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SOLAR PO~DS FOR DISTRICT HEATING AND ELECTRICITY GENERATIO N 

C. M. Leboeuf, J. S. Kowalik, 
M, Edesess, and T. S. Ja yadev* 

Sola r ~nergy Res ea r ch Institute 
Golden, Colorado 

Abstract 

T,,is paper conside r s sys tem requirements, per
:'orr:iance , and costs for the application of sola r 
ponds to district he;iting and to electricity ge n
er;ition . It focuses on the optimal sizing and con
figu r ation of the solar ponds themselves, but o ther 
system fea t ures are also investigate d and dis
cussed . Performance and costs range widely, de
rending upo n location and compo ne nt costs, particu
larly uron salt costs for the salt gradient pond . 
flistrihutio n cost fo r district . heating is a l so an 
inportant j)aramete r t ha t can va r y widely . Both 
sale g r adie nt and saltless ponds are considered . 

Int r oduction 

The solar pond has been r eceiving intensified 
attention recentlf as an inexpensive technology fo r 
conve r sion of solar e nergy. In addition to its low 
.:ost , the solar pond offers the advantage of r:ias
sive inherent thermal st o rage, thus elimin;iting the 
problems of intermittent solar radiation . 

~ost tho r ough l y develored i s the technology of 
the s:ilt gr;idient solar ;-ond . 1 In t he salt gradi
ent pond (?ig . 1 ) , salt is dissolved in high co n
centrat ions in the lower depths or "sto r age 
layer." At the top of the pond, the "surface 
layer" is virtually free of sa l t . 8etween these 
two laye r s is the "nonconvecting layer," in which 
.s:tlt concentra tion increases with derth. Because 
of the steadily increasing salt concent r ation , and 
therefore weigh t, of the solution in thi s layer 
with derth, the norma l tendency of the warmed wate r 
to ri se to the surface is suppressed. Thus, the 
insohtion abso rbed as 1-ie;it in the depths of the 
pond is prese r ved . 

gther solar rond technologies have been pro
posed- in whi ch vertical convection withi n the pond 
is not prevented, but heat loss at the surface is 
supp r essed i nste'id . These designs employ either 
tr:rnspa re nt glazings alone (Fig. 1) , or opaque in
sulation over the top of the pond combined with 
g luings within which water is pumped to absorb the 
insolation . 

These solar rond designs develop a ve ry large 
.,uan tity .:::f s t ored low temperature heat , which is 
almost immune to daily fluctuations in climate and 
which r:iaintains lts temperature through cold win
ters . Applications of so l a r ponds tha t have been 
propose<l and studied include: residential and com
mercial S?'1Ce and wate r ~eating on a community 

*:-<ow at Energy Conversion Devices, Inc., 1675 
s. \les t Map l e Road, Troy, Michigan 48084. 

scale--i .e., district heating; low-temperature in
dustrial process heat; electricity generation; and 
cooling using absorption chillers . Examining two 
of these applications: district heating and elec
tr ici t y generatio n, this paper discusse s the 
various aspects o f system design that must be con
sidered and optimized ln t ailoring the solar po nd 
to these applications . It focuses particularly on 
the questions of pond size , configuration and opti
mal temperature , but deals with the other elements 
of the sys t ems as well. 

District He;iting 

Salt gradient s o l ar ronds a r e being exanined 
in this study fo r possible applica tion to nei ghbo r
hood-scale district heating, Po nd s have ;i nur.ibe r 
of inherent characteristics that would be :idvanta
geous in providing the energy to meet this type of 
load. First , solar ponds have large t il'le constants 
with hig h therma l capacities and are thus relative
l y insensitive to daily var iations in t he we:tth
er. Second, there are econom ies of scale for 
larger ponds be cause the sig nificance of t he edge 
loss effects decreases as the surface ;irea in
creases . And finally, in con trast to many o thet· 
so l a r technologies, ponds may be economically sized 
to provide nearly 100% of the energy r eq uirements 
of the load. 

This study re presents a prel imina r y investiga
tion of the techni ca l and economic feasibility of 
incorporating solar ponds into new subdivision ~ to 

Figure 1. Schema tic of a Salt Gradient Solar Pond 

r PIHllC Suable 
Sheet or Clear 
Polyethylene Film 

Figure 2. Schematic of a Covered, Saltless Pond 
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Figure 3a. Pond Area Required per House as a 
Function of Minimum Pond Temper
ature and Storage Layer Depth 
for a SO-House Community in 
Washington, D.C. 

,1r')·Ji<!e di.strL::t he!lti:1g and :1o•'lestic hot 1;ater. A 
l°'scri;iti.on of the neighhorhoods modeled is pre
se•1ted along with the load estimation procedure. 
Results of pond sizing to meet district heating 
needs in Fort \forth, Texas and in Washington, D.C. 
are shown next. Fi:lally, capital Anrl labor cost 
estinates for both the ponds and the distribution 
syste~s are discussed. 

De-;criot i.on of Districts ~·hdeled 

To limit the scope of the study, only new 
neighhorhoods were considered, specifically those 
ty;->i.cal of suhurban subdivisions. Two locations 
we.r~ exanine<l--Fort Worth, Texas, a fairly r.iild 
clinate with high average insolation, and 
lJashington, D.C., ••hich has colder winters and 
~ec.·er sunny days. A typical single-family resi
dence for each location was selected for analysis, 
and each is defined by a set of huilding character
istics that pre?dominate for new construction in 
that locale, as detailed in Ref, 3. Each house 
meets or exceeds ASHRAE standard 90-7S. 4 

'leighborhood sizes of SO, 200, and SOO homes 
were examined in this study. Each neighborhood was 
ass1m1ed to be composed entirely of single family 
hones, with ~ density of four units per acre, or 
1076 units/k"l-. 

LoAd Calculation 

Daily heating loads for one yea5 were computed 
nsing a TRNSYS transient simulation. :ieteorologi
cal inputs were obtained from the rr data set for 
-::'art Worth and Washington, D.C. A TRC<SYS
compatible load model with inputs and parameters 
that c'1aracterize the construction of each house 
was used to determine the heating loads. Domestic 
'lot water usage was estimated for the single-family 

dwellings and corresponding loads calculated and 
added to the house heating loads. Losses in trans
mission, r\istribution, and heat exchange were as
sumed to be S%, and therefore each daily heating 
load value was increased by S%. Load files for 
each district heating scenario were then computed 
by multiplying each year's home he.a.ting and hot 
water load by the number of houses in the district. 

Pond Sizing 

Load files generated as r\escribed in the pre
ceding section were used as inputs to SOLPOND, a 
computer code that models t'1,e thermal performance 
of salt gradient solar ponds. The SO-house neigh-
borhood was first modeled. Several ponds were 
sized to meet the thermal load in each location. 
Parameters varied include minimum storage layer 
temperature and storage layer depth. The non
convect lng zone in all cases was 1-m thick, the 
surface convecting zone was O.S-m thick, and the 
salt used was sodium chloride, Figures 3a and 1b 
show the effect on required pond area of r:iising 
the minimum .storage layer temperature to meet the 
same thermal load in each city. Storage layer 
depths of 1 m, 2 m, 3 m, and 4 m at Fort Worth and 
depths of 2 m, 3 m, a:id 4 m at Washington, D.C. 
were examined. The minimum temperature selected 
will affect t\1e flow rate requirements and heat ex
changer characteristics, both at the pond and at 
each house. A deeper pond provides "lore thernal 
capacitance and thus allows a hig-'ler minlnum stor
age temperature to be maintained for the same sur
f ace area. ~1inimum temperatures ranging upward 
from 60°C were investigated in these simul:~tions, 
on the assumption that ponds would be sized to 
serve 100% of the load without backup. This may 
not, in fact, be the most economical rractice. ..\ 
slightly smaller pond with fuel-fired backup or 
booster systems or with heat pump assist1rnce i.s 
likely to prove more economical in many cases. 

1200 

1000 

800 

N 
E 

.; 600 
"' " 0 
:I: 

! 400 
-g 
0 
D.. 

0 
"'200 ., 
< 

0 

Figure 3b. 

SL• storage layer 
depth, m 

VSL·2 

55 60 65 70 
Min. Pond Storage Temp., °C 

Pond Area Required per House as a 
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To exaMine the effect of neighborhood size on 
the required pond area per house, ponds were sized 
to meet the load of 50, 200, and 500 houses in 
Washington, D.C. Although edge losses become less 
significant as the pond diameter increases, it is 
evident from ~ig. 4 that scaling up from a SO-house 
neig'lborhood to a SOO-house neighborhood causes 
only a 1S% to 20% reduction in the pond surface 
Area required per unit (for the same storage layer 
depth and mininum temperature). 

Cost ~ssumptions 

Cost estimates for the district heating sys
tems are divided into two categories: l) solar 
pond Materials and labor costs and 2) distribution 
system costs. Associated pond costs of the salt 
and liner were determined by telephone contact with 
several manufacturers and distributors in May 
1980. Excavatlon costs were estimated from the 
'leans Handbook. Table 1 contains a summary of the 
salt, liner, and excavation costs used in this 
analysis. The salt costs can vary widely from the 
quoted prices and it may be possible to realize 
l°";er costs. 

~able 1. POND COST SUMMARY 

Excavation 
Liner 

$ l .40/m3 

S S.40/m2 

$S2.80/1000 kg Salt (!".O. 3.) 
Shi;lping 

Fort Worth 
lfashin3ton 

$11.44/1000 kg 
530.36/1000 kg 

')istri':11Jtion costs are too uncertain at this 
'.JOlnt to support a detailed cost analysis. r.osts 
for trans~ission and distribution piping have been 
estinated in a study conducted by Lesse et al., 9 

"here .-!istrict heating piping costs for urban 
(specifically Boston) retrofits were cited. The 
tyne of pipe chosen was a direct-buried, 
mechanical-joint, ductile iron pipe that is 
insulated, coated, and wrapped with a waterproofing 
jacket. In a rural project, where there are no 
existing streets to be torn up, the costs would be 
substantially less. Furthermore, for solar pond 
district heating applications in which temperatures 
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Figure 4. Required Pond Area as a Function 
of Neighborhood Size in Washington, D.C. 

are well below 100°C, very low cost plastic piping 
may be used. Continuing work at SERI will 
investigate these possibilities, as well as the 
optimization of piping size and configuration 
taking into account piping and pumping cos ts and 
required flow rates. 

Pond Capital Costs 

Using the cost estimates in Table 1, the pond 
capital costs were computed for the cases being ex
amined. Figures Sa and Sb show these costs for 
various storage depths and for minimum storage tem
peratures of 60°C and 65°C, for both Fort Worth and 
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Washington, D.C. The shaded areas represent the 
range of pond capital cost as a function of salt 
cost. At the top of the shaded portion, delivered 
salt costs of 583.16/1000 kg at Washington, D.C. 
and S'i4.2'.i/1000 kg at Fort Worth were used in the 
analysis. '"'."iese costs are consistent with the bulk 
prices (F.O. R. plus rail shipping) quoted by sup
pliers in telephone conversations. The curve at 
the bot tom of the shaded area was generated as
su"1ing the availability of free salt, with 
Sll/1000 kg as a nominal freight charge. Possible 
sources of free salt include concentrated brine 
from desalination plants, and salt by-products from 
power and chemical plant effluent • 1 An important 
result of Fig. 5 is an apparent optimum pond depth 
for a given minimum pond storage temperature. For 
example, in Fort Worth, at a 60°C minimum tempera
ture, the cost of the pond (with high salt cost) 
reaches a low of $204,200 for a storage depth of 
;<bout 3-m (diameter ~ 72 m). Even though at a 4-m 
storage depth the required diameter is only 68 m, 
this deeper pond costs 11~; more to meet the same 
thermal load. Tile 68-m pond actually has a greater 
volune and requires more salt than the 72 m ver
sion, <iccounting for the cost differential. 

Discussi.1)n 

The results show that salt gradient solar 
ponds CTay be sized for district heating without 
bac~up at capital costs ranging from less than 
S2,000 per house to over $20,000 per house, de
pending upon location, minimu!'l pond temperature, 
and salt cost. If fossil or biomass backup or Ii.eat 
p:ir~ps are used, the minimum pond temperature--and 
t 11erefore the pond cost--will be lower. At current 
co;·wentional energy prices, it will usually be most 
economical to employ backup or heat pumps with 
solar ?Ond distric~ heating systems. Ongoing re
se.o.rch ·.vi 11 deternine the proper cof'!bination of 
pond with backup or heat pump5 as a function of the 
V'irious materials and energy costs. Another sys
tems question that must be addressed is whether 
centralized cir individual-house backup or heat 
p1L''lps ~re more economical. As the cost'> of conven
tional energy rise, it will eventually become 
ec:)nomic;i.l to use solar ponds without backup and 
even t0 use solar pond electric generation to pro
vide the mechanical energy for pumping. 

As mentioned earlier, distribution systems and 
costs require much further study. Solar pond dis
trict heating systems involve a lower source tem
perature than do fossil fuel-fired systems, or most 
waste heat and geothermal systems. The chief 
advantage of this low temperature is that less 
expensive materials may be used. The disadvantage 
is that backup may be required in some instances. 
Further study should be directed toward optimiza
tion of materials and system config11rations in 
solar pond district heat syste!lls. 

so·c 

:iond 

Figure 6. Schematic of ORC Engine-Generation 
Using a Pond for the High Temper
ature and Pumped Irrigation Water 
for the Cold Temperature 

Electricity Generation 

Although most pond applications examined in 
the United States are for low grade heat, ponds 
also have potential for electricity generation. 

Electricity can be generated from the low tem
perature heat provided by ponds using organic 
Rankine-cycle engines, which use working fluids 
such as freon, propane, or toluene. These engines 
generally operate with an efficiency that is about 
40% of Carnot efficiency, the thermodynamic limit 
of performance. A schematic of thi::1 type of gen
eration system is shown in Fig. 6. Another pos
sible conversion cycle involves the use of thermo
electric generators. These devices, although less 
efficient than organic Rankine-cycle engines, are 
potentially less expensive, particularly at low 
operating temperatures. 

Opti~ization of Pond Temperature 

The goal of system design for electricity gen
eration is to maximize the electricity produced 
from a given amount of insolation; i.e., for a 
given collector area. Higher efficiencies reduce 
unit energy costs. 

An idealized efficiency calculation 1•as made 
for solar pond electricity genenttion. The overall 
efficiency of solar pond electric conversion is the 
product of the efficiency of collection llpond and 
the efficiency of conversion to electricity n8 en• 
For the pond's collection efficiency, 

T-T;1. 
llpond = (Ta) - -I- U (l) 

The Ta product is the percentage of insolation that 
reaches the pond's sto1:ri.ge layer, and the second 
ter!ll describes the ther'!lal losses. The pond tenr
perature is T, TA the ambient temperature, I the 
insolation, and Tl the thermal l•Jss coefficient. 
This expression can be 3implified to 

n pond • n0 ( l - c( T - T_~J] (2) 

where n 
0 

is the Ta product and C is a constant. 
Note also that (l/C) = Ts - TA, where Ts is the 
pond's stagnation temperature, equal to TA+ TaI/U. 

The efficiency of the conversion system can be 
described as a percentage of the maximum theoreti
cally possible: 

T - TA 
llgen • K --T-

where K is the percent of Carnot efficiency. 

(3) 

The overall conversion efficiency Ile is the 
product of these two efficiencies, or 

(4) 

By taking the derivative of 1\; with respect to 
T, the value of T that yields the highest nc can be 
found. The highest system efficiency occ·Hs when 
t'1e pond temperature is the geometrlc average of 
the stagnation temperature and the ambient tempera
ture; i.e., 

( 5) 

,,. 

' 



Salt r.radient Ponds and Saltles5 Ponds 

In addition to salt gradient ponds, considera
~i.on was also given to saltless ponds with glazings 
on the surface. Although there w:iuld be vertical 
convection within these ponds, multiple glazings 
spaced 19, 05 mm apart could provide some insula
tion. Advant'lges of glazings would be an increased 
collection efficiency and reduced evaporative 
losses. The cost of salt would be avoided, as well 
as the danger of environmental damage because of 
salt water leaks. There could be any number of 
gl.'lzings, with increasing insulation attendant upon 
the increase in number of air gaps. As the number 
of gla:>:ings increases, optical efficiency is low
ered, but the thermal resistance and the stagnation 
temperature are increased. 

Figure 7 shows t'le difference in efficiency 
ch.1racteristics for salt gradient ponds and salt
less ponds with different numbers of insulating air 
gaps. All fonr configurations of saltless ponds 
ahs.:ir':i about twice as much energy as salty ponds, 
hut the insulating value of the air gaps does not 
approach that of the nonconvecting zone in the salt 
pond. The stagnation temperatures for saltless 
ponds are therefore much lower than for salt ponds. 

Increasing the number of insulating gaps to 
i'lcrease stagnation temperature would be possible, 
but impractical. The cost of the plastic glazing 
material woul<'\ be quite high--$3/m2 for Teflon. A 
rv:>re appropriate way to limit losses would be to 
plac8 opaque insulation, such as foamed polysty
rene, on the surface of the pond, and put the ap
:ir.'.lpriate number of glazings over that. The upper 
s11rface of the insuliltio'l would be used as an ab
sorber :ililte, and water would be pumped over the 
plate, below the glazings, and back into the 
;i.1nd. Thernal losses would be reduced signifi
cantly. 

s,) lilr l'ond "'.lectric Gener.'ltion C<:>sts 

The perfor::iance of the generating system was 
mod·~led '"ith both salt gradient and glazed, 
insulated galtless ponds. The transmittance of the 
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pond covers was determined assuning a Tedlar cover 
with Teflon for the inner glazings, mounted hori
zontally at 40° lati,,tude. The conductance of the 
air gaps was 8. 5 1;/m~•c (R valt;1,e O. 75) and that of 
the s1Jrface insulation 0,57 W/m~•c (R value 10). 

The life of the pond was assumed to be 20 
years. The organic lillnk ine-cycle engines were as
sumed to have a life of four years, with regular 
intensive maintenance, and a cost of $1000 per 
kilowatt of capacity. 

For this system the capital cost can be slnply 
calculated from: 

C~ond x CF + 
cost • Cgen r x nc 

(6) 

where Cpond is the cost of the pond per square 
metre, CF is the capacity factor (C.,. a 0.3 as
sumed), I is the average insolatlon,' and r. is gen 
the cost per kilowatt of engine capacity, The cost 
per kilowatt hour was calculated using an 13~' 

annual fixed charge rate for the pond, and a 34% 
annual fixed charge rate for the en3ine owing to 
its shorter expected life. Figure ~ shows t'le cost 
of electrlcity for varying pond costs. Three types 
of insulated, glazed saltless ponds are represented 
together with the salt gradient pond. The insu
lated and glazed pond provides lower cost electric
ity than the salt pond if its capital cost is equal 
to or less than that of the salt pond, T'1is may be 
the case in locales where only high cost salt is 
available, The electricity costs, though high, are 
generally competitive with other solar electric 
generation systems, and in uniquely favorable cir
cumstances in which pond costs are very low--s11ch 
as where free salt ls available--the cost of solar 
pond electricity is competitive with conventional 
systems • 

Conclusions 

Prelil'linary cost figure!' for solar pond dis
trict heating systems and for solar pond electric 



' YSU!ns a r e ;,tt r;i c tive enough to wa rrant further 
irwestigatioci . Tnere is much work t o be clone in 
d d t~i l ecl desi3n of s olar pond district heating sys
tems . ~te re lq tive sizes of t he va riol1S components 
of these sys tems--ponds, backup, heat pumps, piping 
:~'1 cl pU'nning sy5tems--should be determined through 
ccononic optirii>.:ltion c o nsidering all of the com
ponent cost s ancl their manne r of integration. Pond 
si~e and 3eoCie try may be optimized within a given 
c o ntext . The r ela ti ve size of pond and b;,ckup, 
however , may be quite sensitive both to fuel costs 
and pond cos ts, a nd particu l a rly to t he local cost 
n< 5a lt. Saltless ponds show great potential, 
especia lly for e lectricity generation where salt 
cnsts are hig'"l . For district heating with solar 
ponds, improved low cost <1nd low-temperature dis
tri1'uti.on system technolo~ie<> must be deve lo ped. 
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