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PREFACE 

This reporc is a compendium of ·analytic work on solar ponds performed at 
SERI during the past year. The work investigates. the performance, economics, 
app 1 1cations, and total quad potential of the various types of solar ponds, 
particularly the nonconvecting salt gradient pondo The overall finding is 
tha-: solar ponds are a viable and economic tech.1ology with ·the potential for 
diplacing very significant quantities of conventional energy. Work was per­
formed under the Systems Analysis and Testing Program, a major program element 
in the Systems Development Division, Office of Solar Applications. 
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SUMMAR'\! 

Solar ponds are probably the simplest and least expensive technology for 
conversion of solar energy to thermal energy. The solar pond is unique in its 
ability to act bor~h as collector and storage. The cost of a solar pond per 
unit area is considerably less than that of any active colltctor available to­
day. A. combination of their economic and technical factor·. makes solar ponds 
attractive for district heating and industrial procest: heat applications. 
Solar ponds have the potential to displact significant quantities of· fossil 
fuel in low-temperature heating applica.tions in nonurhan areas. 

This report first describet> the differer,c types of solar ponds, including 
the nonconvecting salt g·radient pond and various sai.tless pond designs. It 
then discusses the availability and cost of salts f~r salt gradient ponds, and 
compares the economics of salt.y and saltless ponds as .a function of salt 
cost. A simple computational ·.10del is developed to approximate solar pond 
performance. This model is later used to size s.olar ponds for district heat­
ing and industrial process heat applications. F~r district heating, ponds are 
sized to provide space conditioning· !:or a group o·: homes, in different regions 
of the United States. Size requirement is on the order of one acre for a 
group of 25 to SO homes. An economic analysis is perforrat!_d of solar ponds 
used in two industrial process heat applicationso The analysis finds that 
solar ponds are competitive when conventional heat sources are priced at 
$5 per million Btu and expected to rise in price at a rate of 10% per year. 
The application of solar por • .!s to tne generation of electricity is also dis­
cussed. Total solar po!'lti potent~.at for displacing conventional energy sources 
is estimated in the ra·:tge of from one to six quadrillion Btu per year in the 
near and intermediate future. 
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2.1.1 SALT GRADIENT PONDS -Most studied of the solar ponds is the 
nonconvecting, salt gradient pond (Tabor·, 1963, 1965 and 1980; Nielsen, 1979; 
Rabl, 1975; Zangrando, 1978). 

The salt gradient pond is a pond in which salt 'has been dissolved, in high 
concentrations near the bottom, and decreasing to low concentrations ncar the 
surface. Salts most commonly used are NaC1 and MgC1 2 , although there are 
numerous other possibilities (see Section 3.1). 

Solar radiation enters the pond, and whatever is not absorbed in the wat­
er on the way down is absorbed on the dark bottom (which may be an artificial·· 
lv blackened liner). As ~ ~~sult of this heat collectic~ ~t the bottom, the 
deeper waters become wa~. 

Higher concentrations of salt prevail in th.a lower pond regions than in 
the upper regions, so the warmer, deep waters contain a higher density of dis­
solved salt than the colder waters near the surface. Pure water, when warmed• 
becomes less dense. If there were no sal: concentration gradient in the ponrl 
there would be continuous convection of the warmed water from the bottom of 
the pond to the cooler layers near the top. However P the increased density 
created by the salt prevents this thermal buoyancy convection. Heat transfer 
to the surface of the pond occurs primarily by conduction, which is slow 
enou3h to enable the lower regions of the pond to maintain a high temperature 
(100 C has been measured in actual ponds). 

In practice, the salt gradient pond has three layers, as shown in Fig­
ure 2. In the top layer "''rtical convection takes place due to the effects of 
wind and ~vaporation. This layer ~erves no useful purpose and is kept aa thin 
as practically possible. The next layer, which may be approximately 
t-m thick, contains an increasing cot.centration of salt with increasing depth 
<Hid is none on vee ti ng. Tho bot teo layer b a convf?r: t 1 ng byer which provide& 
most of the ther.nal storage and facilitates heat extraction. 

Variants on the simplest salt gradient pond design have been proposed to 
aid in controlling the boundaries of these layers• The so-called "membrane 
pond" (Rabl, 1975) contains a horizontal partition to separate the l~wer con­
vecting zone from the middle nonconvecting zone an~, possibly, a second parti­
tion slightly below the surface of the pond to minimize the surface convecting 
layer. 

Surface convecting layer 

----+-- Nonconvecting .layer 
'r--- --- ---· --- ~--/ (increasing salt concentration 

with depth) 

Storage layer 
(constant salt concentration) 

figure 2. Salt Gradient Solar Pond 
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Salt gradient ponds have been built and op~rated in such diverse lc>c;.~­
.. ions as Israel (Sargent, 1979) and Canacia (Saulnier» 1975) and in Ohio O~id­
sen, 1979) and New 1-iexico (Zangrando, 1973) in the United States. 

2.1.2 OTHER NONCOWVEC'UNG Po:ms - P£"oposed 3ltematives to the 0.:\~.t 
gradient pond in the nonconvectin3 pond cateeory are the viscosity stabilized 
pond (i-1attelle, 1975) and the gel pondo not.:h of them retard internal convec­
tion by decreased fluidity of th~ '-7atcr in tha pond and have not yet advanced 
significantly beyond the co;'\ceptua 1• ;~tageo 

2.2 CONVECTING PO~~S 

2 o 2 o i SHALLm-1 SOLAR POND - The oingle t·:~ll-'t'ece3rched example of t:1c 
convecting pond is the shallcv.·Y sol.nt' por<d p>:Of';)Sed r:.nd deeigned by L<1wrcr,ce 
Livermore Laboratories (Dickinson~ 1976; C::tcoc.::.5c1c, 1979) o The shallov7 aolo:r 
pond (see Figure 3) ie abo•1t a 10-cm depth of ;urc t7.:!1ter encloeed in a larcc 
water bag (typically 5 m by 60 m) u:.th :! blc.c~-:~n~d bottomt inaulatcd b::lcM 
with foant insulation and on top t,rf.th c~.r~::::Jxr·::;. '!.L:~ t-:otcr from many such pont!r:; 
i.s pur.!ped into a large stor&,c;c t:cntt f:cL' r.1.[ itt r.to::c,r;c ::.nd back into the v::l tel' 
bag~ each raorningp in an opcratiq r::ctb:l ccl1c5. t\:J "bai:ch" mode.. 'i'h:;! oh-.1-
lm·i\ solar pond m?,y also be O~l;;:otc;l h1 t1:·~ "f:lc:J throunh" r:.-odc, in t-Jhich the 
wat~r flo~1s continuously tht'C;c;~:1 t.:::! t;~tcc l:::l;~.J in ouch a way ae to maintai•• 
control over the cutlet tempcrott:.l:c .. 

Especially -:.then operated in t::._; Hc::-~::?:m.'_:;i l..:}do& the ohallot-t solar pond 
is almos~ th~ san:e as a ilnt-plct:·~ cc~.J.r::-:=o:; t7ith \•Yater atorage 8 tl:~ moin 
difference being that the eol<El.r: pa:·.:-2 C!Oli.:::ct:c:!' io f11tcd in a horizontal pooi­
tion and is leas coatly than i:!:.::! ~.~::::u::l G2i.:-;)l(:t:2 collectoro For this rcanon 
Figure 1 classifies the ehaUo~1 color pond in tl1c collector-pond ato'L:'&e;G cate­
gory described belowo 

2.2.2 DEEP S.+\LTLESS POND - Althou:h the ehnllm·7 convecting pond dc:!vclops 
high-temperature water in a fairly f:lho-rt time, it 'i:cquixes pipes and plur.-.bing 
to t:huttle uater out of the "ponds" ec.ch cvG!ning and etorace tanks to hold the 
~r.:~t~>r rat. ni.ght·. ·.t also tequ:!,;-~s in.eulation under the uoter bags because the 
ground is allowed to cool off each night after the \"70ter is removed rrom the 
bags. 

A more economical approach is to leave the water in the pond at night and 
. to provide as much extra insulation as poseible on top of the pondo During 
the daytime, when insolation must be received through the top of the pond, 
there is a limit as to hO\-J much top insulal:ton can be u6ed, and double glazing 
similal:' to that used in the shallO\-r solnr pond would be employed. But at 
ni~ht or during periods of lo~-1 insolat:lo.n ad.~~tional insulation Cl)uld be pro­
vided. An obvious and simple method would be to :~ay extra insulation over the 
top of the pond, either automatically oc manually, whenev~r insolation falls 
below a prescribed level • 
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A more i~t~=esting and economical possibility is to spray foam insulntion 
between the glazings and tetwcen gl~zing and pond when insolation drops b~low 
the prescribed level (Figut·c l))., A spray .fo<:r.l haa been used su~ce~sfully to 
provide night insulation for greenhouses (Groh~ 1977).. It has b~en :.:ound in 
practic&:? to reduce the heat loss by &t least 50%~ although in theory <:.n 85% 
rP.duction should be attain~ble., . It should be noted that the spray foua use1l 
in greenhouse experiments is a e;ater:lal normally _used for UreHehtir•J• It 
see1-:~e likely that impt·ovements could b~ made in the material for purpceeG of 
pond insulation. 

I
. . ..... --a r~-,c·-·, l:~:--~-~.· 
"~~_, ..... -~J ....;._..l.,l~ ... 

c---~r ::---.~-:; : ·- .. . ... 
(·, .... -...... -.................. _, .. ___ ... .. 

In th::! n:ornlng, the op'i:"c.y ~:a:·:; ~.n::a:;!.:;~:io;:~. G!:-<!ld fuc allotvad to cattle Glnd 
"Lun off, !eaving a ncglig1.bk: rc:-.;•.(:.'.'Jo ·~:~:-:! c::~pl~;.'ll coet: of uoinB cpray !oum 
to provide supplemental nir:;'Ct.>: ir-=::~lcticm :;.o a•::;tir.:3ted at lees than $l/r.1 of.: 
pon~G 

Ucoides elirninating the n')~ci for P~t:-:;o 9 1.::1.:ipo. llnd plumbing to. t·z:om:port 
the ~1ater to nighttin:z etorcoc, this "ct~tic:12~y" pond ~-lould not ,;"cquire 
bottom 1nsulatiO\lo After a ~·~=.-~."mt!p }:::1:lc;;1D th3 Cur:;.;:;E'ature of the e~ound ~-10uld 
approach that of the pcm.d water 0 pt'oviilir:~ coed inoulaUone 'i"'hc only addi­
tional insulation that mieht b::; clco:i.xcd ·wculd ho along the sides of chc pond 
to prevent edge losseso · 

To provide sufficient storoge to even cut daily and seasonal temperature 
fluctuations~ the stationary convecting pond t·7ould be a deep pond~ not a 
shallow one. 

The deep sal: tless pond ccncept \-Jas prropotJed by Taylor .0 977) o Thet·e has 
beet'\ much less research as yet on the deep saltless pond than oi• the salt 
gradient pond. In Section 3.2P thee;e t111o pond types will be compared as to 
projected costs and performanceo 
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2.3 COLLECTOR-POND STORAGE COMBINATIONS - Several collector-storage co;n·­
binations have been suggested in which the thermal storage is provided by a 
large pond embedded in the groun~. 

In a Swedish design (!1m:gen~ 1978) a bank of tilted collectors is floated 
on a raft of insulation on tcp of a large pondo The heated water is draincJ. 
into the pond and the collecto-rs are fet'i ~,Ji.th coolcl: v-1ater pumped back up frou: 
the pond. 

A pond tested at the Univeraay of Virginia (neard, 1978) had a trickle 
collector mounted just above the su;cfacs of a squ~re poudo Between the pond 
surface and the collector was a layeL' of: foam inGulation "beads" through which 
the heated water trickled into tho pondo 

An Italian proposal (Cavalleri ~ 1977) calls for focueing collectors to 
heat "Tater to a high temperatu!Ce and dcpooit it in a pcr.d of several t::q\J::!.;c 
kilometers surface areao According to th2 p;ropoaal, this tl1ater can then oo 
transported long distances in underground pir:ce to ho.nt e cityo 

~~Then the shallot·Y solar pond ccmccc.pt :~~ CG:29C.!."cd ~-lith the collector-;?~••d 
storage designsp it is apparent thGt the ohnllm7 r;o'-.d iz ~mologoua to the eel­
lector» and the night otoil'age tc-.t.!t f.o cr:.clocouo to the thcrr.ml storageo 

3.0 50LA..!( POND COSTS AND PEtU•'Or'UKJ.;C~ 

For the s~lt gradient pond c::td t:-.::! c~-:::~:' c::-..J.tlcoo pnoi--that is, eor::cr.­
tially, for those solar ponds th::\: c.z:r~ r:~r:: co:.<..:i.::ctor/r;ond etorage cor:~i>:i;na­
tions--the chief coats aiC'e for c~'!t:t1l :::::.-;·L~·: 9 l::~=:~:c,: U.r(::!r~ and foa: salt ia tr:! 
case of the salt gro:~client pond or: f:o:;: s~"·:r· ~·.:. l}.r.::.:::f.•:::J . and cdditional incuJ.~­
tiut in the case of the deep cclt:J.cso r:: :--::. '£'i:; cc::;to of c~lt for the calt 
gradient pond may vary very lJl!aclyo 'i::t.;l.'::::~n:c t:.:13 x·cl<!tiv~ attractivcr.eco of 
salt gradient olC saltlet:s pond io rr::}.:.:::dly a :Zt:nction of the highly ci~c­
dependent G~lt costo 

3.1 LC'.J-COST SALTS FOR SALT Gi::t:Dn:~;T £:::H.iul ?ot;DS - The costa of caJ.tn 
for a solar pond rept'eoent a oizablc frcc~ic.n of th~ total initial invcct­
mento Depending upon the design cbtt~He c.~-:1 the 'frl:o:dmity to a source of 
salt, a typical NaCl salt poud may l::'equire 30i; to 60% of the initial :hwcst­
ment for the initial cha1ege of N~Cl (~~te 9 1978; Battelle, 1975)o ThercfoLc, 
the identification of suitable, 1-:Hrcoct alteL"native oalte could strongly af­
fect the ov.erall economic favorability Qf ~ ea.l\: pondQ 

A suitable salt must meet several clCiteria: 

o it must be adequately eoluble ("11th a solubility that incr:eaaes with 
temperature); 

o its solution must be adequately t'i.·ansparent to solar radiation; 

o it must be widely available, so that itd.transportation costs do not 
offset the advantages of its low purchaze costs; and 

o it must be environmentally benign. 
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.The amount of salt required and its necesea~y solubility and optical 
characteristics cannot be establishe<! theoretically because the understancling 
oc stability in a stratified pond ie not very "117ell developed (Leshukp 1973). 
However, certain sufficient conditions for pond st~bility can be inferred by 
analot,y with Successful Nal':l ponds, and the oveL"all thermal performance of c. 
salty pond can be simulated by com)>uter modeling when the solubility and op\:i~ 
cal properties of the alte~native salt are knowno 

A typical NaCl pond has a solution concentt:ation r:anging fl•om nearly zero 
at the surface to a maximum of l7 wcir;ht percent h't the s~~rage layere Thil3 
corresponds to a density gradient of only about 0.05 g cru per metelC depth. 
An alternative salt having a simila;: or lower dliffusivity and which can pi.·o­
vide a similar density gradient at op~ratiu~ tcmp2ratur~e should also prodeco 
a stable stratificationo Figure 5 shm<Js th~ colunility of some candid.:<te 
saltso In all cases~ th~ diffusivitieo of the alternative EJalts are loH-.:t' 
than that of NaCl and the tempcratm:e clep~:ndencc of Golubility :l.s grGatcl· .. 
Therefore? 

3 
a concentration sufficient to p': <I:'Z!no!ty gradient .;:;£ 

0 oOS g em- per meter depth . h1 a typical .:c:;:.?crature gradient 
(=20°C 0-l) should provide as great o'iC greater ~·"'··- :::rtabil:l.ty aa wouid the 
NaCl salt. 

Table 1 summarizes some properties of the conM.dut:e oaltso Costs .sxe on­
ly approximate since they vary substantially vYith location and time becauoe of 
transportation costs; hot.;ever, it ic clcor th::a: cnJ.y tho::::c oalts that cnn be 
obtained. as "waste" products offct· t•mb:;;t<>,nt:i.c1 cx:cm.o::1:E.c oclv.~ntaflCo The m:::l3nc­
sium chloride "bitterns" arc avallai.l'i.c f1:c:·.1 plan::u. t\:at i!.'cHne HaCl) Gmd thcoc 
sit~s are numerous (Fieure 6)o Sod:t.::n oulfct~ 0 'it:-.:;.3vor 9 hco the potenti.2l fotr 
much more '•7idczpt·ead availab:U .. :!.ty i'il tL-:! n··~~:l.'; L1.'?:i y.~~·-:!~0 a:J £~ ~·::aote ll)il:oduct 
from flue gas dcsulfurlzation n.t co<:~l-H!.'c:l ~:!:;~·.: plc;nt:oo 

Enforcement of exioting EPA F:..ir c::~·J.:tc~· c~;c:;~.::..:rc'.o "1111 require all .,-,:;'117 
coal-fired pot-Jcr plants and rno3t [:::'.::- c:· :, o:f.J.-::::.::c 'i rr.;;;·.:;r. plonta that \•7i11 bo 
converted to coal (ae required by t::-; L:t:ts-.: .. ~:1 ~;;::!?:c;J t.et) to have come flu::! 
gas desulfulCizationo Several d!Hcn:::nt c.:~-··lf:t•:.~1.::.ntion proce3eeo are ur.1dcl!.· 
devr;lopment hy inGustry and ev.:lllS~tton 'tly i:~ia: (l:"''..:i£, 19'/CJ); tt:ro of the rr.oot 
pr-omicing ucc N~:lcoj anM ct· Na.H~o., c.r:.:~ p1·oL:uco n:.: .. ~; )t, ao o f~uo gao dcculfuri ... 
zation (FGD) ~Jaste product. Thcoo procccc'1c nrc L~:~3 dcvclCJpcd by joint ven­
tures of Joy Industrial Equip;~:;nt Cc;.:~:::'i:q ~·:.tth !~ir.o Atomizer Compar:y 
(Felsvangp 1978) and t,neelabrator-I;oi'yc, Inc.~ 'ihth R.oc!~tvcll International 
(Escourt, 1978). 

The quantities of FGD waste produced by a pl~nt a~e enormouso A typical 
500-MWe plant (burning -0.2% sulfut· coal) vmulcl produce appiCoximately 250 tone 
of FGD waste per clay. Hundreds or oil- ar;.c1 euo-fired ptmer plants around the 
country are potenti.al future sites for production of the FGD waste. In the 
southwestern United States alone the capacity of such candidate plants is 
greater than 76 GH~, and these plantEJ arre widely dispersed around the country-

I 
! 

side with about SO% in rural arec:s n~ar potential solar pond aitee. Thus FGP ., ... 
waste salt may meet cost and av.:1ilnbility criteria in the future. ·• . .-· .. ! . 

Preliminary measurements at the Solar Ene"l:gy r~search Institute (SERI) 
indicate that the FGD ~.Jaste salt's optical properti~~ may al.Go be acceptable P 

althi)•Jgh, because of impurities, the FGD salt soli.ft1one are not as transparent 
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Salt 

Sodium 
chlcridG 

Sodium 
carbona'i:e 

Sodium 
bicarbonate 

Sodium 
sulfa~e 

Formula 

NeCl 

Magnesiura MgC12 
chloridz 

*Estimated p~·ices 

Sour~c 

syE1~:h~';;ic 
{SiliV.QY Prcc.3::;) 

c~ '11".:!:12 
(Ch·c~:i 'lt~ilC:?~ 't7y.) 

l·•··r • -n#•r.,.\ ,.. ... __ ... 

10 

Cent 
($/lO;:;!;g) 

20 

93 

Gl 

'10 

Comrne11ts 

Eyprorlu.:::t o? oLi 
cinXs miali::,:; 

(not yc;;t in ;::;rc·~ 
~uetio:-:) 

Boot CO::.lot vdcc 

Pt·i~c <l:;::c;:u:; c;; 
pro:dmt~y of 
othsi' ra107~Wb 

99% pUl'::!9 h;J<t':l-
ted onl~ 

Wa~~e proc.i;.:zt 
cleo ccntcli'niii.S 
o"hcr sul~ (not 
normelly !:old). 
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as fresh NaCl solutions. The FGD s~lt solution appears to meet the requik~­
ments for optical clarity but may not perform as w~ll as NaCl. Continuing ex­
periment~; at SERI will resolve these quest:I.onso 

'L'r.c enviror.u.ental acceptability ox FGD salts 1remalns a moot question. 
The Resource Conservation and Recov.2:ry Act of 1976 requires the EPA to identi­
fy hazardous wastes. Fly ash and flue gas ~crubber sludges may be so desic~ 
nated (Ray, 1978). If so, then the FGD salt may require acme purifica~ion be­
fore it can be used in solar ponds. Hou thio purification might affect avail­
ability, COStg and performance remains to ba determ::.nedo 

3.2 COHPARISON OF SALT GRADIENT AND SALTLESS POHDS 

3.2ol PERFORMANCE Cm1PAIU~ON - A co7Jputer ciro:alation was run of ~ 
hypothetical salty solar pond at Dc.xctoo;·~p Calif o E1Iiploying a finlte element 
model of the pond (Jayadev, }-!ay 1979), th("! sir::ulation tooit into account edce 
losses and ground storage aa well ao locsc~ throunn the aurfacep losaes to the 
ground, and pond storagee 

The pond ~]as C~ssum~d to b~ 30 o :i.n dicn:::tu: P l:'cu.:?,hly the size th&t could 
be used to heat a sm.:;.ll group of hom;~ a o 'i"tt:J pc~c ~;~o ~seum.ed to have a 
storage layer 1 m in depth, a nonc.onvcc:.:1r.3 l:::.ym: lBS n in thickneeo 0 and a 
surface convecting layer Oo3 i7i thld~o ('!:lt.:! am:f:ccr: ccmvcct!ne layer io cnuccd 
by wind tui.·bulence and evapol:'ntlcn c..ntl CC.!l~Ot.: . b~ mroidcdo) No inoulation 
around the pond was assumed e;;ccpl.: th::lt prm?~.c!~d Ly th::: r,r;:ound f. tself e 

It tlas further aosumed thnt n cor.~tcnt loa.r.! ofC 35 93!>3 V.] (50 t-7/m2 of por•d 
surface area) was e~tract~d r~c~ the pon~o 

The sir.mlation sho'iJecll that th~ O:.'l."c.:-:.::;_-;c c;-.rmal tcwpcn:ature of the pond 9 c 
storap,e layer tvould be 61 °Co Xt t;o,.;ld ZC::).Ch. .... r.r.:;:ir.1u::-.1 of 81 °C about mid-
August ar.d a minimum of 41°C :ln l·l:ic~l.'cb:..·una:-yo 

~ext, a saltless solar pond t·J~<.:: ai•:::ulotci at t'h:n oamn locationo 'f'n.a 
saltless pond ~Tafl assumed to uz comrcctinn \·ii.th the oame temperature main­
tained throughout. It ~vas aoeur.:C)c! to l:ova 3luzinr:;a over the top with a heat 
loss coefficient of 3 H/m2°C artd additip:l.ol <1ir;ht inoul~tion resulting in a 
nighttime heat loss coefficient ,cf 1 T;-J/YJ/-°Co Tncrcfoi:'e the surface heat loa& 
coefficient averaged about 2 ~·1/m2oc. 

Transmissivity of the surface glazir.g to eolcr t"adiation was aseumed to 
be 0.65. 

By an iterative modeling proceos ~ a ealtlesa solar pond was founs! that 
t.;rould have nearly the same temperature profilc 9 under the same 50 \ol/m2 con­
stant load, as the salty pond. The saltlecs pond would be 30 m in diameter 
and would have only ground ineulat:lon--like the salty pond--but would be 10-m 
deep, mucl1 deeper than the salty pend. As noted, the additional dt=pt:h--ioeo 8 

the additional thermal mass--is requi~ed to even out the temper~ture fluctua­
tions in the saltless pond. 
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A computer simulation ·run on the saltless pond ehot,ed that its average 
temperature tvould be 60"C. Its maximum temperatureD ;reached in August, would 
be 80°C and its minimliDt temperaturep in mid-February P would be 40°Co Thus it~ 
temperature profile throughout the year •rould be much like that of the salty 
pond. 

Figuzoe 7 shows the temperature profiles of t~·,;:: t:t-io ponds. 

·c 
~Dr---------------------------------------~ 

&=i@GJJII'0 'F. t.\rn\J1~d 'fo3W~:Jt't:·~;r,;o L:vc::::- ·; ~cJ C:.:2; c~,;~~ GcbGe:3:JSl 
$ofio:r [)llolJil~S D2 O.:.j·.::2::;·""J' !!;;:.~:~. 

3.2.2 ECONDr'iiC COHPARISON - At the preoant etzs·:;! of their ·development~ 
solar pond costs can be only roughly eztimated. These eetir.tates t-rill serve~ 
however, to suggest economic comparisons cett"."een the salty and saltless ponds. 

Capital ~x~en8es f~r the salty solar pond include excavatio~ expense, the 
cost of a blat:itened liner for the bottom of the pond, and the cost of the 
salt.· .. 

·rhe sa:.ty pone! i~ 30 m in diameter and 2.8 m deep, so that at an ex~ 
cavatiog ~~st of $2/m , the total excavatio~ cost would be ·$4~000, or about 
$5.60/m"' of pond surface area. The liner for the bo~torn t)~ the pond must be a. 
durabJ.e material like Hypalon®, at a cost of $10/mz or about $8,000 for the 
enti~e pond (including sides). 

The sr1lty pond •1sed in the simulations would require about 0. 5 ton of 
r.alt per squat·e meter of pond surface area. The cost of salt varies widely 
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with proximity to the sup?lY and may b~ treated ~:::; a variable in economic cc:u;~ 

parisons with the saltless pond. 

Capital expenses for the saltlena ool~r 'por.d incJ.ua~ excavation expense.} 
the cost of the liner, the cost of the z;ut:face si:tuo:turc and glazings~ and the 
cost for night insulation. 

The saltless pond that yiel~ed ap::,ro~d,;-:ately th~ ca.:e output as the salty 
pond was 10-m der-?• At a cost of $2/r:t..::. th~ e.~:cuv.:tion e:.tpense is about 
$14,000, or $20/m2 of pond tmriace ar.:c-~14.,A0/;JJ.. mm:c thor~ the salty p01•d .. 
However, ti-le cost of the liner could 'b~ rcdccod to uho:zt $2/o due to the ~uch 
reduced requirement folC JCetaxde.ticn oi lea'1tcco. !?or the entire pond, the lin­
er cost would be about $1,600. 

The cost of the surface structure end ntazlnas dap~nds· upon the rwans of 
i.mplementatior.. One possible ocher::: io to l::~i.·.:::! a l.::.tticc otructure that ~;ou:d 
be placed OVCl" the top of th3 pOT?.Ce r1'0 thia Gt'!.'U':!tUl"C ~;ould ba factcned 
sections of double-laye&:ed pl~otic fib cbzi~::;!> :ltf2intcd by air at lcr.-; pra~­
sure. for this design a conservctivc co~t ox $!0/~~ ic cocuccdo 

If Hquid foc:u incul&ticn ~;.)rc u~c:~ (o:: r.:1.[)•t: !n::;uL;;.tion, 1t CO':Jld be 
sprayed into the space b~t•:reen th?. it!flr.tc(! pl..::=:t:L'! gl.::.;:::i.n::;co 'i'he coct of the 
liquid ~o~P r.o""'"'!C"ti'"'~ "'"JUip-~".,.~ .,.,,_,._. - ~· ·1,..~,, .. 'L-r"'' ''l/,.,'L. • co- •' u-•,.._ ~ ll.'-tJ \0,;;"£ .~ .. -~11.~ v"'-"-"--~....,.-'-' ----' L .......... _,_ l..j o 

Table 2 aur.LMrizcs rou:::;h cooto fc:: t~:::; c::llty ~:~£1 tt<2 caltlesa ponde 

At a salt; cost o£ $16,Jl0/u:2 pod cu!::':c::::~} ,_rc.,::. t:~~ coot for tha oalty pod. 
equals that cf the saltleos ·p~1d~ :::h'!-:::: 0.,5 t:::.2 cr: o.::lt to L"cquircd fa-r c~ch 
square ·rJetcr of pond Ct.!rtccc ::u:oc., t:.::: t:.-;":·;-~·:,:..:J. price for Gclt 1•. $32.GO pet' 
ton. At a cost of snlt louer t~1~n thia. tt::: soi..t:y t~Ci.1<1 in r::>re ecotw;-aiccl., 
At a cost of salt hie;hcJ: th.:m thio, t~.- ~::-.!.tlc:;r: t:c<:c :!.:; r:!Ot::e cconomicclo Fe;: 
t'he 2$33~30/m~ cost of the aoltlccc pm;.:l~ ti.:::! cc:_1it::::-i coct £'or (;!n~xgy at the 50 
W/m extcact1.on rate ie $666/t•Uthcrrr:::-.1 o 

Pond C.omponent 

Excavaticn 
Liner 
Glazings 
Night Insulation 
Salt 

Tota.l/rn2 

Totnl Coct 
($) 

5.61) 
11.30 

~16.90 +X 

14 

Saltlc,~::: Pond 
(1250 m~ X 10m) 

'I'o~al Cost 
($) 

149000 
19600 
79000 

700 

Co-:.t/rp'l... 
($/m:t) 

,· 
20.06 

2.30 
10~00 
1.00 

$33.30 

·. 
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There has been insufficient ~;orking experience with solar ponds to 
provide a good estimate of operation and maintenance cos'i:o. \Uth the salty 
pond, there is a requii'eraent for frequent maintenance to preserve the salt 
concentration gradient and to maintain t.;;;,ter clarityo There is no reason to 
expect higher ope~ation and maintenance costs with tha caltlcso pond than with 
the salty pond. In factp there ia reaoon to exp~ct these coats to be lower 
with the saltless pond since it is covered . and has no salt gradient to 
maintain. 

3.3 SIM':'LIFIED SOLAR POND PERFORHANCE HODEL - A simple oothod that en­
ables easy calculation of solar pond sizes and c.utputz hQe been developed 
(Edesess, 1979). 

3.3.1 DERIVATION OF 1"HE· MEl'HOD - Hhatever their dif.fereORcee, the uarioua 
solar pond designs have a very large body or t:hern:ll atO!'OBO in COtnmO!"h It is 
assumed that: this storage ia so large th<2t &3ily iluctuationo in ambient 
temperature and insolation have a noclicible effect on the temperature of 
storage and that only seasonal vaiCietio>lO in tho cnviromncnt need be 
considered. 

It is azsumed also that the h~at loco ft:cc atm:n::'J 'il.c related linearly to 
the difference between the tcmpeJCatm:e af otoi:'<l::-::; ad th::! tcqn;rature of . the 
ambient air and to the difference b'Jt~·;:c:n t!<::! t:c~;>:::t>.::.t;.~r:c of storage nnd the 
tempe~ature of the groundo This r.::;3~;~ th::.:t'J c.t:::>C 'l:J cf:fective heat loeB 
coefficients Ua and U~ auch thct tt;:: 1:::-.s:c of ,L:'::tt: looe is U8(T - Ta) 
+ U g ('i' - T g), ~!here T 8 16 _the er.ibicn~ tr·:·.::::-:1\';~~!.'::':'C, '"(., io t'h:! er.cund tempct:·.n­
ture (presumably equal: to ·;: , the e:~Jet'C[.. 1 :::·~~~-,.~~1.1 '-''·::\i:j.r.:nt cc·;~p3'!'aturc), and ·r 
is the temperature of the :?l~orage la.yc!' of i;:h:! p;.t:.lo In the caltleo~S pond, ·r 
is assumed to be the temperature at an; r;0i>.1to 

Suppose that charocter:i.otic heat lor.:s co::f:Kicicnta U8 ~ Uc, ond Ub can be 
identified for a pond of IJ1.11t"hco area Av p:::;~:1.r::;tr:t· '-'~ .:.r..::1 l•::!ptf& D02whc~:e U

0 
ic 

the coefficient of heat loss from the c~.rcfc.cc of tin ror.d (:l.n F!/m °C), Ue io 
the coefficient of heat loe~ fro:n th~ e:1c;::a of th~ pot:U. (in U/Q °C)~ Ub is the 
coefficient of heat loss fTCom the botto;n of, the p~nd (in tJ/m2 °C), and A io 
mc<lsured in square meteJCa with P aml D mcact'llt'Cd in mcter.so Then, the 
COefficientS Of heat lOSS !:0 the 8lilUient 3:ll' Uf.\ ana tO th<a ground UgP 
respectively~ can bP. expxessed in terms of U90 U6 ~ Ub~ A~ e·nd P ao follows: 

U "" AU + PU , and Ug =- AU~~. o a s e u 

It is a reasona.ble appro:r.imation to n:ouel the insolation and the ambient 
tcmpet'ature as sine Haves; and, fox sil':lplicity, it: ie alco assumed that the 
load can be represented as a· sine waveQ 

Thus~ let 
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3

(t) "' T +T sin 2iT(t - ~ ) a a T - ~ 
I(t) Q I + 1 sin 211'(t -.$1) 

- ~ 
L(t) = L + L sin 2TI(t - 9 ) L 

The time t and the phase angles <!>Tv ci>p $'L a-re measult'ed. in yeara.. If 
insolation peaks in Junep then ~>I io appro;~ir.Hltely. Oo22; if am;,ient tempct"a­
ture peaks about a r11onth aftenvav:d~ thml ¢;T ia appTCojtimately 0.,30. 

Let A signify the solar collection area~ i'a the fraction of insolation 
transmitted to the storage area of th~ pond, and pVc the total heat capacity 
of storage (where p is the ~1ater dencityp. V ie the -8olume of storagep anJ c? 
is its heat capacity per unit ma~G)o 
An energy balance yields 

TotAI(t) "" lf..(t) -!· u ['t(t) - T (t)] + 
a s 

U [T(t) - T ] + pVc T(t) B a p . 

or 

The solution to this differential eq~ation is 

where 

"' T + TaAI - L 
a U + U a g 

'f(t) "'P~c· [:raAI nCt:- <? 1) -:-.u}
3 

h(t- ~T) ·- L' h(t- ~L)j 
p 

h(t - $)= (a sin 2r.(t - ¢) - 2r. cos 21T(t - tfl))/[(2w) 2 ·.~ ~ 2 ] 
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a a s(u + U )/pVc 
a g p 

at 
C(t ) m T -·T + f(t ) e 0 

o a o 

and t
0 

is the startup date for the pond (in years from January 1), at t-Jhich 
time it is assumed r = T o S is the nuYilber of secon~s in a year if I and L 

a are expressed in watts~ 

Note that 
the long-term 
tion lf(t). and 

Equation 1 expre~ses the pon~ storar,e tccperature as the 
avera<>e pond temn2ratt~.>-·~ 1', a pCE:'io~f.c temperature 

u (t' ... (.,t~'· 
a transient term C t ) c - o 

0 

sml of 
cievia~ 

Setting the derivative of Equation 1 cquel to zero~ one finds that in the · 
steady statep e~trem~ temperaturec occur at the tf~co 

By plugging these tir.tes into Equation !D on2 cai1 fi tril th:2 LUa:dmum and minl~um 
temperatures. '' )' 

1: 

3. 3. 2 EXAVtPLE - For a c1rcu1.<.w ce:lt:;r p;<;;.-c~ tll:f.'~ ita ted by . Nielsen (!979) 0 

of 12-m radius and 2-m depth, wdl lo:.:::::-::.'1 ~;:<::a l-'373 H c:t~& floor losace t·;crn 
2920 \ol to1hen l:he pond tcmperatu1:e ucn ::i0°C c:-:J ;~·-·.[.~~c:.'l.t tc;-:~c&atute t-1ae 10°Co 
(Note that only earth !nsulaUon u:~'J t~GC'.:: lln th::!J r.::.r::!llctio&lc) ~ssuming that 
the coefficient of heat lose to <.:~Jt):li.cr.t i.::: Uc ::1 3573/ (50°-10°) ozo U8 "" 1:19.3 
W/°C~ and the coefficient of hee.t lo~::; t:o cr:cu.~:~i il.O U.., c 2920/(.5Q 0 -l0°) ~::~ 73 
H/°C, the projected pond temr>ca:atu;rca ck:::~;l<l J.n '.:.':·.L1lc Y mw obtd:ined with the 
formulas just developcdo ('i'hc po•'Ld f.o c.co1.~:··.~1 to h.:.vc bc~h stat'ted ori 
April 1. Transmission throu3h the nonco,wcztf..vc layc1: f.o cc1um~d to be 25%p 
ambient temperatures are 10±15"C 0 al'Ad inco!ct::lon :I.e 200±50 t·J/m e) 

3. 3. 3 APPLICATION TO ESTIHATING THE AiillA f'..ZQUIUED FOR A SALT GRADIENT 
POND - The formulas developed in 3.3.1 can be ~p~liad to estimating the 
required size of a solar pond. Fozo the ~ir:;:>lcot version of the solat' pond 
si:.dtlg ru~thod, ~ "base-case" salt gradient ponrl uith a surface convecting lay­
er 0. 3-m thick and a nonconvecting layei· l. 2-m thick :is assuiued. . These param­
eters are not necessarily optir~l for every location and applicationp but they 
provide a conservative estimate of required pond stze. · 

For the base-case salt gradient pond, an avezoage optical transmission of 
o. 31 through the surface convecting, and no_rcr. ;wect"ing layers is aaswzP.d. 
Surface heat losses a~e risstimed to bs 0.4 W/m 'C; bottom losses, 0.1 W/m °C 
(differential between pond and ground temperatun~s); and edge losses, 2. 2 FJ/ °C 
per meter of pond perimeter (this would be redqced substantially if the ed~es 
were insulated). 1~ese assumptions are summarized in Table 4o Note that heat 
loss coef.ficients and optical transmission v~~y with local conditions and pond 
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Year 

Yea? i 

Year 2 

Year 3 

Ste~dy 
State 

tJJil:JG D:Zi~:.2.i.:OI':::D VG::L::Cl.:LD 

Projc~tc;:1 'rcm~el"atures 

5kU 5+3 !cW 
Cc:a:::~::tnt ;:urn mer 

Month No Lc~d Led P~tdn~ 

J'uiy 1 !3!.0 ~{.1 .CQ.2 
~t. l C:3.3 53 o~l 53.·1 

Ja."'.. 1 5~.'1 1.!3.~ 1.15.1 
f..?r. 1 0.0 33.7 •:\1.2 
July i G7 .1 Eno? 53.4 
Cet. 1 ?2.8 61.-1 GG.'l 

Jan. i 1'!0 " .... ~oU ~~ '1. 9 .S7.! 
k?t•. 1 ~ .. ~CJg :· ... ) •'' 1}2.0 
Jt,ly ! Cl.G ~.~.0 C3.'l 
Oet. 1 7ZoG c 1 (Jtj G~.9 

<k'J"1o 'i ~··"' l 
,,,..-.- Q ·~ 

~11, ~ 
..... oV ·17 .2 

A!.)r. l ;· '\ () 
~·'OJ 0 ~ ~Jofj 42.0 

Avcrc.~c c~.o t").5 G:).a 
rr:ln t-.:~ CJcC ~· ' ' ·~ J.- tJlQ~1 
1\i?.:.udrra.m £/('. o'~ (''' n 

OJ.ffGiY 50.t] 

5+3 k\17 
~'ilntcr 
Prot<inz 

47 .f..l 
59.7 

·40.9 
36.1 
58.0 
6~.0 

42.G 
36.8 
5tl.3 
M.l 

42:1 
3G.O 

50.5 
3~,.0 
66.2 

const~uction. If better eeticatc~ of thee~ ~n~oc~tcro than thooe assumed for 
the base case can be obtained~ the c:.~p.:.ratic:.1 r::!thod dcocribcd in Edeeccs (1979) 
should be used. An explanation of tho choice of t~run::.;o:l.sGion and heat loo::; 
coef~icients for the base-caoe a~lt cr.:.dicnt ~end is aloo contained there. 

'i:he required solar pond surface aJtca !c ~ function ,.,f desired annual 
average pond tereperature, ar.nual avero~c <mhie::lt tcmperaturep annual insola­
tion, annual load •. and latitude. Th::! bUrface· areu !ncreaf.leo as eithc;:r the de­
sired average pond temperature or the annual lead increases, and the surface 
atea decreases as the C~nnual avc>e.:t3c ~mbient temperature or insolation in­
creases. · The latitude indicateD only the mrcrugc elevation angle of the sun 
and, therefore, the surfs.cc refl-~ct:ivc loaccfl", li".lh!ch are greater at hi3her 
latitudes. Hence. because of larger reflective loasea and the likelihood of 
decreased ambient temperature and insolation, the required pond surface area 
tends to increase with increasing latitude. 
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Par.smeter 

Surface com,recting 
layer thickness 

Nonconvccting !s.yer 
thickness 

Averege optical trl.l.ns­
mission through 'i:op 
tWO lSjTCli'S 

Heat lc::;s from pond 
surfllcc throuJh r.on­
convectir.g layet• 

Losses from pond 
bottom to ~'rotmd 

Vruuo 

0.3 m 

1.2 m 

0.31 

~L2 n P c r:::.· 
mc'.:u (J 
[~C: kaK.tC1.' 

Comments 

V~.rie::; vrith :mrface con­
o!.tioru; 

i'!iay not b~ op.timal 

SJlot'i!d be lo~mr at high 
!o{.ituas::: 

'V"~;.":J ri!\:h wU ~ontc:mt9 
c: · ·;· .:-:::-c:1 cf r:w:ta Gtt7iaeP. 
r· . ·: -:/i. -:Y .. -:; c;;·;:>.dJp cmd 
["~- . .:.~::; cf CLJC !roula-
(·~~"' 1!. ..... u 

\r·-..,acJ 'i."Jith cuU c;ontefl'it 
C·'~ J c: ·::: :~~::c~/t'lcz>th of 

_ ().'C:::;ti rnr~cr .. 

Inputs requiLed a~e: 

T 

T a 

l 

=annual average pond teQpe~atu~~ accircd in °C (if in °Fp oubt~~ct 
32 and multiply by 5/9); 

~ annual average ambient temper~ture in °C; 
,• 

"' annual average insolati.Ci1 in Wm2 (if ilil langley a per day~ mul tip.ly 
by 0.4845); 

a annuaS average load in 
x 10- ) ; and 

~ latitude in degreca. 

\•!atts 
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(1) 

(2) 

(3) 

(4) 

Multiply the insolc:;.tion I by the adjustment factor f to obtain I,:~ 
the insolation received after adj-.1str.:ent for surface reflection 
losses. The factor f iG a functiGn of l~Litude ~, aa shown in 
Table SQ 

Hultiply Ir by OQ :n to obtain Ip, the ineol<ltion received in the 
pend after adjustuent fo::: reflection and transmission looses. 

Let: Td = T - T e TnenD the equation for the radius r (in meters) a of a circular por.;cl to m-aet the requi.:eu:ento ie: 

Once the r:adiua ie ~ctmT...incd, 

surface area in otrucn:·o :.~-;tczooo 

acres, ~ltiply by Oo000247o 

ucc A ::.11 m:2 to find the . required 
'i'o obt.:~!n the require<! arc.:. in 

So~e speci~en pnnd are~a 
Section 4.2ol. Pond depths ar.d 
las developed in Section 3ololo 
(1979). 

cn1.c~Z1ct:c1 ~::;!r-:~ t~1is n;.athod are nh~n in 
o-:.~f;:_~·'J.ts r:-:.)' c;:U;o t!:; c;,;ot!u.;ated ueing ({;he foruu­

r:.:t;~:;;::n fo1· co ~oi~1~ ere detailed ir. Edccees 

4.0 SOLAR POND APPLICATIONS 

Solar ponds alt"e zeod:!lly C.;li)Iic(.':.J .. n to ccch lc::J·-tcr::l'erature uees ao reoi­
dential O!C ccrumcrcial heatin~ e.:.:d l:c:: c::::.:.::::- 0 J.c;-r;c:::-c:rcture induat!Cial o& ae­
ricultur.1l process heat, or p·.rci::l<;t:i.n3 :En·_· ti.:L~.: .::r. tc:...)ct:nture incluatrinl pro~ 
cess heat ( IPH) application. Cc~~'J:f.rlc:l t~:H:b o::;}::.rdc l.':..::n!tine cycle eng inca or 
thereo~lectzic devices, solar pr.:m.c'lo c-:.J tc: 1.!:: . ..::;~2 Zor electric pot;Yer genera­
tion. By using the heat to run an absorption ctlillerp oolar ponds may ce used 
for cooling. 

4. 1 SOLA..~ POND POTENTIAL - T11e potential of oolar ponds for displacing 
fossil fuels in the United Stateo :LG f:l[\illto To estimate potential nmrket 
size, the approximate number of quads (lOA~ Btu) of ene~gy used in each poten­
tial solar pond application t·w.o t~o:.~pile:i b. Table 6~ It was assumed that no 
1uarkct for solar ponds is possible t·?.ithlln u1rban areas.~ but that nonmetropoli­
tan al."eas (i.e., ;:ural) have prim::l pot~nt1al~ oncl rue'trop.Qlitan areas outside 
cities (i.e., suburban) also have po~cmtial for solar pond penetration. 
Energy end use was assumed to be divided in pil.'opot>tion to. the pop.ulation among 
nonrnf:'t.l"opolitan areas, matrcpolitan alL'cas out:!!idc citiea~· and citieo. 

Table 7 shows the potential of solar ponds in nonmetropolitan areas alone 
at 15%, 30%, and 100% penetratio:-. rates. At 15% penctration,solar ponds would 
provide i-l/4 quads, and at 30% per.etration, they would provide 2-1/2 quads. 
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Leti'£ude <t> 

t•ange 
(degrees) 

0 to 29 

30 to 43 

44 to 49 

50 to 53 

54 to 56 

57 to 58 

59 to 60 

61 to 62 
es 
64 

()5 

(16 

6'1 

68 

69 

70 

'll 

72 
n 
74 
75 

'16 

77 

78 

79 

80 

81 

82 

83 

84 

85 
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'Reflect!on Loss 
adJustment 

factor f 

0.93 

0.97 

0.96 

0.95 

0.94 

0.93 

0.92 

0.91 

0.90 

o.w 
0 o':r) 

ol..V 

0.0'1 

©~CG 

0 "lrJ .~.-; 

@ "lt\ 0~ ....... 

o.n3 
O.C! 
o.co 
o. 'lt3 

o.·ta 
0.?4 
o. '11 

0.69 

0.66 

0.63 

0.59 

0.56 

0.52 

0.47 

0.42 

0.37 
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Table 8 .shows the potential of solar ponds in both nonmetropolitan areas and 
metropolitan areas outside cities. At 15% penetration the potential is over 
three quads, and at 30% penetrc::tion it is more than six quads. 

4. 2 DISTRICT HEA'i'ING APPLICA'!Im:s - To minir;!iZe ;1eut losses at the pond 
edges, it is best to maximize the ratio of pond area to pond perimeter. 
Therefore a small pond will not be as efficient ao a larBcr one. Thus, it ic 
better for residential heating appllcatious to build one la-.:ge pond fer a 
group of houses than to build a s~~ll poncl for .each house. 

Table ~ shows the results of ei:zinz the bco~-caoe salt gradient solar 
pond using the simple technique described i.n Saction 3.3, at various locations 
in the United States. The load is ascu:r.::!d to t::J SO kWt'h on the average~ at­
taining a maximum of 70 kHth Gur!n~ the peck da:~~nd pcdodo Sizing calcula­
tions were performed for ~1inter peol:i:1:; cn1 cu::·~:.~:r peaking loadso Sur:::::.~= 
peaking loads are more likely at lc.~<Jer: l.::.titudco ~h::.:rc Goler ponds may be r;;::;ed 
for cooling. The surface area rcquirc;:::mt is t~ncffcctc1 'by the timing of the 
peak demand. The depth requix-c:-..:':!nt is nfi:cctc.:l.~ '!:c~:~vcr; greater ·depth in 
required for a t·7inter peaking load. Sizir::3 ~::::-; r-~~d.'orr.:cd both fore a "hot 
pond" (75°C average/50°C mf.nir.:um) aad a "t:.:.:;:u k-::;J.d" (GO"C avexage/40°C ~ni­
mum) at each locatio~o 

The sut"face area Jrequixcm~nt fc;;: tL;; h::t i-::·~~1 ::o cczvc the specf!.f1.ed load 
ranges f.:om about one-half acr..::: tn i.·:::c."-:Lp 'fi'?::c, ~;c l 1~3 t.r:Jelceg Cal:lfo, to a 
little over two act·es ir. Boston, ~~::.:::~.o ~:::-:J.:.:·~c::: ~r(.~'. rc;:uirccents folt' the warm 
pond l:'a<.ge from a little oveL' on~-tL::'.:.·(} c : ::-: .::.c;::.~ ir:, ~::~.: ... ·i and Los Ancel ea. to 
almost one aci:'e in Bcoton. 1"he .::::· ~;:·. ;::::·. · ·· :.'·· ·· · .:: z;·.::: :_,.:::J from 1. 9 m foo;: 3 st:. ·.­
mer peaking load in Miemi for bc::1 !:·::; c;: ~. 1· :::! ~ ·,r.::::J to 4o5 m fo.: a t•Yinter 
peaking load and a warm pond in I:.::;;.·.;·ct:o (. "·:·:;;.; f;~::.:.-::: th~ c.';~pth requircc~rat r...:ly 
be rela:.:ed by lncreas1.ng the em::~c.cc ..:·.::;...::. .:-.>·.: thu::cty r:c.isinz the entire tem­
perature profile of the pond.) 

The pond sized in each case, \Jith c.l!.C7~.nce for diHczent clir:"..:ltes sud 
consequent uset' loads, t~Tould ba cuHicie::tt to serve roughly 25 to 50 
houst·!-.olds. 

"-
4. 3 INDUSTRIAL PROCESS EEA'i' ttPPLICA'i'IO:~f:) - To aozcss the feasibility of 

solar pond technology for IPH a;>pl!caticr~:J c..:d cc:.:porc the suitability of 
ponds t-~ith more ~onvenl:ional sole.r tcchnolc~y, t~-;o induo~rial applicstions as 
reported in the Solar Eneray Rese<:rch Inc..titutc's (SERI) case studies (Brc..wnp 
1979; Hookerp forthcoming) were ~elected for analyoio. 

One application focuses upm1 the hot }-later ;cequiremente for aluminwn c1m 
washing in a Colorado· man~facturing plant •11here car.s at'e shaped and trimmed 
from sheet stock, then w'azhed and dried before belng sent for bottom coating· 
and painting. On the average, the can processing lines operate 24 h per day, 
6. 5 days per week, and 50 wc<::ke auring t~H! yearo Moat of the energy uced in 
the plant (supplied by natural gas at $1o93/GJ) !B required for can drying. 
However, approximately 22% of the total energy input goes to a water hea tei:' 
that supplies 60"C (140°1'') watct: to the can ~·msher. Water is heated via 
steam. The total &nnual energy requirement for can washing on one process 
line is 2.3 x 1012 joules (2185 MBtu). 
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l?cr:1:l9iz<w fo•· 50 !c\'Jth Avg./70 kt'luu fl1c:r. Loada 

Inwlc.Uon · Am~l<>n~ t'o;cd _ tl;ntc? t'ec:!~(j~~ Summc;o Pc:::kln:J 
Lntltu<Je ('Jl/m'l) Tc=::!J. {~C) "i'e:r.~J. (lC) 

Region Locotlon f) Avff.{f!:!n. A~;-c.fi.11:-o. A•:j./f.iEn l'l'!C3 (C!~?CJ) Dzpth(m) Area (ecrro) D~j~th (m) 

Pllelflc Lo:J Ana~:IC!J S<l 20D/Hll UJ.!3/12.5 ?G/:rJ e.G a :;.~ 0.52 2.0 
L03 AJllelcs :!!J 20D/ll2 10.5/~2.5 C0/1,;3 0.2::J <U 1).30 2.7 

McuMcfn DenVCI' 39 2~J/9G !O.l/-1.2 ''J~/CfJ 0.6:3 S.'l 0.63 3.0 
Dcl'W<.l!i' 39 2CO/!IC! IIU/-!.2 CGKJ i!).(i~ <3.$ ().1,\<l u 

West N. Central Omaha <31 i'l4/ll'i M/-'J.O 'i[l/i:J n.c4 s.o 1.0~ 3.2 
Omaha IJl i?t.J/i:{l 9.''i/-'J.Q GClt.::J 0.('!~ 4.~ 0.0<1 3.~ 

we;• s. Cent~cl Dal!e.\l 33 !03/103 no.ofl.<J 'if:l::.O I) r·-
-~J 3.<1 @.59 2.<l 

Dell~ S3 !9:3/l03 i!).0/'!.'.1 C'Jl'"'J e.IJ2 13.2 (J.tl2 2.3 

Eest ill. Ce:otra! Ct.ic!:go ~a lC0/53 m.:l!/-.tJ.s 72/':J ~~~'J 3.~ !.:J'i :3.~ 
Chi co;,.-.o Ill W\!/~3 w.~/-4.8 CCl·':.'J O.'W IJ.2 @.'fa ;,.~ 

Eest S. Cc;,tra.l J(;lcktron, MS 32 lC:J/GJ !0.3/iMI 'i:]f:;') o.c:J !\,1] a.ca 2.';' 
Jac!<Son, ?tiS Z2 lCG!D:J Ut;:.:'J/J.il .cc.ro o.r.~ 1].1 O.<l!i :;).3 

New E~~tllld Bc:Jton ljf 1(!5/8~ ~t:>.IIH.C r;;:j:;; ~.f;j ~.2 2.01 2.~ 
Best en !J2 l<i:G/53 ECS/-!.0 c .... ~~ .. "' "' ~ 3.l1 o.o~ S.2 .t~}l-../ \.•.-!.J . 

IViidd!o Atlont:e filUa(;~!p~l:l <!!::! !C.C/GZ x~.v!J.::: ':~[:'J l.,:z ~Ml M2 2.0 
Philc:dz!ptrlc fi~ IS~/C2 »Z.C!JiJ,~ C:!::.J Q,',"'/ ::1.9 o.n 3.i 

S®tn lhllll'ltle Miami 25 Bcon~.~ ~'i.~:nc.~ ?':!.:3 o.r·J 1':.0 o.so u.o 
Mlar.,l 25 R0~/!::l1 Mo~I!~~C C::'/·:~ c , . .., ... , .. M (1.3? B.G 

lllAw~cx!mate!y too C:-.!mand of 25 to 50 hou::cJtr;lcD. 
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The second application is for hot water used in washing in a large 
Colorado commercial laundry. Water is heated via steom and effluent heat ex­
changers. Steam is primarily used in t~e ironin.g machines ( tha largest load 
in the plant) so that it is conceivable that 'the requit'ed hot t-tater at 82oC 
( 180°F) could be alternatively supplied di;cact:ly by a solar system. The hot 
water load constitutes only 8% of the tc~al plant energy demand. The Jaundry 
normally operates for one daytime shi!t, 8 p

2 
e~ch day, 6 d~ye per week. Total 

annual energy to be supplied is 4 • .;) " 10 Joules (4035 l"'illtu). Enetgy ie 
supplied via natural gas at $1.85/GJ. 

Solar pond systems weLe sized to assi3t th~ !PH nead8 of the metal can 
m;:mufacturer and the co~ercial laund;cy. in thcoa:y 9 a pond could 'have been 
sized to provide 82°C continuous outpmt~ ~s 4equ1red for the co~e~c1al laun­
dry. The inc~emental surface area and depth r.cs~Jilr'<::d, hc~:everp to incl!'""ooe 
the pond's minimum output tomperature fr.o~ C0°C co C2°C ia conaiderably 
greater than that required to increase it fro:J 60°C to 62°Co ThereforeD tiae!Ce 
is likely to be an optimal size at t:rhich the r::n·zinal cost of incrceeing the 
pond's area is equal to the coat o:G: bac:'i-mp en0.l'f.:)'o HcnceD th.~ optimal oolaiC' 
pond may use backup~ even though 1t mc.y b<2 r:ca.c1.~lc to ei;:;o a e:Qlar pond lorcge 
enough to require no backupo 

For the metal can t11ashii1g app1J.c<2tion, a. colm.:· po;:d x;ac sized to achieve 
an annual average temperature of 5S°C, ~;!th c.:1 c.o;;;~:-;1 !~1 ;·.h. of 65°C, and Ol"'. ~n­
nual low of 45uCo lt t-:'rte aSCiD:!d G;hct o 5"(; 1c~:n ~;auld be e~.nffcred il!l elt­
changing heat ft:om the pondo Hence, .!.~t itc t~~': tc;~";·:::r:ott.\'!C of 65 °C, · tha pond 
will just satisfy without badmp th'::! q;;;3.:tr;:·.d.o:.1° s K"Cqt:'.:trcc.::mt f'or 60vc ~·Ya­
ter. At all othe~ tiocs 0 li.t '..:ill 4U~':::T.;;::! L·:c!:-:.~~· to b~oc.t th~ temperatuzco 
The pond is 5143 m (1. 27 acrco) i£1'. c:..:~~:c~c c~;·:.'.": c.n·-1 t,o ~-;:; d.:;opo The capital 
cost of the pond alene !a $128~000 H' Ci.'.lt l:: f:;:(:.-::, ~l'13 9 uCD H oolt coete $W 
per ton, and $218,000 if osli: COGtO C2\J i}~l: CC:~h ":::~·;; C0C\'" Of th~ heat Cj·~­
changer and piping were com,;:er•.rativcly c.o;::~:.:.:::d to '!::! o;;;j~i of pond eurface 
area. 

For the laundry applicatio;:r. 9 a :DOL:!!:' p~:d n;;G oi:~od Co achieve an annual 
average temperature Of 65°C~ '"71th 8fi lt!)Hlt![lJ. :1:f.;.::h Of CQ 0

(; 0 Ot!d !ail Oilnual l0v1 Of 
50°C. This pond is 3552 m · (0. 88 ac~e) in C'i.cfccc arao and 3. 2-m deep. Ita 
capital cost is $76 0 000 \-Iith lfli:ee salt, $9l}pOGO nt e calt cost of $10/ton, and 
$112,000 at a salt coei of $20/ton. A3ain, heat c:J:~r.ch,;:mger and piping costs 
were assumed to be $8/m • 

The simulation codes PROSYS and ECO~~;.zAT (Bzmm~ 1979) were used in SERI 
case studies of the two applicationa to csoc5~ a~nu~l pe~formancc and costa of 
altemative "conventional" aola;: IPH oyster~. App:co1.:ir:!3.tely 20 different col­
lectors were analyze~ and the most coct effective collectox and system were 
chosen for each application. Table 10 £hc~·m the coat and performance cha:rac­
teristicr. of each conventional solar system and of the comparable solar pond 
system for thl:ee assumed salt -costs. The annual energy outputs of the eolar 
ponds fo:: ::.he t:wo applications Here celculatccl uoing th-; li4ethod d<ti.sct"ibed in 
Section 3.3. ~.otc that the configured system9 will anuually deliver.different 
o.rr.ounte of energy. A .compa,ricon ie. poeaiblca, therqforc, only .on. the basis of 
annllali4ed energy costs or projected ratea of retui:-n. 'It is uaefulp howeverp · 
to compare the relative amounts of capital investment required for unit annual 
energy delivery. The capital capacity coat of the conventional systems (total 
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capital cost divided by annual energy delivered) is approximately $165 per 
GJ/yr ($173/MBtu/yr). The capital capacity costs of sola;c pond IPH systems 
vary between $74 per GJ/yr for expensive salt and $60 per GJ/yr for free salt 
($77/M.Btu/yr to $62/MBtu/yr). Hm-rever, appro:{imately twice as much land area 
is required for the pond as for the conventional trough collectors to deliver 
the same annual energy. 

Installation of a retrofit sola:: IPH system {no sto-r.ar_;e iz assumed for 
these systems and full conventional backup fs available) it'S a "service" in­
vestment whose costs are offset by savings accrued from reduced fuel 
consumption. To compare the economic 1.d.abil!ty of the parabolic trough with 
the solar pond, a rate of return calculation wao perform:ad for each 
application using the method identified in Dickincon (1979)o 

Equity financing t-1as assumed, <'11th a 20-yr service life, 7-yr deprecia-
tion, 50% tax rate, and 20% investlr.:cnt tom~ cre.dito No ealvage value t-Jaa 
taken. Therefore, a multiplier may be deterr~incd fc'l: var.iouc rates of return. 
and the levelized cost of solar energy plotted a:.:;ain~t rate of rcturno· On the 
same graph, the levclized cost of the fuel cUcpla.ccd r:.:::ty b3 plotted for vari­
ous discount rateso The Trate of return f!"'l!.:l tli.~ given p~:ojcct is then found 
at the intersection of the two curveso Ficurc D ehG':Js the rata of return cal­
culation for the metal can washh1g !:\rJplic.::t1.on m~d tit:. culcu!.ation for the 
colllll!ercial laundryo Two levelized fuel price:c C\h:C c~;~c-~rl in coch case: (l)" 
current quoted price of fuel t-Jith an C% r;Jtc of ~:>(![li.Q.titw;. c:1d (2) fuel price 
of $5. 00/GJ ($5. 27 /I·1Btu) escalating at W% r:::r er<:;;.r· ~o t:n dficiency of con­
version to delivered heat of 85% :h1 r.:e:t.nl c.::n C.::i..:Jlo~i::J m1:i /5% in the lau1.1dry 
is ass~ed. 

As can be see,, in the cherta, :h~:-:.(;c!J rL~ .• -:-.:1 of: e:ny sort of solar IPii 
sys~era in either application does not offc:: r.r'·· .. "\'.::l:o a:ctur.n 0~1 investment tvhen 
compared to costs of natu::al gas and a f..:Jl :r••:::~~ cccdati<m rate of 8%o HoH­
ever, when compared to natural gao ai:. $:io CJ/GJ e:ocr..l!"ltir~ ct 10%» the solar 
pond systems usually provide a rate of. r:ct~:rn h~ c:c:.;::;e oil 15%, Hhich !a gcn­
·erally suffici.ent to wa1:rant com::dtn::mt of hal:.~.:, i.u !;(;acr:.ll CCIL'\;ice invest­
ments. T'ne alternative conventional pr\rcbcl:f.c tec~~:.::h cyr::;tcr-.o offer less than 
half of this rate for the same fuel price ccc!::::r.io. :io:n~cp solar ponda justi­
fy serious consideration as econonic altci:n<.:~t:.!.v~r.; for lo:·T-tc;rpmmtuE:e IPHo In 
addition. it appears that the return rxo;u eolc:n: pond systc!ZJ ie not highly 
sensitive to salt coat. 

4. 4 ELECTRIC POHER GENERATOR - 1".1 combinatioi"l {>dth organic Rankine cycle 
engine~ or thermoelectric devices, solar pond~ ~3Y be used fo~ the generation 
of electric pot.7er. Conversion efficiency is let·J--on the oL"dcr of 1% to 2% 
from insolation to electric output--out coct:s are co loi:T that solar pond­
electric '-.applications may be economical in u:any cases. Much work is being 
-do;c · in.·:. Israel on solar pond-organic Rankine cycle engine generation of 
electricity (Sargent: 1979). It has been proposed that thermoelectric devices 
in· comparison with solar ponds would provide an even more cost-effective means 
of generating elec~ricity (Jayadev, Au;:rust !979). It should be noted that 
solar pond-eiectric····generation has a si.gnifice.nt advantage over other. aolar­
clectrlc systems in that, because of the inherent solar pond storage~ 
electricity is available on demand, rather than only int~rmittently. 
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Solar ponds have cor.s!dcrablc potentiaL toL ccono~co11y providing d1c­
t;r!'ct hcatine for t·coiaential tmd. cc,::-.:-~::~·ci.(:.l c:.rcao, iriductrial proceoo hc~t, 
and electric power. 'fhere l;cc ac yet) unfortunotci.y 9 been little researchp 
dcvclopr.:e:nt, and dcmonetration or aolor pCu1r.!C in the Ur.itc:d States. althoueh 
there hne bel:!n a ~jar eHo1:t undcrt;.l:~cn in 1:n:.::cl. ~York is needed to re­
search inexpensive oalts for aelt gl'cdient pond~ and surface glazinea and. 
nir;'nt ir.oulation for &aitleoc pcndc~ h1 cc~m:!ulntion of experience with dem­
onstration ponds artd commercial ponds: in the United States would provide 
needed lesflons in design er.d ~intcnoncc tcc'hniqunc. With a little effort 
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applied to their development, solar por.ds are ona of the most promising near­
term solar technologies. 
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