature. -A steam condenéer-coo]ing tower heat transfer dia-

gram(45) is shown in Figure 4.16.
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5.0 COST ESTIMATES

5.1 Pond Cost Estimates

5.1.1 Nonconvecting Pond Cost Estimates

Capital cost estimates for nonconvecting ponds are summarized in
Table 5.1. The cost estimate for the shallow pond is summarized in
Table 5.2.

The bases for these estimates are discussed below:

Land Acquisition

One square mile, including 600 ft at each side of pond.

1 miz = 640 acres

640 x $500/acre = $320,000

Pond Earth Construction

Leveling
Patrol - 10 ft/pass - 10 mi/hr
10 mi/déy - 60 passes at 10 ft = 600 ft/day - ﬂ%%%Q
= 7 days x 3 = 21 days at 200 = $4,000

Dike

3 yd high x 6 yd wide ‘
x 1,400 yd x 4 lengths- = 100,800 yd
at $0.50/yd = $50,000

Hypalon Liner
4,000 ft plus 20 ft on each side

4,080 x 4,040 = 16.3 x 10° t?
Procurement

16.3 x 10% x 0.27 = 4,401,000
Installation

16.3 x 10° x 0.08 = 1,304,000

(includes concrete or other retainer)

5.1
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TABLE 5.1 Capital Cost Estimates, 10 Mwe Nonconvecting Solar Ponds

Design
Land Acquisition
Site Preparation

Move in and out
General site prep

Pond Earth Construction

keveling
Dike construction

Hypalon Liner
Center Membrane
Cover
Piping

Plenum

4 in. Connectors
36 in. Power Plant

36 in. Poly 48.60
33 in,

30 in.

27 1in.

24 in. 23.50
20 in.

14 1in.

12 in. 5.85
6 in. 1.85
4 in, C.90

Exp. Joints

Salt
Proc. Inst. Total Total Total
100 100 100
320 320 320
50 50 50
50 50 50
4 4 4
. 50 50 50
4,400 1,300 5,700 5,700 5,700 -
. ‘ 3,435
2,945 490 3,435 3,435 3,435
64 20 84 84 - 84
3 10 13 13 13
243 ’
49
42
36
30
24
18
9
1
20
472 500 972 972 972
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TABLE 5.1. (contd)
Salt Membrane Gelled
‘ Proc. Inst. Total Proc. Inst. Total Proc. Inst. Total
Insulation 50 50 50
. Pump Stations
(In GEOCOST) 4 _
~* Fresh Water Piping, Allow - 100 200 100
Gel Reprocessing, Allow 500
Desalination Equipment 500 500
' Salt Injection Equipment, Allow 100 100
Salt, MgCl 30,100 50 30,150 12,900 50 12,950
Gelling Agents 30,000
Total 41,678 28,013 41,428



TABLE 5.2. Capital Cost Estimate for Shallow Solar Pond

$ 1,000
Design 100
Land Acquisition 320
Pond
Collectors 29,120
Reservoir 1,620
| $31,160
Center Membrane
Procurement
16.3 x 106 x 0.15 = 2,445,000
Floatation-Allowance 500,000
2,945,000
“Installation
16.3 x 10° x 0,03 489,000
Piping
Plenum
8,000 ft at $8.00
(based on $5.85/ft for 12 in. pipe) 64,000
4 in. connectors 50 ft oc
20 ft x 80 x 2 = 3200 ft at $0.90 2,880
Dist. Pipe '
4 in, 1,000 x 0.90 900
14 in. 1,000 x 8.79 . : 8,790
20 in. 1,000 x 17.61 ©1/,b10
24 in, 1,000 x 23.50 23,500
27 in. 1,000 x 29.77 : 29,770
30 in. 1,000 x 36.04 36,040
33 in. 1,000 x 42.31 . 42,310
36 in. 1,000 x 48.60 N 48,600
36 in. 5,000 x 48.60 : | 243,000
(5,000 is for power house connections)' . 450,520
Exp Joints 20 x 2 = 40 x 500 20,000

$470,520
5.4
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$11.00/ton for MgCl, in 28% solution in 100,000 ton guantity
FOB Great Salt Lake - include shipping a]]oWance and use
$15.00 per ton.

Salt goﬁd*

Use 25% in bottom ft and 25 - 0% in top 5 ft
‘Equivalent salt volume = 1 + 2.5 = 3,5 ft deep
3.5 x 4,000 x 4,000 = 56 x 10° £t3 at

80 1b/ft3 wt = 4.5 x 107 1b

_ 4.5 x 109 6

= W= 2.25 x 107 tons

Cost = 2.25 x 10° x $15.00 = 33,750,000

for 25% %g-x 33.75 = 30.1 million

'Salt - membrane pond

Use $15.00 per ton for 28%
Use 25% - 0% in top 3 ft
Equivalent, 1 1/2 ft at 25%

1.5 x 4,000 x 4,000 ft>

=24 x 100 ft3

80 1b/ft x 24 x 10°

= 1920 x 10% = 1.92 x 109 1b
9
C1.92 x 107 6
= %10 = 0,96 x 10° tons

at $15.00/T = $14.4 million
for 25% - 25/28 x 14.4 = $12.9 million ,

Gelling Agent

Use, for reference pond, a synthetic polymer at $1.00/1b and 1%
concentration, R o ‘-
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3 ft thick S
6 .3

3.x 4,000 x.4,000 = 48 x 10° ft°
x.62,5 1b/ft3 = 3,000 x 10°
=3 x 107 1b | .
0.01 x 3 x 109 = 3 x 107 = $30,000,000

5.1.2 Shallow Pond Cost Estimate

Pond (from UCRL-51783) with a long life design; estimated component
costs per £t2, ' :

Site preparation . $0.10
Moisture barrier : , | 0.04
Bottom insulation : 0.37
Water bag ' 1 " 0.25
Acrylic panels ' ‘ 0.52
Curbing and mounts 0.33
Assembly hardware and installation ' - 0.05
Piping and fittings - . 0.05
Pumps and motors 0.06
Instruments and controls _0.05

' : . $1.82

" For a 16 x 106 ft2 pond, this cost is:

1.82 x 16 x 10° = $29.12 mi1lion |
For the reservoir cost, use the same volume as the storage
half of the nonconvecting pond.

3 ft x 16 x 108 = 48 x 10® £t3
For a pond 48 ft deep, the surface area is:

a8 x 10° ft2

48

= 10° £t?

The pond is thus 1,000 ft on a side.

Thé construction costs are estimated at:

5.6



Dike

4,000 ft = 1,333 yd _ .
. x.20 yd high -x 30 yd wide equivalent = 799,800 yd

at $1.00/yd - = $ 800,000
Liner
Procurement: .

10° £t x 0.27 = 270,000
Installation:

10° £t x 0.08 80,000
Ihsulation; :

10% £t2 x 0.37 370,000
Cover:

10% £t2 x 0.10 100,000

Total reservoir cost $1,620,000

5.2 Pond Operating Cost Estimates

5.2.1 Pond Operating Costs

. O : Annual Cost
Operation ]abé;:\q man/shift - $ 40,000
Liner maintenantegand replacement allowance 500,000
General maintenance allowance 40,000
Salt replacement allowance 50,000

$630,000

5.2.2 'Opérating Cost Estimate -'Shallow Solar Pond

Use 3 years for life of water bag - at $O.25/ft, replacement cost =

16 x 10% x 0.25 = $4,000,000 every 3 years .
Assuming a continuous, stable level of replacement, this cost is
$1,333,000/yr. Estimated operating costs are:

Labor . $ 40,000’

Maintenance 40,000

Replacement parts 1,400,000
$1,480,000/yr

5.7
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5.3 Power Plant Costs

Power plant costs and power costs were estimated with GEOCOST and hand
calculations. Results.are summarized in Tables 5.3 and 5.4 and Figure 5.1.

In the costs given below, there ié enough variation in each system that
positions -could be reversed. -

The estimated cost of power ranges from 114.4 mills/kW-hr for the mem-
brane pond to 203.6 mills/kW-hr for ‘the nonconvecting salt pond on a flash
steam cycle. If salt were free, a cost of 64.6 mills/kW-hr might be achieved.
Power costs are based bh a duty cycle of 0.85.

The GEOCOST model was developed at Battelle-Northwest to compute the
costs associated with extracting geothermal resources from the earth and
then using them to produce e]ectricity; . It has the capabi]ity of simulating
the production of electricity from nearly any combination of resource type.
and quality and plant design. It is partiéu]af]y well suited for compara-
tive analyses.. This model has been adapted for this study to allow substi-
tution of a solar pond for the geothermal reservoir. The costs of the
reservoir were changed to allow for the different resource. The cost at
the ptant and other economic assumptions are unchanged. The plant is
assumed to be operating with an 85% load factor. :

Geothermal reservoir costs are separated<ihto three categories:
exploration, deve1opment and oﬁeration. The exploration costs include
all those incurred searching for and securing a geothermal site. .These
are set to zero for the solar pond case. The development costs are the
well drilling costs plus the transmission and disposal systems construc-
tion costs. For this analysis the expense of the solar pond is substi-
tuted for that of a producing well and the fluid transmission costs are
the same-as for a geothermal field with one well. Operation costs for
the solar pond begin the first year of power plant operation and are a
constant annual expense for the 30-year life of the project. Included in
this expense is an annual chargé for rép]acing the pond cover every 7 years
and. the cost of makeup water. .

5.8
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Pond cogt
($ x 10°)

Plant capitag
cost ($ x 10°)

Net power
output (MW)

Installed cost
($/%k4 net)

Cost of power
(mit1s/kW-hr)

Nonconvecting
Steam Binary Membrane
41.6 41.6 28.0
17.148 7.107 7.107
- 6.652 7.653 7.653
8,690 6,366 4,588
203.6 ._105.2 114.4

TABLE 5.3. 10 Mwe Solar Pond Concepts - Economic Summary

Frea*
Gel Shallow Salt
41.4 31.1 11.5
7.107 7.107 7.107
7.653 7.653 7.653
6,339 4,993 2,236,
149.6 124.9 71.1

*Free salt is the case where the solute for the nonconvecting salt gradient pond is
availeble at no cost.

Geothermal

Reference

4.5

7.132
6.240
1,864

87.1



TABLE 5.4. 10 Mwe Solar Pond Concepts - Thermodynamic Summary

Plant Type -Steam P]anf Binary/Isobutane Plant
Pond Operating Temp. 90°C = 80°C 90°C 80°C 70°C
Pond Flow Rate 28.1 54.5 23.6 33.1  50.3

(106 1b/hr)

Make-Up Water Rate  0.794  1.130  0.326  0.403  0.555
(106 1b/hr) , o

Net Heat Rate 0.1429 0.2337  0.3490 0.4305 0.5776
(100 Btu/kW-hr)" .-

Net Power Output 6.652  4.882 7.653 7.151 6.143
() s >

Plant Capital Cost  17.148 21.478 . 7.107  8.109  10.039
(106 $) :

Installed Cost - 8,690 ° 12,348 6,366 6,866 8,404
($/kW Net)

In treatment of the above reservoir costs two accounting methods were
used which warrant discussion. In the geothermal case they are assumed to
be reasonable as tax incentives to potential investors. This may not be
an appropriate assumption in the solar pond system.

The first of these is dividing the produéing well costs (here the
solar pond cost) into tangible and intangible parts. The tangible portion

is capitalized and recovered through a depreciation account. The intangi- .

ble portion is treated as a tax deductible expense during the year
~incurred. This is patterned after the oil ‘industry where the tax law
allows a company to differentiate between that portion of well cost which
is actually depreciable capital (tangible assets) and the other expenses
associated with drilling of a well.

The second is the'use of sum-of-the-year's-digits depreciation. This
method, which is more accelerated than straight-line depreciation, can
best be éxp]ained through the use of an example. If the depreciable life
of an asset is 4 years, then the depreciation rate for those years will be
as follows: '
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FIGURE 5.1. Solar Pond Electrical Power Generation - Cost of Power Versué Pond

Cost (based on 10 M, gross power plant binary/isobutane power cycle)
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4+3+2+1 =10 (Sum-of-the-Year's-Digits)

1st year depreciation rate

= 4/10
2nd year depreciation rate = 3/10
" 3rd year depreciation rate = 2/10

~4th year depreciation rate =_1/10
10/10
The capital equipment at the power plant is depreciated using the
same method. The cost .of the equipment and of operating the plant were
obtained from both industry vendor data and utility operators. Annual
plant expenses are comprised of four elements: operating costs = $1,455 -
0'9; maintenance = 0.004 « (plant capital in $); interim
‘plant capital replacement = 0.035 - (plant capital in $); and property
insurance and taxes and other taxes. The insurance and tax rates are

(plant size in Mwe)

shown below along with those for the reservoir.

Financing and Tax Assumptions

Reservoir Power Plant
R )
Capitalization
Debt 82 59
Equity 58 o
Bond Interest Rate 8 8
Return on Equity 15 | 12
"Federal Income Tax _ 48 48
State Income Tax : 7 . 7
Property Tax Rates ‘ 2.5 2.5
State Revenue Tax - 4
Property Insurance 0.12 0.12

In~genera1, the GEOCOST program solves for the unit cost of energy
by equating the present worth of revenues and expenses over the useful
life of the power plant. The program provides for incurring debt and
equity at a specified ratio when expenses exceed revenues and repaying
. debt and equity in the same ratio when revenues exceed expenses. At the




end of the project, debt and equity are exactly repaid and the project
exactly earns the specified rate of return. Assumptions about tax, debt-
to-equity ratios and tax deductible expenses were made assuming a large
0il company operating the reservoir and an investor-owned utility operating
the power plant. The tax rates are a composite, typical of the Western
States. ‘

The GEOQCOST model does not apply a fixed charge rate to capital to
determine the annual expenses associated with that capital. Instead it
calculates each component separately. A fixed charge rate equivalent to
the sum of the charges used in GEOCOST can be derived for comparison.
This is done below. The annual rates which went into the components of
this fixed charge rate are given above in the 1ist of financing and tax

assumptions.
Total return on capital plus. amortization 10.01%
Interim capital replacements 0.35
Federal and state taxes 2.95
Property taxes and insurance 2.61

15.92%

Total return on capital plus amortization includes the after-tax return on
equity and bond interest.. The amortization portion of this figure is that
small fraction of plant capital which, when set aside each year at a rate
equal to the return on capital, will yield a fund equal to the initial
plant capital at the end of the project. Interim plant capital replace-
ments are those which generally have to be made during each year of normal
operation. State taxes include income and revenue taxes. The only fed-
eral tax included is income tax.

The total of 15.92% for fixed charges is higher than would be used in
subsequent iterations. Fifteen percent is commoh]y used today and in some
cases this might be as low as 12 to 13%. While the use of a higher number
tends to-increase the calculated cost of power, it is a mild conservatism

-in the context of this report.



The calculgtiéns below show. the approximate power plant cost, based
on the hand calculations of plant operating conditions. The bases for the
costs are somewhat different-than those calculated by GEOCOST.

Heat exchanger:.

preheater ' - 38,000 ft2
vaporizer 77,400
superheater - 2,750
main condenser 752000
Total area = 193,150 ft2
at $12.00/ft? - $2,317,000 -
Turbogenerator @ $100/kwe ipstalled 1,000,000

Auxiliary heat exchangers for turbine
0il coolers, etc., @ 10% of total

HX area 200,000
Cooling tower @ $75/kwe installed 750,000
Support equipment (crane, etc.) 500,000
Piping and pumps ' ; 200,000
Building and foundations ' 500,000

" Electrical switch yard v 300,000
© Design ' . 600,000
Administration g 500,000
$6,867,000

Parasitic pumping power losses:
Assume a pump efficiency of 85%

HP = 5ok

Pumping losses for the solar pond water were assumed to be limited
primarily to pressure drops through heat exchangers. ‘The total length of
the preheater, vaporizer and superheater would be approximately 300 ft.
Head loss due to pipe friction in the distrijbution system to and from the
pond could be very small.
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For cooling water to cooling tower, assume a head loss of 45 ft.

HP = Qew 45 ft (0.4335 g%i)
_ 7 1b 1b 1 1b
HP = 1.54 x 107 12 (19.51 —2y) oot ‘(62.4-—7;)
in. E——i ft
r \
] (144 1n.2)
550 Ft-1b 2
sec ft
HP = 350.2 |
Power consumption = 353'§5HP 0‘7ﬁg kH - 307 kWg

Condenser cooling water:
Assume a pressure drop of 10 psi

HP = Q. (10 psi)

The pressure drop is approximately 1/2 of the drop to the cooling
tower

.". power consumption N150 kW

Cooling tower fan power requirements are typically 500 kW for the
tower conditions assumed.

Isobutane pump requirements:

HP ='wa Ap = wa (P] - P2) = wa (]85-69)

2.68 x 10° (116) (144) _ (sg

HP = 3600 (33.33) (550)

Power consumption = %Zg— (0.746) = 595 kWg

(S

Solar pond water pumping requirements:

Assume a 30 psi total pressure drop through vaporizer, superheater

and vaporizer.




HP ='pr (30)

7
_3.04 x 10° (30) (144) _
= =3,600 (78) (550) - 8%0
e _ 850 0 auzy - ’
Power consumption = 6_§§'(0'746) = 746 kwe

Total parasitic power losses:

Cooling tower fan 500 kW
Cooling tower pump 307
Condenser cooling pump ‘ 150
Working fluid pump 595
Pond water pump 746
2,298 kW or
2.3 MW

- Installed plant cost based on net powér output:

- %:200,000 5 ¥ $900 per ki

The wet cooling tower operating conditions shown in Figure 5.2 were
assumed for cost estimates. ' '

The summary data for the cycle conditions run on the computer are
shown in Tables 5.5 through 5.15.

5.4 Therma] Enerqy Cost Estimate

Using average U.S. insolation of'SOO,OOOABtu/ftz, with a pond cost
(including pumps, heat exchangers, etc.) of $1.50 ftz, 15% fixed charges,
and a collection and use efficiency of 25%, the cost per million Btu is:

2
$1.50/Ft% x 0.15/yr _ ¢t an/106
0.25 eff x 500,000 Btu/ft2/hr = $1-80/107 Btu

Salt replacement and other-opérating costs would add to this,
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FIGURE '5.2. Wet Cooling Tower Operating Conditions Assumed
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TABLE 5.5. Comparative Evaluation of Solar Pond Concepts:

Nonconvecting Salt @ 90°C - Binary Cycle

INITIAL SYSTEM CONDITIONS

Pond Operating Temperature:
Wet Bulb Temperature: 55°F
Overall Turbine Efficiency:
Turbine Exhaust Pressure:

Pressure Drop in Heat Exchangers:

At of Pond Water: 19°F
Cooling Water Temperature:
Condensing Temperature: 97
Net Heat Rate (Btu/kW-hr):
Parasitic Power Losses
Cooling water: 1.0 Mwe
Working fluid: 0.5 Mwe
Pond water: 0.8 Mwe

Power Plant Capital Cost:
Pond-Cost: $41,678,000

90°C (194°F)

n73%

69 psia

10 psi

OPERATING CONDITIONS |

Pond Water Flow Rate (1b/hr): 2.36 x 10"
Working Fluid Flow Rate (1b/hr): 2.75 x 10°
Cooling Water Flow Rate (1b/hr): 1.65 x 107
Make-up Water for Cooling Tower (1b/hr): 3.2 x 10
Net Power Output (MWg): 7.6 MW,

7

5

POWER PLANT THERMODYNAMIC PERFORMANCE

67°F
°F
3.49 x 10

$7,100,000

Heat Exchanger Parameters:

Areas Overall U
Main Condenser 50,500 ft2 264 Btu/hr/ft2/°F
Preheater 34,616 114
Vaporizer 76,230 - 258
Superheater 2,865 88

Actual Rankine Efficiency (%): 7.63%

COST_SUMMARY

Installed Cost Per Net kW Output: $6,366/kW,
Energy Cost at Bus Bar: 150.2 mils/kW-hr
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TABLE 5.6. Comparative Evaluation of'So1ar Pond Concepts:
Nonconvecting Salt @ 80°C - Binary Cycle

INITIAL SYSTEM CONDITIONS

Pond Operating Temperature: 80°C (176°F)

Wet Bulb Temperature: 55°F
Overall Turbine Efficiency: n~73%
Turbine Exhaust Pressure: 69 psia

Pressure Drop in Heat Exchangers: 10 psi

OPERATING CONDITIONS

Pond Water Flow Rate.(1b/hr): .3.31 x 10

7

Working ‘Fluid Flow Rate (1b/hr): 3.47 x 10°
Cooling Water Flow Rate (1b/hr): 2.03 x 10’

POWER PLANT THERMODYNAMIC PERFORMANCE

At of Pond Water: 17°F

Cooling Water Temperature: 67°F

Condensing Temperature: 97°F
Net Heat Rate (Btu/kW-hr): 4.3 x 10
Parasitic Power Losses
Cooling water: 1.3 Mwe
Working fluid: 0.5 Mwe
1.1 MW

5

Pond water:

Power Plant Capital Cost: $8,109,000
Pond Cost: $41,678,000

Make-up Water for Cooling Tower (1b/hr): 4.03 x 10
Net Power Output (MWg): 7.1 MM,
Heat Exchanger Parameters:
Areas Overall U

Main Condenser 69,900 ft? 264 Btu/hr/ft%/°F

Preheater 40,100 108

Vaporizer 104,000 257

Superheater 3,060 81

Actual Rankine Efficiency (%): 6.256%

COST SUMMARY

Installed Cost Per Net kW Output: $6,866/ kW,
Energy Cost at Bus Bar: 166.8 mils/kW-hr

5
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TABLz 5.7. Comparative Evaluation of Solar Pond Concepts:
Nonconvecting Salt @ 70°C - Binary Cycle

INITIAL SYSTEM CONDITIONS ' OPERATING COMDITIONS
Pond Operating,Température: 70°C (158°F) Pond Water Flow Rate (1b/hr): 5.03 x 107
Wet Bulb Temperature: 55°F : Working Fluid Flow Rate (]b/hf): 4.88 x 106
Overall Turbine Efficiency: ~73% -Cooling Water Flow Rate (1b/hr): 2.82 x 107
Turbine Exhaust Pressure: 69 psia : Make-up Water for Cooling Tower (1b/hr): 5.6 x 105
Pressure Drop in Heat Exchangers: 10 psi Net Power Output (MWe): 6.1 Mwe
. POWER PLANT THERMODYNAMIC PERFORMANCE

At of Pond Water: 15°F Heat  Exchanger .Parameters:
Cooling Water Temperature: 67°F : "~ Areas . Overall U
Condensing Temperature: 97°F ' Main Condenser 110,000 ft2 264‘Btu/hf/ft2/°F
Net Heat Rate (Btu/KW-hr): 5.8 x 10° Preheater 48,200 104
Parasitic Power Losses | : Vaporizer ~154,300 259

Cooling water: 1.7 My Superheater 3,800 76

Working fluid: 0.5 MH, Actual Rankine Efficiency (%): 4.6%

Pond water: 1.6 Mwe

| COST SUMMARY. R
Power Plant Capital Cost: $10,040,000 © Installed Cost Per Net kW Output: $8,404/ kW,
Pond Cost: $41,678,000 Energy Cost at Bus-Bar: 206.5 mils/kW-hr
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TABLE 5.8. Comparative Evaluation of Solar Pond Concepts:
Nonconvecting Salt @ 90°C - Flashed Steam Cycle

INITIAL SYSTEM CONDITIONS | OPERATING CONDITIONS

Pond Operating Temperature: 90°C (194°F) Pond Water Flow Rate (1b/hr): 2.81 x 107
Wet Bulb Temperature: 55°F : Working Fluid Flow Rate (1b/hr):. 9.57 x 105 (steam)
Overall Turbine Efficiency: A78%* Cooling Water Flow Rate (1b/hr): 2.49 x 107
Turbine Exhaust Pressure: ~2 psia Make-up Water for Cooling Tower (1b/hr): 7.9 x ]05
Pressure Drop in Heat Exchangers: 10 psi Net Power Output (MWg): 6.6 Mwe ‘
POWER PLANT THERMODYNAMIC PERFORMANCE

At of Pond Water: 34°F ' Heat Exchanger Parameters:
Cooling Water Temperature: &7°F Areas Overall U o g
Condensing Temperature: 97°F Main Condenser '
Net Heat Rate (Btu/kW-hr): 1.42 x 105 Preheater
Parasitic Power Losses ' Vaporizer

Cooling water: 1.38 MNeA , Superheater

Working fluid: ~ Actual Rankine Efficiency (%):

Pond water: 0.92 Mwe

COST SUMMARY

Power Plant Capital Cost: $17,148,000 Installed Cost Per Net kW Output: $8,690/kwe
Pond Cost: $41,678,000 Energy Cost at Bus Bar: 203.6 mils/kW-hr

* The turbine efficiency assumed in the GEOCOST computer program is typical of
turbines operating at pressures above those available from solar pond steam.
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TABLE 5.9. Comparative Evaluation of Solar Pond Concepts:
Nonconvecting Salt @ 80°C - Flashed Steam Cycle

INITIAL SYSTEM CONDITIONS - ~ OPERATING CONDITIONS

Pond Operating Temperature: 80°C (176°F) Pond Water Flow Rate (1b/hr): 5.4 x 107
Wet Bulb Temperature: 55°F Working Fluid Flow Rate (1b/hr): 1.4 x 106
Overall Turbine Efficiency: ~78%* Cooling Water Flow Rate (1b/hr): 3.6 x 107 ,
Turbine Exhaust Pressure: 2 psia : ' Make-up Water for Cooling- Tower (1b/hr): 1.13 x 106
Pressure Drop in Heat Exchangers: 10vpsi Net Power Output (Mwe): 4.9 Mwe
POWER PLANT THERMODYNAMIC PERFORMANCE
At of Pond Water: 25°F Heat Exchanger Parameters:
Cooling Water Temperatur=: 67°F ' Areas Overall U
Condensing Temperature: 97°F Main Condenser ,
Net Heat Rate (Btu/kW-hr): 2.3 x 10° Preheater
- Parasitic Power Losses Vaporizer

Cooling water: 3.4 MWE o Superheater

Working fluid: ~ Actual Rankine Efficiency (%):

Pond water: 1.6 Mwe ‘ -
. COST SUMMARY
Power Plant Capital Cost: $21,478,000 | ~ Installed Cost Per Net kW Outpgt: $]2,348/kwe ’
Pond Cost: $41,678,000 ' Energy Cost at Bus Bar: 238.3 mils/kW-hr

* The turbine efficiency assumed in the GEOCOST computer program is typical of
turbines operating at pressures -above those available from solar pond steam.
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TABLE 5.10. Comparative Evaluation of Solar Pond Concepts:
Membrane @ 90°C - Binary Cycle

INITIAL SYSTEM CONDITIONS OPERATING CONDITIONS

Pond Operating Temperature: 90°C (194°F) Pond Water Flow Rate (1b/hr): 2.4 x 107
Wet Bulb Temperature: 55°F o Working Fluid Flow Rate {(1b/hr): 2.8 x 106
Overall Turbine Efficiency: 7 3% Cooling Water Flow Rate (1b/hr): 1.7 x 107
Turbine Exhaust Pressure: 69 psia Make-up Water for Cooling Tower (1b/hr): 3.3 x 105
Pressure Drop in Heat Exchangers: 10’psi Net Power Output (MWa): 7.6 MWg
POWER PLANT THERMODYNAMIC PERFORMANCE

At of Pond Water: 29°F : ' Heat Exchanger Parameters:
Cooling Water Temperature: 67°F Areas “Overall U
Condensing Temperature: 97°F Main Condenser 50,500 ft& 264 Btu/hr/ff27°E
Net Heat Rate (Btu/kW-hr): 3.5 x 10° | Preheater 34,600 114
Parasitic Power Losses Vaporizer: 76,230 258

Cooling water: 1.0 MWe : _ Superheater 2,870 8&

Working fluid: 0.6 MWg Actual Rankine Efficiency (%): 7.6%

Pond water: 0.8 Mig '

o COST SUMMARY
Power Plant Capital Cost: $7,107,000 Installed Cost Per Net kW Output: $4,538/kWe
Pond Cost: $28,013,000 Energy Cost at Bus Bar: 114.4 mils/kW-r
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TABLE 5.11. Comparative Evaluation of Solar Pond Concepts:
Gel @ 90°C - Binary Cycle

INITIAL SYSTEM CONDITIONS ~ OPERATING CONDITIONS
Pond Operating Temperature: 90°C (194°F) Pond Water Flow Rate (1b/hr): 2.36 x ]07
Wet Bulb Temperature: 55°F Working Fluid Flow Rate (1b/hr): 2.75~x;106
Overall Turbine Efficiency: ~73% Cooling Water Flow Rate (1b/hr): 1.65 x 107
Turbine Exhaust Pressure: 69 psia : Make-up Water for Cooling Tower (1b/hr): 3.2 x 105
Pressure Drop in Heat Exchangers: 10 psi Net Power Output (MWe): 7.6 Mwe
_ POWER PLANT THERMODYNAMIC PERFORMANCE

At of Pond Water: 19°F Heat Exchanger Parameters:
Cooling Water Temperature: 67°F : Areas Overall U
‘C6ndensing Temperature: 97°F . | Main Condenser 50,500 ftz 264~Btu/hr/ft2/°F
Net Heat Rate (Btu/kW-hri: 3.49 x 10° Preheater 34,616 14
Parasitic Power Losses " Vaporizer 76,230 258

Cooling water: 1.0 Mwe . Superheater 2,865 88

Working fluid: 0.5 MW, Actual Rankine Efficiency (%): 7.63% -

Pond water: 0.8 Mwe

COST SUMMARY _ :

Power Plant Capital Cost: $7,100,000 Installed Cost Per Net kW Output: $6,339/ kW,
Pond Cost: $41,428,000 Energy Cost at Bus Bar: 149.6 mils/kW-hr
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TABLE 5.12. Comparative Evaluation of Solar Pond Concepts:

Shallow Pond @ 90°C - Binary Cycle

INITIAL SYSTEM CONDITIONS OPERATING CONDITIONS
Pond Operating Temperature: 90°C (194°F) Pond Water Flow Rate (1b/hr): 2.4 x 107
Wet Bulb Temperature: 55°F A Working Fluid Flow Rate (1b/hr): 2.3 x 10°
Overall Turbine Efficiency: /3% Cooling Water Flow Rate (1b/hr): 1.7 x 107
Turbine Exhaust Pressure: 69 psia Make-up Water for Cooling Tower (1b/hr): 3.3 x 10°
Pressure Drop in Heat Exchangers: 10 psi Net Power Output (MWg): 7.6 M,
POWER PLANT THERMODYNAMIC PERFORMANCE

At of Pond Water: 29°F. Heat Exchanger Parameters:
Cooling Water Temperature: 67°F Areas Overall U
Condensing Temperature: 97°F Main Condenser 50,500 ft2 264 Btu/hr/ft2/°F
Net Heat Rate (Btu/kW-hr): 3.5 x 10° Preheater 34,600 114
Parasitic Power Losses , Vaporizer 76,230 258

Cooling water: 1.0 Mwe A Superheater 2,870 88

Working fluid: 0.6 Mwe Actual Rankine Efficiency (%): 7.6%

Pond water: . 078 Mwe

COST SUMMARY
Power Plant Capital Cost: $7,107,000 Installed Cost Per Net kW Output: $4,993/kwe
Pond Cost: $31,160,000 Energy Cost at Bus Bar: 124.9 mils/kW-hr
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TABLE 5.13. Comparative Evaluation of Solar Pond Concepts:
Nonconvecting Salt (Free Salt) @ 90°C - Binary

Cycle
INITIAL SYSTEM CONDITIONS ' ' ' OPERATING CONDITIONS
Pond Operating Temperature: 90°C (194°F) Pond Water Flow Rate (1b/hr): 2.4 x'107
Wet Bulb Temperature: 55°F Working Fluid Flow Rate (1b/hr): 2.8 x 106
Overall Turbine Efficiency: ~73% Cooling Water Flow Rate (I1b/hr): 1.7 x 107
Turbine Exhaust. Pressure: 69 psia : Make-up Water for Cooling Tower (1b/hr): 3.3 x 105
Pressure Drop in Heat Exchangers: 10 psi Net Power Output (MWe): 7.6 MW,
POWER PLANT THERMODYNAMIC PERFORMANCE

At of Pond Water: 19°F Heat Exchanger Parameters: .
Cooling Water Temperature: 67°F Areas Overall U
Condensing Temperature: 97°F | Main Condenser 50,500 ftZ 264 Btu/hr/ft2/°F
Net Heat Rate (Btu/kW-hr): 3.5 x 10° Preheater 34,600 114
Parasitic Power Losses Vaporizer 76,200 258

Cooling water: 1.0 M, ' Superheater 2,860 88

Working fluid: 0.6 MW, Actual Rankine Efficiency (%): 7.63%

Pond water: 0.8 Mwe

COST SUMMARY- : .

Power Plant Capital Cost: $7,100,000 Installed Cost Per Net kW Output: $2,236/kwe
Pond Cost: $11,528,000 Energy Cost at Bus Bar: 71.1 mils/kW-hr
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TABLE 5.14, Comparative Evaluation of Solar Pond Concepts:
Geothermal Reference Plant @ 177°C - Binary
Cycle

INITIAL SYSTEM CONDITIONS OPERATING CONDITIONS

Pond Operating Temperature:- 177°C (350°F) Pond Water Flow Rate (1b/hr): 3.6 x 106

Wet Bulb Temperature: 50°F Working Fluid Flow Rate (1b/hr): 3.2 x 106
Overall Turbine Efficiency: ~73% Cooling Water Flow Rate (1b/hr): 2.4 x 107
Make-up Water for Cooling Tower (1b/hr): 5.2 x 10
Pressure Drop in Heat Exchangers: 10 psi Net Power Output (MW.): 6.3 MW,

Turbine Exhaust Pressure: ~60 psia

POWER PLANT THERMODYNAMIC PERFORMANCE

5

At of Geoth. Water: 173°F Heat Exchanger Parameters:
Cooling Water Temperature: 67°F Areas Overall U
Condensing Temperature: 97°F ‘ Main Condenser 250-Btu/hr/ft2/°F
Net Heat Rate (Btu/kW-hr): 1.6 x 10° Preheater 250
Parasitic Power Losses: 3.7 Mwe total* Vaporizer 329

Cooling water: ' ’ Superheater 245

Working fluid: Actual Rankine Efficiency (%): 5.4%

Pond water:

. COST SUMMARY
Power Plant Capital Cost: $7,130,000 Installed Cost Per Net kW Output: $7,864/kW,
Pond Cost:** $4,500,000 Energy Cost at Bus Bar: 87 mils/kW-hr

* The parasitic powér tosses include a deep-well pump.

. ** The pond in this case is geothermal reservoir development.. ... . . . .. - e -
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TABLE 5.15. Comparative Evaluation of Solar Pond Concepts:
Nonconvecting Salt @ 90°C - Binary Cycle -
Hand Calculations

INITIAL SYSTEM CONDITIONS :
Pond Operating Temperature: 90°C (194°F)
Wet Bulb Temperature: 55°F

Overall Turbine Efficiency: ~75%

Turbine Exhaust Pressure: 69 psia
Pressure Drop in Heat Exchangers: 10 psi

OPERATING CONDITIONS

Pond Water Flow Rate (1b/hr): 3.0 x 10
Working Fluid Flow Rate (1b/hr): 2.7 x 106
Cooling Water Flow Rate (1b/hr): 1.5 x 107
Make-up Water for Cooling Tower (1b/hr):
Net Power Output (MW.): 7.7 Mwe

POWER PLANT THERMODYNAMIC PERFORMANCE

At of Pond Water: 16°F
Cooling Water Temperature: 67°F
Condensing Témperature: 97°F
Net Heat Rate (Btu/kW-hr):
Parasitic Power Losses
Cooling water: 1.7 Mwe
Working f]u1d 0.6 Mwe
Pond water: 0.7 Mwe

Power Plant Capital Cost: $6,900,000
Pond Cost:

* Power plant only.

Heat Exchanger Parameters:

Areas " QOverall U
Main Condenser 75,000 ft° 250 Btu/hr/ft /°F
Preheater 38,000 100
Vaporizer -~ - 77,400 250
Superheater 2,750 100

Actual Rankine Efficiency (%): 10.8%

COST SUMMARY -

%
Installed Cost Per Net kW Output ‘$900/kwe
Energy Cost at Bus Bar: R



6.0 POSSIBLE PROBLEMS -

A number of factors (some previously mentioned) that could detract from
the desirability of solar ponds include:

Biological Degradation

" This study has not considered the probable need to add chemicals or
other means of preventing the growth of algae, plants, etc. This one prob-
lem alone could make solar ponds impractical.

Debris

No mechanism is included in estimates for removal of debris from ponds.
One concept which evolved from this analysis is the utilization of a moving
wheel like the very large circle irrigators. A circle irrigator can cur-
rently be.installedlfor $30,000 which will water an area of 130 acres. This
is less than $0.01/ft2. A similar mechanism, with screens attached, which
would move once a week through the pond removing particulate debris might
be possible.

Weather

This study does not consider provisions for the effects of wind and
rain, other than the inc]usioﬁ»of a pond cover. Practical problems with a
cover on a pond of the size discussed are unknown. It might be desirable
to break the pond into a number of small ponds with dikes high endugh to
minimize the wind effects.

Security Fence

A fence to keep out animals, children and large debris might be
desirable.

Salt Use

A brief telephone survey yielded potential suppliers for MgCl in solu-
tion at a coét as low as $0.02/1b. However, real salt costs are yet to be
established. Only a nominal amount is included for salt replenishment,
assuming that the salt will be desalinated and used in fresh water. How-
ever, some makeup almost surely will be required.
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Water Usage . R L

."Little consideration was given to: the amounts of water that will be
required for pond makeup and cooling towers. This could be‘a serious-
drawback. o N e e

Constant Temperature Cycle- e o . ' (

Assumptions on the use of 25% of the available 'solar insolation are
probably optimistic. To use the solar insoldtion as- it is availablé or to
maintain a constant pond temperature might be quite difficult in a realistic
utility s1’tuat1’on.~

- Energy Removal.When.Power Plant Is Not Working

A- concept~has.not evolved for- thé protection of the pond when the power
plant is shut down.: Any power plant will be idle during some periods. -Some
provision must be made to prevent-excéssive heating of thé pond with subse-
quent loss’ of sfabi]ity when: the power plant is-down.. ~

Loss of Stability

Many things could Iead to a complete loss of stability. This could
put the pond out oficommission for months and require millions of dollars
for rejuvenation. - Such numbers are not included.
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7.0 ENVIRONMENTAL EFFECTS

Potential adverse environmental effects from solar ponds include:
® salt disposal effects on land or water;

® salt effects on the atmosphere, such as those encountered near a
" sea coast; '

e possible.leakage of millions of galions of salt water; and

* possible decommissioning effects of Targe volumes of salt, gelled
water, plastic sheet, etc.

The land area required for solar systems is often regarded as excessive.
In fact the Tand area required for a solar system is probably not any greater
than that required for other energy systems when all factors such as mines,
etc. required for conventional systems are included.
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8.0 POSSIBLE IMPROVEMENTS

While gels seem expensive, theré is a possibiiity that layers of gel
or a nonconvecting salt system with small amounts of gel-could be used to
improve stability. '

Reduced Depth of Nonconvecting Layer

The depth of the nonconvecting layer in either a salt or a gelled pond
can greatly affect the cost. If a layer 1 ft thick were adequate, the cost
of the membrane pondAWOuld'droﬁ by a factor of threé. Some insulating value
would be lost, but an economic balance between salt cost and heat loss could
probably be reached to ‘advantage if a thinner layer weré practical.

increased Depth df.Cohvectigg Layer

In the membrane pond with pressure balanced on each side of .the membrane,
or in the gelled pond with little weight difference between the convecting
and nonconvecting layers, depth of the convecting layer can probably be sig-

nificantly increased at little cost. This could greatly increase the storage
capability and hence the value of the pond.

Pond Heat Exchangers

Our analysis uii]ized water extraction from the pond, passing it
through heat exchangers to extract the heat. The utilization of heat
exchangers in the pond bottom has been considered for nonconvecting ponds.
This is probably not practiéal because of the low conductivity of the
water. However, in gelled ponds or membrane ponds with a fresh-water bot-
tom layer, the use of an in-pond heat exchanger may be practical.

Gircular Systems

The application of circular irrigation technology to pond heat extrac-
tion and regeneration may be a useful concept. The use of wet cooling
towers appears undesirable because of the low Carnot efficiency; a great
deal of heat must be rejected. The use of cooling ponds or some natural
feature for heat rejectiépﬁmay improve plant economics.
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Alternate Energy Usage

The use of solar ponds for heat pump-application, industrial bottoming,
and .power system preheating may be more useful.

13

First-step feedwater or process heating 1s a potential appTication for
solar ponds. In an area where the insolation averages 2.3 Mw.-hr/m2 (cor-
responding to 550 ly/day average insolation), a pond with a collection effi-
ciency of 0.3 could deliver 0.7 MW-hr of 80-90°C thermal energy/mz/yr.

A solar pona which can deliver 90°C thermal energy can be used in con-
junction with a heat pump to deliver economical heating for comfort or pro-
cess applications. For example, a heat pump with a coefficient of performance
of 1.8 (half the thermodynamically-1imited maximum possible) would deliver
2.8 kW-hr of 227°C heating for each kW-hr of electrical power supplied to
the heat pump; 1.8 kW-hr from the pond in addition to the 1 kW-hr supplied.

To raise 50°C thermal energy to 60°C thermal energy suitable for comfort
heating applications would require an input of 1/16 kW-hr per kW-hr of heat-
ing delivered, again with a heat pump half as efficient as is theoretically
possible.

Gelled Salt Ponds

A combination of gelling agent and salt is another possibility; the
salt to provide the desired density gradient and the gelling agent to pro-
vide viscosity. Also the production of gelling agents in very large quan-
tities might result in very 1arge cost reductions.
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9.0 CONCLUSIONS

With respect to the specific objectives of this study, no- unique concepts
other than the salt, membrane,.and gelled pond concepts were found. There'
appear to be agricultural app]ications for convecting ponds. For example, in
" Japan ponds are used to preheat cold water before 1t is used for irriga-
tion. (46) A know]edge of so]ar ponds cou]d probab]y be applied to such appli-

cations in the U.S.

The ana]ysis of performance of the various concepts did not identify any
clear-superiority. The state of the art is such that with either nonconvect-
ing salt ponds or gelled ponds additional basic information is'required
before reasonab]e'éngineering decisions can be made. However, the potential
additional stability of the membrane and gelled pohds could make them more
attractive. The relatively well-established technology of the shallow con-
vecting pond offers a considerable advantage in the near term.

As for costs of the different concepts, an economic advantage is not
clear for any specific concept. However, if salt is not free, the membrane
pond appears to héve a significant potential advantage in that salt may not
be required in the convecting region. ' .

A conclusion ffom this study is-that there is a possibility that solar
ponds can be inexpenéive energy,producers. A solar pond can be constructed
at a minimum cost of $1.50/ft (and up)--less if salt is low cost. This is
cheaper than some solar collectors. Basically, water is used for a trans-
parent insulator; it is probably one of the best transparent insulators in
existence. In addition, a solar pond has some built-in storage. This is
significant for power plant operation primarily for storage of a few hours
or a few days. However, it can be significént for longer term storage in
low-temperature thermal applications.

It is unlikely that solar ponds will be competitive electrical energy
producers in the foreseeable future, except possibly in isolated locations
with unique climatic and geological characteristics.

There are significant problems with solar pond operation, particularly
large ponds such as might be used for a 10 Mwe power plant. There do not
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seem to be readily available answers to all of these problems, However, the
nature Qf the answers which will evolve from an R&D program cannot be stated
‘positively today.
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