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ABSTRACT

Because of the rapidly rising cost of energy in recent years,
considerable atzentionr is being given to alternative energy
sources. In many lvcations the utilization of yolar energy should
become an attractive passz'bﬂf{p. but primerily becuuse of the
expense Of the solur collectors, commervial solar heat or power
generation to date has been very limited. To help overcame this
problem a number of investigaiors have proposed thar various
types of simple solar ponds might be employed as the collectors,

A new solur collecting pord design that is relutively inexpen-
sive in construcrion, and simpie and stable in iz operation will
be reporied in the following paper. lts thermal efficiency is
high, thus making it smaller and mare cost effective for either
waier eaiing or power generaiton. Ity design emplops conven-
tional sofar ponds with o thin ol or plasitc film ro inhibit evapa-

ration, an insulating cover (o reduce hear loss ta the afr, and
dyes fo increase the radiation absorplion. For larger ingiafla-
tons with power generation, direct contect heat exchange with
argantc inw boiling fluids should be emploved for greater effi-
cientcy, along with “cooling warer” ponds. The indtial capital
cost for this pond “collector” system is nut high, perhups ubont
3200/kw. but the total power instatlation would be abaur
32, 200 kw, However, the power producéion cost could be as low
as 500w hr. Most of the individiud components of the can-
cept have been proven in detailed testy or industriod operations,
but no commercial plasts have yer been built. The system
showld be ideally suited fur solar salt producers who are aiready
skilled in solar pond operuiion.

LITERATURE AND PRIOR WORK

Considerable literature exists on sotar ponds, solar
heat and power generation, and related activities. A de-
tatied review of the design and operation of solar salt
ponds has heen given in a series of four articles (Garrett,
1962) that provides a comprehensive description of the
consiraction of solir ponds and their operation. The av-
erage modern facility of this type employs from 10,000 to
70,006 acres of ponds, which if used for power produc-
tion could hypothetically generate the cquivaient net so-
lar thermal power (after subtracting the energy con-
surmed in the process) of 1,000 to 7,000 megawatts.

Many articles on sofar ponds detail their energy bal-
ance, cychic behavior under a variety of design conditions,
and present computer models for their design and opera-
tion {Laberde, 1983}, The inhibition of water evaporation
from pond surfaces has likewise been studied {La Mer,
1965 and White, 1976), 1t was found that even monomo-
lecular fiims of organies with both a polar and non-polar
component can effectively reduce evaporation, as can
thicker films. Such agents have been tested on various
reservoirs and water bodies with excellent success under
non-windy conditions. Similarly, the solar absorption

characteristics of water, brine and various dyes have been
studied, and there are several excelieni review articles
(Keyes, 1987, ete.). Dves are available that absorb essen-
tially the entire ypectrum of solar radiation, and several
are currently being emploved in commercial sniar pond
operations.

Many references exist on solar thermal power produc-
tion {Duffie and Beckman, 1974, ete.), and several meth-
ods have beea proposed for constructing solar pond col-
lectors, The most pertigent is a 11,5, patent {Garrett,
1977) which is similar to that discussed in this article. As
noted previously, many investigators have also dizcussed
salt gradient ponds (Battelle, 1974; Bechtel, 1975 Rabi
and Nielson, 1975, Schaffer, 1977; Zangrando and Bry-
ant, 1977; Mauch, 1982; Wilkins, 1982; Multer, 1982;
French, 1981; etc.). These ponds are currently being
tested extensively. Experimenta} stratified solar ponds
have been reported to reach rerperatures of over 100°C
with both saturated sait (NaCl) and magnesium chioride
solutions.

These ponds have clearly demonstrated that solar en-
ergy can be cffectively gathered in large solar ponds for
useful heating or power generation purposes. They are
very simple and effective solar colleciors and for many
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specific locarions and purposes are almost certain i find
& useful application. However, they do have 2 number of
problems, as follows:

L. Instability. It is ditficult to prevent the lower satu-
rated solution from mixing with the upper layer of water
because of wave action, convection currents, bailing,
brine withdrawal and injection, ete, In the small ponds
tested to date there is only accasional complete mixing,
and usvalily careful control with the addition of water and
strong brine, plus removal of weak brine has kept them
fairly stable, However, in larger ponds this becomes in-
creasingly difficult. The geological subject of limnology
(study of natural stratificarion in water bodies) shows
that: a) most ponds or lakes do mix, and b) that many
stratified lakes “turn over” ot mix at least annuaily un-

less very deep. Thus it may not be possible to maintain -

large ponds without exlenstve pond diking, baffling and
safinity zdjustment.

2. Low thermal efficiency. The sait gradient ponds
still evaporate a great deal of water, and also lose radiant
and conduction heat from their surface. Thuir cfficiency
in recovering solar encrgy is only 13-20% at best. This
requires 2 much larger pond arca than should he neces-
sary, which is quite expensive.

3. Large inventory. Because of their great depth and
brine volume, the salt gradient ponds require several
vears to come to their steady state working temperature,
This large “inventory™ of heat may be an advantage, but
it is not very controflable, it is expensive, and if the pends
mix, a eonsiderable recovery time and loss is experienced.

4. Auxifiary problems. There are numercus ones that
may ot may not be setious, depending upon the location:

a) They require & large amount of salt, Unless there ts
a cheap concentrated brine source available this
couid be their greatest cost factor,

b} Their depth aggravates soil leakage pioblems,
Double liners are usually vequired, with leakage de-
tection devices.

¢} They cannot tolerate excess tight ahsorption in the
upper layer, porentially caused by dust, leaves, al-
gze, fungi, turbidity or water coloration resulting
fron: soil leaching, corrosion, contamination, efc.

d} Additional facilities are required fo process the
withdrawn diluted lower salt laver,

e) Considerable make-up waler is necessary to make
up for evaporation and dilute brine withdrawal.

f) There is possible envirommental contaminarion
from the strong brines.

In an attempt o overcome the de-stratification prob-
lems noted above, the use of 2 membrane hetween the
strong and weak brine has been suggested, or the use of a
gel or viscous solution for the top layer. These construc-
tien methods, of course, would he very expensive, Law-
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rence Livermare Laboratory (LLL) has also proposed a
different type of solar pond system with an “enclosed
bag,” producing hot water and possibly solar thermal
power. They report achieving maximum temperatures of
abaut 96°C with their scaled bag ponds, even though they
generally design for 2 maxinmum of 60°C. These ponds
respond quickly to the selar conditions, deliver predicta-
ble quantities of heated water and recover a fairly high
percentage of the solar energy falling upon them. A fairly
large commercial operation was built {Dickinson ef af.,
1975}, and a design manual prepared (Casamajor and
Parsons, 1978).

A final aspect of solar power generation is the need to
use “Hankine cyele’ turbines or boilers 1o convert the
heated brine or water into power. This involves heat ex-
change of the hot brine with Freon or some other low-
boiling-point fluid, which is in turn vaporized. and this
vapar drives a turbine. The low pressure vapor is con-
densed and the cycle repeated, as in # water builer-
turbing cyele with a condensaie return. A number of
companies make such Rankine cycle furbogenerators
(Editor, 1981), but they are expensive. Ormat (Israel) es-
timates costs of 4-55/kwh for a standard 300 kw unit and
an initial price of $400,000 for the svstern. MTE (Latham,
N.Y.} estimates the purchase price at $2000/kw in-
stalled, for a varicty of sizes. These unit prices would be
fess for larger systems and should come down as mote
units are sold,

PRINCIPLES OF THE NEW SOLAR POND
CONCEPT

In considering of haw to improve the current solar
pond design as a salar collector the objective was to
achieve the favorabie results of the other systems, elimi-
nate their problems and hopefully improve their effi-
ciency. Cost, simplicity and reliahilitv are the principal
factors of importance for any commercial operation and
conventional “‘salt type' sclar ponds have these vir-
tues. This should make them good candidates for solar
collectors if they could be adapted for heat and power
production.

The new collector design is similar to a normal sofar
pond as atilized throughout the world for sea waler sali,
potash, and other chemical production. However, the
ponds are designed to be operated with a vety shallow
brine or water level (2 to 8 inches depth) so that they can
heat up rapidly and to a high temperature. The ponds
have a film of plastic or il covering the brine surface to
minimize evaporation and an insulating plastic cover
over them. The design allows for a comparatively rapid
brine flow through the svstem. A process flow sheet is
shown in Figure 1.

The ponds brine depth would be variable, with the in-
let and outlet ends capable of being maintained at what-



Figure 1
SOLAR POND DESIGN FCR
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Figure 1.

ever height was required for the appropriate hydraulic
gradient to provide the desired flow through the pond at
the time of maximum output. Ol would be placed on the
brine in a sufficient thickness to prevent evaporation, or
alternatively, a floating clear plastic membrane wouid be
used, depending upon which was less expensive. Nor-
maity this would be oil, and a reasonably clear, acid-
treated product that wouid not darken or polymerize
when exposed to aliraviolet radiation and brine would be
used. Smali-scale tests have indicated that very thin films
are effective, but thicker ones provide more evaporation
protection and have less likelthood of congregating near
the down-flow barriers. To further prevent oil flow,

C 4 putlet
Sump

Sotar pond design for healing and power production.

spaced baffies would be required to prevent flow from de-
pleting part of the surface cover,

The top membrane would allow about 2 to 6 inches of
insulating air space above the brine and be supported by
blucks of polyurethane or other plastic that would be fas-
tened fo the pond botiom, and in turn have the mem-
brane fastened to . The membrane would be of the thin
film type used in greenhounses for its clarity and ability to
withstand siteaviolet radiation. Standard production di-
mensions, such as 307 X 10, or the largest size avail-
able would be used, with the edges fastened securely to
the dykes and baffles to minimize wind damage. The film
would be reinforced, preferably with polypropylene fila-
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ments for added strength and longer life. Fiberglass
greenhouse paneling could also be used for much longer
resistance to sunlight if the added capital expenditure
was warranted. I might be considered for second genera-
tion insrallations, or to replace the first membrane when
the project economics was more fully established.

Return pond water from the Rankine fluid heat ex-
changer couid go directly to the collector ponds lor small
installations or be stored in large, deep carthen reservoirs
with a floaring insutation layer on top. When the sun
heated the water in the collector pond to the desired tem-
perature, flow would start into the pond system from the
feed reservoir at such a rate as to maintain 2 predeter-
mined exit temperature, or to allow it o slowly increase
on a given time cycle. This flow would continue until the
late afferncon, when slightly declining temperatures
would perhaps again be allowed, and the flow would fi-
naliy stop at a computer-estimated oplimum value. The
hot water would be used divectly (for smalil operations) or
stoved during the day, with a constant withdrawal sent to
the Rankine furbine system. Water could be used in the
pond system, but a strong brine with a low vaper pressure
would be preferred.

As an optional feature to provide slightly coider coaling
water during the evening, the process would be repeated
in other ponds to cool the condenser water to the greatest
extent possible. When the pond temperature reached the
desired low level, the water would be withdrawn to stor-
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age. As it warmed up in the morning, flow would he
stopped. The cold water wounld then he withdrawn as
needed for condensing the Rankine fluid. A cooling tower
would be used alternately for smaller installations, when
it could lower the cold water temperature (in very low hu-
midity areas), or when the cold water storage supply was
exhausted. The two pond system is shown in Figure 2,

Power production would depend upon the temperature
differential between the high temperature brine from the
caliector pond and the Freor condensing temperature
obtained by the coeling waler produced from ponds in
the evening or [rom cooling towers. The hot pond brine
would be heat exchanged with a Rankine fluid (i.e.,
Freon) as an intermediate turbine-driving material, The
comparatively low pond temperatures would not allow a
high thermial efficiency for the turhine (i.e., 8-14%), but
because of free sunlight and low operating costs the Btu
or kwh costs should be reasonable and the potential vol-
umes of heated water or power very large.

Also, because of this comparatively low temperature
differential available for the Rankine Cycle (estimated to
vary from 40° to 75°F), depending upon the time of day
and the time of year, the added thermal efficiency of a
direct contact heat exchange with the Rankine fluid
would be desirabie (as shown in Figure 2}. However, this
would be more complex and costly and only warranied
for larger instaliations.

Modern day micreprocessor control would greaily as-
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sist in obtaining the maximum performance from the sys-
tem, Temperature probes in the exiting hot brine could
control the brine flow to the heat exchangers or the
amount going {o storage in the normal manner. The mi-
croprocessors would be programmed to anticipate the re-
maining daily thermal input in the early afternoon and
reduce or increase the preset temperature to make sure
that the hot reservoir was filled each day. Il could likewise
consider in its control of the brine flow fo the heat ex-
changer the optimum power output, for example, by re-
ducing the flow to abfain a higher temperature that
would result in higher efficiencies for the turbine, or by
higher flows and lower temperatures for greater effi-
ciency in the ponds. In a similar manner, there couid be
several solar pond pumps and, depending upon the flow
required, they could be switched on or off as needed, thus
saving power.

In summary, for optimum solar thermal energy pro-
duction, the brine temperatures need to be as high as pos-
sibde, and thos the ponds should be shallow and the brine
volume comparatively small. Also, a number of changes
must be made in the normal salt pond design. Exit flows
should {ravel under a weir, with the discharge going to a
deeper sump for ease in withdrawal. A surface produc-
tien on the weir would be employed to prevent the cil film
from leaving the solar pond with the heated brine. A thin,
clear plastic film would be laid on supporting blocks of
polyurethane or other material to provide an insulating
cover. The blocks could be fastened to the pond bottom
and the membrane to support it above the pond, to pre-
vent wind damage. Edge supports and tie-downs would
be used to further help prevent the wind from blowing the
cover, The function of this membrane is as an insulator to
improve the thernmal colfection efficiency and prevent the
oil film from blowing to one side of the pond.

Technical Basis for the Approach

As solar energy falls upon a pond, expetience has
shown that & small amount (0-13%) is usualily reflected
from the surface, depending upon the time of day (the
sun's angle), the pond size and the condition of the sur-
face resulting from the wind. Usnally about 70-80% of
the light entering the pond is abscrbed in the water or
brine, and the remainder is absorbed on the pond bot-
tom, or reflected back from i, particularly if there are
salt crystals. Normalily, most of the solar energy is utilized
in evaporating water, afthough some brine, soil and air
Leating cceurs. The brine heating is a function of the
time of day and the depth of the pond, as shown in Figure
-3, As would be expected, when the ponds are shallower
they become warimer in the daytime and cotder in the eve-
ning. The very smooth, symmetrical curves shown in Fig-
ure J are based primarily oo energy balances for the heat-
ing cycle and convective heat transfer for the cooling
period. In acteal practice the curves are neither smooth

581

nor perfectly symmetrical, and the heating of open ponds
depends a great deal upon the evaporation taking place,
which is jargely controlied by the wind, and the concen-
tration of the brine, which determines its vapur pressare,

For solar thermal power gencration the salt gradient
pond system suffers the normal surface reflection loss (0-
15%), the top water layer absorption and evaporation
loss {(which could be as much as 50%, depending apon
the water depth, color, and turbidity) and thermal con-
duction loss from the lower, hot brine to the water layer
and the soil (10-20%). The lower, concentrated sohition
layer has only slightly berter solar absorption properties
than the water above it, unless it cortains patural color-
ing impurities (homic acids. ete.) or dyes have been
added. H will, however, receive most of the heat absorhed
on the pond bottom. Such ponds are thus thermally very
inefficient, generally converting only 15-20% of the solar
radiation info heat in the jower reservoir brine. This type
of pond is an interesting example of solar pondys’ ability to
heat brige to a high temperature, but its low efficiency,
high cost and instability result in many problems as a
commercial solar energy collector, '

In contrast to the complex stratified pond sysiem, the
same result can be accomplished if a film is placed on the
water surface, because it reduces the refiection and re-
radiation foss and retards evaporation, Then, if a dye is
placed in the brine or the pond bottom is dark, essentially
all of the solar radiation striking the pond is utilized in
heating the water, except for the soil and air heating and
re-radiation to the sky. The closest anaiogy to this pro-
posed system that has been tested extensively is the sealed
bag solar pond construction, or perhaps the gel cover on
the “'salt gradient” pond {where the thermal efficiency
was doubled). If oper pond waters are solar heated, con-
vection heat transfer Josses rise, and some form of insula-
tion is usually justified to maintain a high thermal effi-
ciency, as shown in Figure 4, This can be done in the
proposed open pend system by faying a clear plastic film
on insulating blocks fastened to the bottom. Two layers,
such as pleated, air-filled membranes could be employed
if desired for further insulation. The use of dyes or ponds
with dark bottoms will atiow the shallower, higher tem-
perature ponds to be used with good absorption efficiency
bucause water or hrine depth wiil then not be required for
light absarption. Evening cooling would automatically
oceur in the ponds, both from convection heat transfer
with the cool evening air, and on clear evenings, black
body radiation to the sky. Flow through a pond system at
night should produce Rankine fluid condensing waters
colder and/or less expensively than coaling towers, if this
added efficiency factor were desired.

COST EFFECTIVENESS

The proposed Solar Ponrd Process is based upon two
premises: 1) it should be more practical and economical
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to have a large, inexpensive solar collector that produces
a moderately high temperature fluid and requires some-
what more expeasive power generating equipment than a
complex, castly, size-limited mirror array, bag, or strati-
fied pond system, and 2) that simpie solar ponds couid £l
this requirement (along with direct contact two-fiuid heat
exchange), if a high soiar absorption couid be effected,
and evaporation and heat loss reduced o a low value, The
extent that this has been accomplished is estimated in the
foltowing cost calculations,

Design Data

In an attempt to calculate the operating cost of such a
pund system it has been assumed that the ponds are 1000
m square (200 acres); the solar energy absorption is 85%;
heat loss from the system, 20%; maximum brine temper-
ature to the plant, 180°F; winter temperature, 130°F;
turbine driving fluid, Freon 11; approach to pond and
cooling tower temperatures for turbine vapor and con-
densate, 8°F cach; wet bulb temperature, 70°F summer,

P S A Ay
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S0°F winter; and 8°F rise for cooling tower water. The
energy absorption is:

Semmer: (770 % 3,64 Bru/ft? X day) (.85 efficiency}
X (3,000 M2 x ft/.0929M = 19.055 X 10? Bta/
day, summer

Winter: 10,566 X 10° Btu/day, winter

Brine flow rate:

29.055 X% 10° Btu/day
{172-78) (B.34) 24 X 6D

8,800 gpm, winter

Power output: 29.05510° X .8 (heat losses} X .8 tur-
bine efficiency} X 293018 X 148 (therm, eff.) X
106 X 24 (Kw-hr) = 40 MW, maximum

Turbine (thermodynamic} efficiency: Winter, 145 to
SB°F 109-20 = 89 Btu/ib: 109-99 = W 10/8% =
11.2% Summer, 172° — 78°F, 115-101.5 = 13.5
Btu/lb., 115 — 24 = 91 13.5/91 = 14.8% effi-
clency {Actual plant cxperience is about 8.3%}.

Power requirements: brine pumps, assume a 157 hft
plus friction loss, 85% pump efficiency:

18300 X 833 X 1.2 {lb/min} X
15/33,000 X .85 = 978 HP, X 745.7 = 073
MW; Cooling Tower: 30 lft plos [riction:
234,000 gpm = 2500 HP = 1.86 MW

Power Summary (summer)

Gross power prodaced 40 MW
Less conling water pamps 1.86
Less cooling tower fans 2.55
Less Freon pumping 56
Less brine pumping 15
Less mise. losses (5% gross) 2.00
Total 7.12

Conscrvative,
Net power production  Ideal Case Practical
32.88 summer 20 MW
12.0 winter 7MW

Cost Dala

Sotar ponds: (1000 m? Dikes 18’ high X 18’ wide at
top, 45° slope: 1.5 X 1.5 X 2 X 4 X 3.281 X 1000/27
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= 2 187 cu. vds, @ $27cu. wd. = $4.374; X 20 for inte-
rior bafties, roads, riprap. etc. = $90,000. Weirs, pump
pits, ete, = 5110,000. Pond piping, pumps, canals, eloc-
trical, ete. = $200.600.

COST SUMMARY
Ponds, Civil Work $ 400,000
Dikes, weirs, eoads, ete. $ 200,000
Piping, pumps, ete, 200,000
Power Gengrarion 4,000,000
Tuarhines 2,000,000
Heat transfer 1.,0500.000
Caoling towers 500,000
Balance of plant 500,060
Total % 406,000

Cost per Kw, $2220
Electric Power Costs
Annual cosis (amortization, interest. taxes, ee.)
P79 = $748,000
Salaries, materials, mise, expenses = $130,000
Dye, evap. retardant. isobulane loss = $100,000
Tutal = $978,000/vr.
Average power = (20 — T)2 = 13.5 MW
@ 95% on stream time = 12,8 net MW

$987,000 X 1000 {mils/yr} ) .
Cosl - = §,8 mily/Kwh
12.8 X 10060 (Kw) 363 = 24

SUMMARY

The technical feasibility of constructing low operating
cost, incxpensive solar ponds is well demonstrated by the
world's large cummercial salt pond operations, Evaporas
tion retardant films have also been utilived, as have insu-
lating covers on solar collectors. Rankine cycle engines
for power production from low temperature heat sources
are likewise in commercial operation. Thus, the technical
feasibility of this propased new solar energy process
would appear to rest upon the ability of the various com-
ponents to fit together into a practical, economical and
efficient provess. it shonld be a unique and promising
method for solar thermal power production having many
improvements over other means of coflecting solar energy
(a patent has been granted on the process [Garrett,
19771, Compared 1o salt gradient ponds it has the advan-
tages of being available for commercial operatian imme-
diately after construction, it has higher peak tempera-
turey, is kess expensive ta construct, i much move stable,
requires less operator atlention, requires less water
make-up, has greater thermal efficiency, does nat need
the expenstve salt loading or auxiliary evaporation area,
does not need pond linings and poses few environmental
problems. However, it has disadvantages for equally uni-
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form power productiva of requiring small hot and cold
storuge ponds; it needs variable flow pumps for the
ponds; it has a somewhat more complex membrane struc-
ture; it requires oil for the evaporative retarding tim;
needs more pond subdivisions and is not yet as well dem-
onstrated.

In general. however, the new method has the potential
oft 1} allowing small or large-scale heating or solar ther-
mal power to be generatced, and 2) producing heat or
power on any scaie mare cheaply than currently studied
methods. The utilization of sofar energy for heat or power
generation appears to have significant potential to im-
prove the economics of plants where solar ponds can be
employed. Both this new method and the salt gradient
ponds should find a wide application in the future,
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