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#Me principal objective of the present thesis has been td& de-
valop a methodology for the simulation and optimization of ele'btric
power generation by solar Qonds.

A mathematical model for the analysis of the economic performance
of a solar pond electric power system using a heat engine is developed.
A salient feature of this model is a simple method for the analysis of a
Rankine cycle. Other features include a mathematical model of the solar
pond, of the energy exchange properties Qof the heat exchangers, as we
as of the power required by the circulating pumps. The net electrxcj
power is expressed in terms of the thermodynamic properties of the organic
working fluid, the temperatures of various thermodynamic states, the flow
rates, the temperature and geometry of the solar pond, and the local dli-
matic conditions. The system sizing and operating conditions which mini-

mize the cost per kilowatt hour of electric enerdy is then determained

through an optimization routine. o
1Y

The optimal storage depth and heat extraction scheduling are ob-
tained by a semi-analytical method as well as a discrete optimal control‘
technique. The possibility of an ice storage to act as a cooling source
for a Solar Pond Power Plant has also been investigated, which showed csn-
siderable improvement in the system's éfficiency and reduction,of electric
energy cost. . , .

The possibility of making the Non-Convectii;e Zone of a solar pond
float over a layer of fresh water has been investigated. The economical
feasibility study of the concept for electric power generation was- achieved *
using the model developed earlier. . 7 l |

The thesis finally examines the means of enhancing the thermal
storage under a solar pond by circulating the Lower Convective Zone brine
through a network of buried horizon'tal pipes in the warmer part of the year.
This heat stored can be used for the operation of a heat engine during the
winter time if the Lower Convective Zone brine is then used as a heat sink
rather than a heat source. « . o

. The present thesis has shown that the commonly held belief that
a Solar jPower Plant can only function at acceptable efficiencies under
semi-tropical conditions is a fallacy. Proper modifications to the ‘con—
struction and operating conditions of a Solar Pond Power Plant in northernm
climates resulted in electric energy costs of .8.5 ¢/Kwh which is compar-
able with that estimated by the Israelis for a Solar Pond Power Plant in

gsemi-tropical conditions.
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Le but principal de cette thése a été d’'élaborer une méthodo-
logie pour la simulation et pour l'optimisation de la génération de puis-

sance électrique par des bassins solaires, .

Une modéle mathématique est formulé pour l'ana{lyse du systéme
bassin solaire-générateur électrique, utilisant une {nachine thermique.
Un\e méthode simple est proposée pour l'analyse du cycie de Rankine.
D'autres points &'importance sont la modélisation du ba\ssin solaire,
des propriétés d'échanges d'énergie des échangeurs de c?ualeur, et de la
puissance requise par les pompes de circulation. L& pﬁi@e nette
tirée du bassin solaire—générateur est exprimée en fonction des proprié-
tés thermodynamiques, du réfrigérant organique, des températures des dif-
férents états thermodynamiques, des débits, de la température et de la

L4 7 Q
géometrie du bassin solaire, et des conditions climatiques locales. Le

dimensionement et les conditions d'exploitation correspondant au rende- \—

ment économique optimal sont déterminés i 1'aide d'un programme d'optimi-

sation. . .

v

La prof’éndeur optimale d'entreposage et la gestion de l'extrac-
tion de chaleur sont obtenues a partir d'une méthode semi—ana.lyi/:ique ainsi
i;ue par une commande optimale en temps discret. Le stockage de glace
servant de ;ource de refroidissement pour le bassin solaire-générateur i

électrique a 4té étudié. Il en résulterait une amélioration ‘appréciableﬂ

— dans l'efficacité du systéme et une reduction importante du cofit.

t

La possibilité de faire flotter la couche non-convective d'un
étang solaire sur une.couche d'eau douce a été envisagée. L'étude de
faisabilité économique d'un tel projet pour la génération de puissance
électrique peut €tre poursuivie avantageusement avec le modéle décrit

>
7N ci-haut. )
On examine également des moyens pour améliorer le stoY:ka.'ge
P,
thermique sous le bassin solaire. Il s'agirait d'enfouir l:u‘x”res‘"éau
de tuyaux horizontaux sous le bassin, et d'y faire circuler de la saumure
extraite du fond du bassin pendant la période chaude de 1'année, la

chaleur emmagasinée pourrait servir a l'exploitation de la machine thermi-
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que pendant l'hiver. La s?umure servirait alors comme dissipateur"dg
| 4

chaleur plutdt que de source thermique.

.
.
L

f Cette thése démontre le non-fondé de l'opinion voulant que le
bassin solaire-générateur électrique ne soit efficace que dans les condi-
tions semi-tropicales. Les modifications appropriées dans la construc-
tion et dans le mode d'exploitation du bassin solaire-générateur électrique
pour les climats nordiques résulteraient en des colits de l'ordre de

8.5¢/kKWh.  Cela est comparable au coiit estimé par des chercheurs

Y

‘)

-

Israéliens pour un bassin solaire-générateur électrique en region semi-

tropicale.
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cen’ “hex’ cpipeﬂs’ cpond' cptmp' tur

tot

surface area of the solar pond.

surface areas of the boiler,

condenser, and pre-heater,

>

surface area of the auxiliary

pond.

cross-sectional area of a buoy.

4

surface area of the ice storage.

vectors of the lower and upper
limits on the inequality con-

straints.
a dummy variable.

specific heat of the cold and

hot fluids.

cost per kilowatt-hour of electric

energy.
i

[

costs of generator, heat exchangers,

piping, pond, pumps, and turbine.

specific heat of the brine in LCZ'.

total installation costs.
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dy

xi

installation costs independent
and dependent on the thickness

of the LCZ .

specific heat of fresh water.
low~pressure specific heat.
declination of the sun.

declination of sun at equinox,

diam'eter of the pipes carrying

brine and cooling water.

optimum temperature drop acress

kg
¥

boiler and condenser.

maximum height of the membrane

deformation.
differential operator.
shift and inverse shift operator.

total annual costs of the SPPP .

dummy variables.
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xii

coefficients of the linear

approximation in equation (4.9).

friction factor.

\
dummy variables,

-

thermodynamic properties on the
saturated lines as a function

of temperature.

the objective function of the

optimization problem.
acceleration due to gravity.
equality functional,

enthalpies of the points in

figures 3,2 and 3.3 .

)

v ' !

solar radiation incident at

earth's surface.

average and amplitude of HS

for sinusoidal approximation.’
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O

hfc' fr

xiii

height of water in the equili-
»

brium duct, -~
head loss due to friction,

head loss due to obstacles in

the flow.

static head.
total head loss.

height of the immersed part of

a buoy.

forced and free conyection co-

efficients,
heat of fusion.
inequality functional. o

radiation reaching depth x at

time t .

incident and transmlitted radia~

tion having wavelength A
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I interest rate,

i angle of incidence.

J =A: =1 . —
Cxn

Kf . thermal conductivity of foam,

Ki thermal conductivity of the
insulation blanket.

&P . . pump power factor.

Kl’ K2 thermal conductivity of brine
and ground.

L . »  pipe length in Chapter III ;
latitude of the pond site in
Appendix A . y

zf ' thickness of the foan.

Zp ) length of the underground pipe.

zs thickness of the LCZ . ° .

R’u i | thickness of the UCZ,,
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heat extraction depth.

distance of the heat sink from

the bottqm of the poni.

initial amount of ice and water

in the ice storage pit.

amount of ice and water in the

ice storage at time t .

flow rate of brine, working ,

fluid, and cooling water.

" index of refraction.

numbers of sublayers in the NCZ

and ground. //

number of rows and columns of
pipes in the underground pipeé

network,

annual costs of operation and

repair,

turbin/e inlet and outlet pressures,
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xvi

downward and upward pressures

exerted on the membrane.
heat added to the power cycle.

heat exchanged in the boiler,

condenser, and pre-heater.
heat rejected by the power cycle,

heat flux vector,
bottom and top heat losses from

the ice storage pit.
half the interpipe distance,
Reynélds number,

vector of the residual in least
squares approximation.

A
angle of refraction.

4

radius of pipe in the underground
pipe network.

P
entroples of the points in

Figures 3.2 and 3.3 .
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xvii

ambient temperature,

average and amplitude of Ta

for sinusoidal /apprcuiimation.

temperature of the cooling water

at condenser outlet,

outlet and inlet temperatures

of the turbine.
temperature of the LCZ .,

average and amplitude of T’S

for sinusoidal approximation,

temperature of brine.at pre-

. heater and boiller outlet,

temperature of the heat sink.

temperatures af points 3
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ground as a function of depth
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temperature of the buffer zone.

temperatures of the ‘sky and

3
auxiliary pond.

maximum and minimm values of

TS L]

initial and final time.

thickness of the insx;lation

blanket.

[

heat extracted from the ICZ .

average and amplitude of U for

sinusoidal approximation.

overall heat transfer coefficients
of the boiler, condenser, and pre~

heater.

edge loss coefficient.

heat injected or extracted from

the underground storage.
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£luid velocity.
volume of the ice storage,
wind velocity,

specific volume of the saturated

liquid.

pumping power of the brine,

working fluid, and cooling water

pumps.
net electric power,
work of the turbine.
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quality factor. \ Jf
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CHAPTER I

INTRODUCTION

’

/ﬁ Fossil fuels historically have been the major source of

energy for the generation of electricity. During this century,
petroleum and natural gas have been used extensively because of their
low cost and abundant supply. In recent years, however, their in-
creasing cost and decreasing availability have led major users of
energy to seek alternate sources. Coal, although more plentiful and
less expensive than other fossil fuels, costs more to transport and
creates significant environmental problems in its minimg and burning.
Uranium, once considered the natural successor to petroleum, has its
own set of problems which will certainly delay its widespread use and

may preclude it altogether in some locations. As a result of these

limitations on expanded use of the conventional energy sources, greater

attention is being paid to genewable energy sources, and specially to

solar energy.

J s

Sblar energy. systems are by nature capital intensive, but are

potentiallly attractive under certain conditions :

(1) 'The| expectation that in the future the cost of conven-
tional fuels will rise faster than the cost of con-

struction.

(2) The desire to guarantee an uninterruptible source of

N A

energy not dependent upon the whims of foreign suppliers\.

1
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(3) A desire to keep at home foreign—-exchange currency

that would otherwise be spent abroad for imported

fuels.

) The solar pond is one of the most attractive solar energy
. options because of its inherent storage capacity; unlike other means
of solar heating, it is continuously available regardless of time of

day. Moreover, of all the solar energy options, the solar pond is

the only one which is applicable for baseload electric powercgeneration.

. ‘ Q/ ’

- - Ll The- Solar Pond: Generic Definition

-

. - s 1

‘A fraction of the sun's radiation can penetrate through

several meters of clear water; natural bodies of water collect a con-

i

siderable amount of energy from the sun, but lose it to the atmosphere

thréugh convection of the heated water to the surface.

“

The term "solar pcfmd" is commonly used to describe a number
of different solar collectors, all of which involve the use of water as
an absorber of solar radiation, and means of preventing the absorbed

heat from escaping through the surface.

o 2
(34
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1.2 Review of Existing Solar Pond Concepts

1.2.1 Salt-Gradient Sclar Pond

The most advanced and promising of these concepts is that of
the salt-gradient pond. Tt consists in a body of water in which a
density gradient, positive downward, is maintaineé artificially. The :
light penetrating into the water is absorbed. The deeper water is
heated by absorption of radiation; since it contains mo;:'e salt and is
therefore more dense than the water lying_ immediately above it, it does
not rise to the surface and lose its heat to the atmosphere, as would ;
happen in a normal body of water, Thus a temperature gradient, also :
positive downwards, is established as heat losses can occur only by

conduction to the surface. Therefore the temperature of the entire J

R

pond increases, the warmest layer being at the bottom,

’
s et

The salinity gradient induces a continuous salt migration

e . T

to the surface. Although this transport of salt to the surface may
occur very slowly, it is necessary to inject concentrated brine or salt

periodically at the bottom of the pond and to desalinate the surface:

Awtreean

layer or wash it with fresh water so as to maintain the gradient.

3
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A practical solar salt-gradient popd always has at least
three distinct layers, as illustrated in Figure 1.1 . There will
be at the surface a convective layer, where the salt concentration is
uniform with depth. Beneath this layer is the salt gradient zone
(non-convecting zone), in which the buoyancy effect of thermal expan-
sion is offset.: this layer acts as a thermal insulator and also
provides thermal storage. At the bottom of the pond is a second
convective layer with a uniform salt concentration equal to that of
the bottom of the gradient zone.

To understa.n—d the origin of the two convective layers, let
us first assume that the pond is non-convective over all its depth.
Then after a day of intensive heating from the sun, the temperature
gradient at the bottom of the pond would be so large as to exceed the
stability limit for salt gradient stabilization (Tabor and Weinberger,
1981) . This situation will induce cpnvection at the bottom, which
will result in a layer of uniform temperature and salt concentration
at th}"bottom. The thickness of the bottam convective layer can be
controlled, and for seasonal storage it is desirable to make it deep:
enough to give rise to a large heat storage capacity : the bottom
convective layer is often referred to as the storage layer for this
reason. The storage layer also facilitfates heat extraction.

The existence of the surface convective layerbcan be ex-

plained by a similar argument, as a result of night-time radiation

“ o

N s T
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cooling, and heat losses due to evaporation. In addition, wind ac-
tio;i may mix the surface layer, and can in fact drive the surface
convective zone to an unacceptable depth. A property of the surface
convective layer, which is useful in modelling the thermal behavior

of the pond, is the observed fact that the temperature of this layer

is always approximately equal to the average ambient air temperature.

/

Non~Convective Zone, NCZ,

Increasing Salt Concentration with Depth

Storage Layer or Lower
Convective Zone, LCZ, '

Constant Salt Concentration

Figure 1.1 Cross Section of a Salt-gradient Solar Pond.
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The salt-gradient solar pond, in spite of its simple des-
c;:iption, is a com;lex physical system which interact; strongly with
the local meteorology and geology. A large number of factors must
be considered in its analysis : in particular, wind effects which mix

the pond from the top; ground heat losses and contamination of ground

water by salt leakage; stability of the double diffusive system (heat

and mass diffusion); absorption of radiation in the presence of a salinity

gradient; and problems such as evaporation and precipitation, which
are generally geographically dependent and must be solved for local

conditions.

One of the major advantages of a salt-gradient solar pond
over all otl:xer types of solar collectors for the purposes of generat-
ing electricity, is that the solar pond includes both hot water storage
at the . bottom of the pond (or lower convective zone, or LCZ) and cold
water storage at its surface (or upper convective zone, or UCZ) .

The existence of these storage layers, which is inherent in the pond
construction, allows production of electriéity 24 hoyrs a day (Assaf

A

et al, 1981) . n
) ;

P
.

1.2;2 Saturated Salt-Gradient Solar Ponds

These are generally referred tc simply as saturated solar

“ponds in the literature. Their principle consists of using a salt
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. with a solubility which siéﬂificantly incfeases with temperature such

as KNO3 ; borax, Ca CSL2 . In most cases, this property will re-

sult' in a net increase in density of the s\,é‘tﬁzated solution with
temperature (Ochs, 1979) . If a pond containing such a salt is kept
at saturat;‘.on throughout its depth the salt concentration gradient
would be self-generated and self-maintaining (Mehta, 1980) . There
would still occur a diffusion of salt 'from the bottom to the surface A
of the pond, but this mechanism would be compensated by the crystal-
lization of salt in the upper, coclder layers, and the sinking of the
crystals back to the bottom. The major disadvantages of saturated

ponds is that they require much larger amounts of salt than the un=-

saturated ponds, and that they cannot be realized with sodium chloride.

1l.2.3 Shallow Solar Ponds:

The shallow solar pond was proposed and developed at Lawfence
Livermore Laboratories (Dickinson, et al, 1976) . These ponds ar
very thin (about 10 cm) water layers encased in long plastic bags]
The underside of the bags are blackened and their tops are transparent.
They are supported by a horizontal concrete foundation and overlaid by
fiberglass glazing. Since the water must be pumped to separate storage
tanks at times of low solar radiation, the economic attractiveness of
these ponds is marred by the high cost of plumbing and separate storage

tanks.
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A shallow solar pond'blectric generating system for higher

latitudes using circular cylindircal reflettors was proposed by Kooi

(1978) . The analysis was mostly conderned with its optical design.
/\\

It was shown that a significant increasg inannual powar‘production

can be accomplished by an effective tilting mechanism for the reflec-

tor. The electric power was calculated roughly without modelling of
system caomponents and no economical analysis was made. ‘ ﬁ
< 0y
¢

1.2.4 Gel and Viscosity Stabilized Ponds 4

_It has been ’proposed to use gels and viscosity increasing
substances, either alone or in combination with salt, to me;ke the pond
non~convective. In Lyon, France (Anonymous, 1980) and ew Mexico
(Wilkins, 1982) theoretical as well as experimental investi‘ tions on

x

Gel ponds are in progress.

1.2.5 ‘Partitioned Solax’ Ponds

+

In order to reduce internal ‘cgnw,ection in the pond, it could
§

1

be divided into a number of different la§ers', by means of horizontal and

vertical partitions. Honeycomb structures have been propcsed to di-

.vide the pond into smaller cells, thereby suppressing convection (Hull,
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1979) . At the Jet Propulsion Laboratory a saltless honeycomb solar
pond has been proposed and the results of outdoor testing are

reported in Lin (1983) . K
\

\

1.2.6 Subject of the Present Thesis

The present thesis is devoted to salt-gradient solar ponds
aind adaptations of it such as the floating sa‘lt-gradient, and enhanced
ground storage salt~gradient solar ponds. The next sgection reviews
only the natural solar ponds and those research works which dealt with
electric power application of solar ponds. The reader is referred
to the review ;ﬁper by Tabor (198l) , the paper by Nielsen (1980) ,
and the state—of-th.e—a'rt réview by Crevier (19801 , for further research

activities concerning other applications of solar ponds.

1.3 Historical Background of Salt-Gradient Solar Pond Research
|)'I

Tihere are numerous examples of natural and artificial lakes
which possess density“gradients due to vertical salt concentration
gradients. In the limnological literature these lakes are called
"meromictic lakes” and the salt concentration gradient, the "halocline"

(Tabor and Weinberger, 1981) . If the halocline is sufficiently steep
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and if the surface of the pond is protected from wind-mixing by sur=-
rounding geographical features, then the incident solar radiation

can cause a considerable temperature rise above ambient in the body
of theolake. The resulting temperature gradient, the "thermocline”,
parallels the halocline, The halocline assures the greater density

of the lower depths even when heated by solar radiation.

The first natural solar lake described in the l:i.terature is
probably the most impressive. Kalecsinsky (1902) , described the
Medve Lake, which is situated in Transylvania (at 42° 44'N) . A
temperature of 70°C was recorded in it at a depth of 1.32 m at the
end of summer. The minimum temperature was 26°C during the early
spring. The bottom of the lake had a near saturation of 26% of
Na C& . More recently Anderson (1958) , has described a natural
solar lake near Oroville in the state of Washington. The lake, called
appropriately "Hot Lake”" , lies in a wind~-protected area at Kruger
mountain (48o 58';‘;[) . Temperatures greater thaﬁ 50°C during mid~

summer were recorded at a depth of 2 m . During the winter the

~ surface of the lake is covered with ice. Natural solar lakes have

also been found in Israel (Por, 1979) , Venezuelan Antilles (Hunder,

1974) , and under a permanent ice cover in Lake Vanda (77° 35's) in

the Antarctic (Wilson, 1962) .
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1.3.1 Research in Israel

In 1948 Dr. R. Bloch, Research Directoz\- of the Dead Sea
works, suggested the study of solar lakes with a view toward practical
utilization. Under controlled conditions, it was to be expected
that higher temperatures and useful collection efficiencies could be
achi‘eved in artificial ponds. It was only a decade later, however,
that interest in solar ponds began to receive the funding necessary to
implement the research. The primary goal was the generation of electric
power by using the pond as a heat source for a heat engine driving a
generator (Tabor, 1963) . Other potential applications include space
heating; industrial process heat; space cooling; desalination; and

agricultural crop drying and other farm uses,

In 1978, a small 6 KW turbine was coupled to a 1500 sq.m.
pond and demonstrated the feasibility of the system, In December 1979,
a much larger system was put into operation; this is the 150 KW Ein-
Bo,qeq‘l sclar pond power plant (Bronicki, 1982) . In December, at a
brine temperature of 77°C , 145 KW were produced with an overall
turbogenerator efficiency of 5.7% . In the summer, when the pond '
temperature reached 93%¢ a peak gross power of 245 KW was achieved,
Currently, operation of the 150 KW facility at Ein-Bogeq is being
monitored under varying system conditions, and valuable data are being

gathered and interpreted. The power plant has been connected to the

Israeli power grid since 1981 .,
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A program of broad significan?e is presently being imple-
mented in Israel where multi-megawatt solar power stations combining
low temperature turbogenerators with solar ponds are being built.

A pond 40,000 m2 in area having a depth of about 4 meters will be
running a 2,5 MW unit by the summer of 1983 (Harleman, 1983) . A
second pond (250,000 mz) filled with Dead Sea brine is almost com-

pleted, and will be coupled to a 5 MW turbogenerator.

Although Israelis are presently the leaders in solar pond
technology, specially for electric power application, they have
published very little about the design, methodology, optimization,

and experimental results.

Because of the stérage cap‘acity of the solar pond, the solar
pond power plant can be used as a peaking plant. For example, the
150‘ Kw plant in Ein Bogeq which used a pond of only 7,000 m2 area,
(adequate for a continuous output of 20 KW) could temporarily deliver
about se)kn times its continuous rated output (Tabor, 1981) . This
peak'ing capacity can considerably raise the economic value of such a
station“ when integrated into a grid system (Bronicki, 1980) . Thezle-

fore solar pond power plants, like hydro-electric plants, can provide,

on demand, peaks of power o far in excess of their mean capacity.

A joint study of Ormat Turbine and the Israel Electric Cor=—

-

poration has recommended that solar pond power plants be used first in
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the national power grid system as peaking plants, operating 750 to
1259 hours per year, and replacing gas turbines, As solar pond
technology becomes more established and cheaper, plants supplying
intermeziiate loads can be introduced, perhaps by 1985 . Ultimately,
the large solar lakes could be built by 1995, and their plants could

supply base loads (Bronicki, 1981) .

Tabor (1981) reported that the cost of solar pond power
systems per unit power generating capacity flatten out for units larger
than 20 - 40 MW . This is of great interest to developing countries,
Since they can install generating capacity in relatively small steps
as demand grows. Today's fossil-fueled or nuclear power stations,

by contrast, must have a capacilty of several hundred megawatts to be

competitive.

Assaf (1976) , proposed a theoretical scheme which turns a
salt lake «into a solar pond. He was mostly céncerned with the wind
action on the pond surface ;nd its mixing effect on the NCZ . In
the paper the energy recovery rate was taken as that of an equivalent
Carnot engine and the power output, per unit area of the pond, was
maximized with respect to LCZ temperature and depth of NCZ . The
analysis did not include the Rankine power cycle characteristics, heat

exchangers or auxiliary pumps. The optimization even failed when he

obtained the optimum LCZ temperature of 160°C which is much higher

than the boiling point of brine. The optimization was repeated with

.
-
-
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respect to NCZ depth while £fixing the LCZ temperature arbitrarily

¢

at 80°C or lOOOC .
. Ophix and Nadav (1982) , proposed a solar pond for produc-
tion of electric power as well as desalinated water. They estimated
energy costs of 5,5 - 9.62"¢/kwh for single purpose solar ponds
(electric po'«;er only) in the Dead Sea and Mediterranean areas respec-
tively. For dual purpose plants, depending on the selling price for
desalinated water, the energy cost ranged from 7.3 - 1%.3 for a
water selling price of 0.5 S/m3 ; 5.0 -12.3 for 0.6 $/m3 ; and
2.7 - 6.3 for 0.7 $/m3 . Their analysis is based on a solar pond
specific cost of $l3/m2 , and a pond collection efficiency of
20 per cent.

&

A solar pond power plant operated with a direct contactl
boiler was thermally analyzed by Sonn and Letan (1982) ., The analysis
by Sonn and Letan did not however consider the interaction of the
many system elements, The main benefits of the proposed direct c¢on-
tact exchanger aii:pear to i:e of three kinds": non-fouling of heat

transfer surfaces, high heat transfer rates, and a reduction in.cost.

The disadvantage of the direct contact heat exchanger for a solar pond

1
In a direct contact.boiler, heat is transferred directly dcross the

phase boundary between the pond brine and a vaporizing organic £fluid.

x

k]

ERCNG N

b A" rn

EUUP.. S

'
S dn e o,

e - — A e e S

PO,



L]

R T ‘:"*f

RS e

oo s ROy S
WIS R

P ©

S LR
) o LT KK I 0, T 3 SR N Sgy SprTRe e m RGeS s GRS e v e aws

Y
15

“ o

power plant is related to material losses due to dissolution of the
working fluid in the LCZ brine. Since an experimental demonstra-

tion of a direct contact heat exchanéer for a solar pond remains to be

-
-

performed, and because the closed cycle power generation schemes have

already shown their feasibility, the direct contact heat exchanger was

not considered in the present work.

¢

1.3.2 Research in the United States

7/

In 1975, a brief study was conducted by Bechtel Corperation
fto assess the general technical and economic feasibility of using salt-
gradient solar ponds as a means of generating electric power, This
study used F-11 as the working fluid, and a pond of 1 sz was con-

sidered. It concluded that the cost of a solar pond power plant was

five times larger than that of a conventional plant of equal capacity.

-~

A golar pond driven desalination and electric power produc-
tion \systan was p‘roposed by Johnson et al (1981) . A thermodynamio
analysis of the energy and mass balances of the system has been per-

Y

formed and a performance model of the system has been developed.

For typical operating conditions of a solar pondl, a required surface area

lFor the average solar radiation in Utah (250 3-3-2- )}, a pond tempera-
ture of 80°C and cocling water temperature " of 20% ; .the

average pond efficiency of 15 per cent was assumed.
’J

*

e e

© B e b F

apdiata e 2 b

e ﬁﬁ"u«;n«x -~

e o Y NP S




7

LA O U R

G g

e e TR

S T T

[T S AR S A

E3 - o
O I e e erreprametie + - a2V e v A EARe G WA ove e wpwa dLe o v L4 r MUY ew s

NN

of ' 10 sz was obtained. The electrical output was assumed to be ’
equal to the electrical demand of the multi-effect distillation plant.
‘ Their analysis did not include a detailed modelling of thel solar pond
power system. Cost evaluation and system optimization were not at-

tempted, p

Jayadev and Henderson (1980) , developed a simulation pro-
gram to analyze the thermal performance of solar ponds. A simple
econoqlic optimization which maximized delivered energy per capital, cost
with respect toc LCZ and NCZ thicknesses was also performed with the
help of repeated simulations. In all of the reported research acti-
vities so far, the relative sizes of the various components of the
solar pond power plant, (solar pond, heat exchangers, power cycle,
pumping system) have not been determined through economic optimization
considering all of the component costs and their mathematical models
and manner of integration.
£

The Salton Sea Solar Pond Power Plant concept became the focus
of a publicly funded project in November, 1979 (French and Lin, 1981) .
This project, which is sponsored l;y Southern California Edison and the State
of California, has been highly publicized. The first phase of the
pro:iect, the sconcept and feasibility study, was completed in 1981 .

The results indicate that in-lake installation of a commercial power

v

plant is technically feasible, environmentally acceptable, and economi=-
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cally attractive, - The start-up of a 35 ,Mwe prototype unit is

PO e LA

planned for 1984, to be followed in 1990 with the first’ of 600 M

(twelve 50 Mwe modules) . The 5 Mwe plant will cost $6,800
per kilowatt installed, while the commercial plant costs are below
$2,000 per kilowatt installed. In the commercial plant, the cost of
the solar pond system is about 50% of the’ total cost, whereas in

the 5 MWe the pond system is about 75% of the total cost.

In June, 1982, a few pages of the Salton Sea Solar Pond
feasibility study were made available to the author (French, 1982) .
It seems that the design of the solar pond power plant system includes

and optimization procedure through which optimal operating conditions

i i
L

and sizing of different systenms' components is achieved. A request
for obtaining the complete report on the feasibility study was turned
: down (French, 1982) and therefore it is not possible to comment on the

méthodology and optimization used in this study.

L € W Gl

i

¥

Calculations based on measured transmittance of Salton Sea %

; . brines show that the potential for electric power generation by a solar. %
i ; :
f pond is strongly influenced by the fraction of radiation transmitted to the —_

! Icz , Simple carbon treatment roughly quadrupled the expected elec-

tric power output of the Salton Sea pond. However, a brine sample

from another site did not respond to carbon treatment. A preliminary

cost estimate indicates that the capital costs for water treatment, of

-
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which carbon treatment would be only a part, will be less than 10%

%
of the capital cost of the Salton Sea 5 Mwe pond (Marsh et al,

1981) . ¢

A comprehensive assessment was made of the regional appli~
cability and potential of salt—gradien't{) solar ponds in the United
“States (Lin, 1982) . The report éonci‘luded that, excepting Alaska,
ponds are applicable in all regions for at least two of the considered
market sectors (residential, commercial and institutional buildings
\\sector; industrial process heat sector; agricultural proceés heat
sector; electric power sector; and desalination sector). Estimated
on the basis of conservative exploitatlon of the available resources,
the America:r'l national electric power pond potential 1s 3.46 quads ...// yearl.
The study also concluded that a 5 MW solar pond power plant is compe-
titive with a new oil-fired facility of the same capacity in the South
west, Hawaii, and Puerto Rico regions (if pond cost can be held below
50 $/m2 ; then ponds are also competitive in the Salt Lake, Red River,
Gulf Coast, and Tennessee Valley regions); similarly, a 600 Mw*e plant

would be competitive with a coal~fired plant in the Southwest, Red River,

and Hawaii.

6,
1l quads = 180 * 106 bbl (29 * 106 m3) of petrolemm
} [
(~ i = 10ll Kwh, electrical
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Argonne National Laboratory has recentlg\ completed two
studies for a 5 MWe power plant combining two developmental
technologies, Solar Ponds (SP) and Ocean Thermal Energy Conversion
(OTEC), into a hybxid system that offers potential advantages over
either pure SP or pure OTEC system for production of electric
power. The proposed SPOTEC concept uses a solar pond as a heat
source instead of warm surfac.:e sea water, and deep ocean water fQr the
heat//rejection instead of pond surface water in the operation of a
Rankine-Cycle system. The report does not include the system model=-

1ing nor a cost estimate of the concept (Hillis et al, 1983) .

For energy conversion applications involving a closed fluid
cycle of the Rankine type, the maximum andh“tg}? minimm cycle tempera-
tures are dictated by the source and,sink teméeratures of that parti-
cular application. However, the selection of a working fluid or of
a mixture of fluids, and the selection of the maximum and minimum
cycle pressures, which in turn establishes the thermodynamic region of
operation, involve a stupendous effort if they must be done in a manner
optimizing performance. THermodynamic properties charts and tables,
based on accurate experimental data, are not available for some fluids,
which require exclusion of these fluids from consideration. Even for

the fluids where good data is available, to investigate all thermo-

dynamic reglons with each of the flulds is a very cumberscme task.




R R T,

J
¥
€
¥
4

o e —————ADRO——

?ih,,
%.

K Slatv- R M T G PR S A P S e e T LT L

Pradhan and Larson (1980) , developed a procedure for the
analysis of power cycles based on the Generalized Properties of
fluids. The method is suited to high speed digital computers,

It is shown that, for initlal search purposes for new fluids, this
method gives reasonable accuracy. The advantages of the method

are its minimal data requirement for cycle analysis and ease of imple-
mentation on digital computers. The inaccuracy of the method
{errors in efficlency assessment can be as high as 10%) is its main
shortcoming. The method can only be recommended for initial evalua-

tion of several alternative fluidsy

The present thesis offers a simple method for the analysis
of a Rankine cycle which is suitable for use with an optimization
procedure, The method is based on approximating the thermodynamic
properties such as enthalpy, entropy, etc. of the working fluid on the
saturated vapor and li/é'uid lines as a function of boiler and condenger
temperatures. Tl';es:a properties are expressed as polynomial functions
of the ter;peratures. The propertles of the points not lying on the
saturation lines are calculated using the first law of thermodynamics.
The method is applicable to any fluid for which sufficient data is
available in the form of charts or tables. The method is given pre-
ference to the Generalized Properties method for cycle analysis

primarily for its excellent accuracy,‘ although it requires more data

input.
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Bohn et al (1980) , proposed the use of thermoelectric con-
version in a new ocean thermal energy conversion concept. They

described the concept and its advantages and provided a preliminary

analysis of the performance and cost of a 400 MW thermoelectric

fOTEC plant.

In another work, Benscn and Jayadev (198l) , proposed the
electric power generation by thermoelectric energy conversion for low
grade heat systems such as OTEC , solar ponds, and geothermal. The
efficiency of thermoelectric conversion (thermal to electxical) is at
best 20 per cent of the theoretical Carnot efficiency. In spite of
its greater reljability and freedom from maintenance requirements, this
technology does not appear to be an economical alternative to the heat
engine, the efficiency of which can reach more than 60 per cent of
the Carnot cycle (Tabor, (1981) ; (see also Chapter III of the present

thesis) .

1.4 Motivation for the Research

The present thesis is primarily concerned with the simulation

and optimization of electric power generation by solar ponds.

The motivation for choosing the non-convecting solar pond

for the purpose of electric power generation are as follows :
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(a) The solar pond appears as*an effective method of harnessing
solar energy in the multi-kilowatt -~ multi-megawatt range,
thereby filling the gap between classical solar collectors and very
sophisticated satellite concepts now being studied for the gigawatt
range. Electric power generation in the 500 KW to 5 MW or
larger ranges by solar ponds is possible at estimated costs that are
presently competitive with those é)f alternative technologies in areas
not having an electricity grid and where the basic materials for pond

construction (salt and water) are inexpensive.

(b) - Energy storage in the form of sensible heat is a built-in
property of a solar pond -power system ; due to this unique feature,
an annual load factor as high as 0.9 is possible, v;mich is at least
two times higher than that of any other solar system. The other im-
portant factor in favor of the solar pond technology is that the
commercial status of this system is certainly better than that of any
other collector system. While the other solar energy conversion sys-
tems are waiting for technical and economical bréak—through, the solar

pond power system can be built in a cost effective way using the present

technology and materials., In exper'iments with small solar ponds,

temperatures greater than 1060C were obtained (Weeks et al, (1981) and |,

thermal collection efficiencies greater than 15 per cent for heat ex-

traction at 70°C to 90°C are achieved (Tabor, (1981)) . "
th

The decision to concentrate on simulation and optimization

was motivated by the fact that this constitutes a speciaal but important

~

s

Y ey e atEae et d e B

~-

ot

S E b



:‘m

R gt

,
R ooy bt 1 i A . ST T AN
y
; ¢ '
-

e -

Cy

]

wru

PRI PEEPUR A G r LB S Nt Y B0~ e % v patd ey RN PR o [ < vt L {

aspect of solar pond research. All other reported research is so far
concerned either with fundamental aspects of solar pond physics suéh

as stability and radiatiofi absorption, or solar pond applications other
than electric power generation ; when electric power generation is con-
sidered, it is not treated in a systergatic basis. For example, solar
pond sizing and optimization has in the past been achieved by repeated *

simulations, which does not permit the handling of a large number of

variables which happens when optimizing a solar pond power plant system.‘

Although the basic problems associated with solar ponds were
delineated by Tabor in 1963, the problem of solar pond power system
optimization has not been properly investigated in the intervening two

decades (Lin, (1982)) .

1.5 Claim of Originality

i .
To the best of the author's knowledge the following are the

original contributions of this thesis to the sclar pond technology :

1. Analytical solution of the governing equations of the

solar pond thermal behavior for the three layer pond

namely, NCZ , LCZ , and a lower insulation layer of

finite depth undermeath the pond.
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2. Static Optimization of a solar pond power plant :

- development of a method for very accurate power

cycle analyses,t

- - formulation of net electric power produced by the
E 2 R
solar pond power plant taking into account actual
pond, heat exchangers and thermal cycle charac-

teristics,

- determination of the optimal system component sizes

and operating conditions for the above formualtion.

3. Dynamic Optimization of solar pond power plant :

e

4

o . -  development of a semi-analytical method to arrive at
optimal heat extraction and storage depth for sinu-

soidal excitation,

- formulation of energy cost in the form of optimal
control problem and its solution through discreti- *\\\r
zation of control and using matheqatical program-

ming to obtain optimal control;, '

- comparison of the optimal heat extraction for -

two different climates,

- comparison of the two different working fluids (F-113 -

and F-1l)- for solar pond power plants.
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Introduction of a new solar pond concept : the float-

ing pond :

derivation of stability criterion of the floating

structure for uniform salt concentration,

derivation of stability criterion of the floating

structure for linear salt gradient,

Static Optimization of a floating solar pond

power plant.

Introduction of ice storage concept for solar pond

power plants :

thermal analysis of the ice storage and determina-
tion of its required size to meet the cooling

requirement of a solar pond power plant,

determination of optimal heat extraction from solar
pond power plant having an ice storage and achileve-
ment of major energy cost reduction by introducing

the ice storage concept. \

The solar pond power plant with underground

storage concept : .

development of the mathematical model and its solu-

tion using finite difference,

-
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- optimization of the solar pond power plant with re-— i

versed operation,

= determination of optimal heat extraction from solar
pond and optimal heat injection or extraction from

underground,

1.6 OQutline of the Thesis

The remainder of this thesis is organized ‘as follows :

Chapter II, prediction of solar pond thermal behavior, begins
with the development of the governing equations of the pond's tempera-
ture from the fundamental laws of heat ‘transfer. Then the analytical
solution of the governing equations for sinusoidal excitations is de-
rived, Parametric study of the analytical solution as well as static
efficiency ar; presented. A numerical solution technique using
finite differences is then attempted and the effect of ice coverage and

variation of the sun's declination angle are discussed. '

In Chapter III, the optimization of a solar pond power
plant is achieved through mathematical modelling of the system’s com-
ponents and the use of an optimization routine to find optimal design
afd operating conditions, In this chapter a simple computerized

method for power cycle analysis is developed. Then models of the
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heat exchangers and auxiliary pumps are presented and discussed.

The chapter ends with examples of the ‘optimization techniques de-
veloped and discusses the effects of different working fluids as well
as climatic conditions on the yield and the energy'cost of a solar

pond power system.

Chapter IV deals with the problem of optimal heat extrac-
tion and storage depth. It starts with a discussion of the assump-
tions used in the chapter, which are based on the results of Chapter
ITII . A semi-analytical technique for the determination of an opti-
mal time table of heat extraction and storage depth is then developed.
Formulation of the problem as an optimal control problem is presented
as an alternative to the semi-analytical method, and its solution
through discretization of the control variable (heat extraction) is
discussed. A numerical solution provides a comparison of the two

methods.

Chapter V , bearing on cost reduction techniques, first . - -
introduces a new solar pond concept, the floating pond. The
stahility criterion of the floating structure is derived. The opt'i-
mization of a fleating solar pond powe\r plant is then carried out and
conclusions on the economic advantages of this type of pond over
or@inary solar ponds are drawn. Next the ice storage concept is

proposed as a cooling medium for the power plant. The sizing of an

5 .
ice storage facility which meets the heat rejection requirements of
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- ' /

a solar pond power plant with a given capacity is achieved by simple

thermal analysis. The complete system optimization is performed

and. its superior economics and performances over an ordinary solax

gond power system are shown. ‘ I

. 7
- ) calt -
&) .

Chapter VI, entitled reverse operatioxgﬂnderground

storage, starts with an introduction which is followed by the develop-

[T,

.

ment of the governing equations. The model solution by a finite
difference technique and the validation of the model's assumptions are

then presented. The optimal heat extraction from the storage layer

of the pond as well as optimal heat injection or extraction from under- ‘
ground are attempted in a manner similar to that presented in Chapter

i : - ¢
{; TWEV . An example of such a solar pond power plant is presented and-

by
it 1
L . ;
.

r SN > >
.'concluding remarks are given,

5
o

I

n

thesis along with recommendations for further research are presented; )

@ <

é ~ Finally, in Chapter VII,. the conclusions of the present
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CHAPTER II °*

PREDICTION OF SOLAR POND THERMAL BEHAVIOR

‘2.1 Governing gua‘tions of Pond Temperature Behavior
As described earlier a solar pond will have three- distinct
f[ayers, namely upper convective zone (UCZ), non-convecting zone (NCZ)
or gradient layexr or insulation layer, and lower convective zone (LCZ)
or storage layer. In this section mathematical models of the above
zones as well as the layer of ground underneath a solar pond will bé
developed and different solution techniques along with results and com=
'parison of the different models will be discussed.

r

First, consider the NCZ which is bounded by the UCZ  and. -

ICZ (Figure 2.1) . It is assumed that a stable salt gradient is pre- -

sent in the NCZ (due to dissolved salt) so that heat transfer can take | .

place in this zone only by conduction. According to Fourier's law

*

of conduction the heat flux vector &: is given by :

1 is the thermal conductivity and V Tl is the temperature

gradient. Therefore the amount of heat flowing out of a closed sur-

where K

face can be given as follows :

- - r—
s §q-ds =§ (‘ﬁVTl)de ) .
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3
! ,
; ' Applying ;;he Divergence theorem to the above eguation yields :
g =9 q-as v K, VT) av
L ) Qdond q S (= 1 Tl
. . i 5 '/
‘where‘ 7 : is the volume enclosed by the.surface S , Thexrefore the
- heat -flu:é -flov;ing into the volume V due to conduction is : '
1 ot + ([ vy
| - o v
W A The heat incident on the surface S  due to solar radiation
L - . - -
0 “* " 7 flux is given by : ] '
ej\ -
PP
T ’ = - P . a+ = - v . pe v dv
. Qr.‘ad Yrag 8 L rad .
. ; s SR/ ,
The amount of heat in the volime, V can be expressed as
] - 'y
o = | meme
. \'4 -
and C) are density and specific heat of the brine. The
time rate of change of heat in the volume V is 'given by = .
) |
- , 1 -
. . — ’ 2 ) - X
1 ' ' o

et 5
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0 QV
)
L (R

V -

Equating the heat flowing into the volume due to conduction and radia-

tion to the rate of change of heat will result in the following :

-BQV

cond + Qrad = 3t

Q

or' . “ ' 4

- ]
Jj[ v - (Kl v Tl) - V. T T (pl <, Tl)J av = 0
V 7

3

Agsuming that the integrand is continuous, the above yields :
ke x

"-*-(plc T.) = V- (Klv"Tl)*'Hl (2.1)

d
9t 17

|

whexre H_ is the source function (solar radiation) defined by :

1

v e d
! B %raq
for constaht properties the above equation becomes :

3T

P1 € 3¢ 1V T P

a K V2.T +H ’ (2.2)

v e ———
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" Equation (2.1) is the general form of the heat diffusion

equation; for the time independent case it reduces to the Poisson equation

1

’ \
and if the source term is ignored the Laplacian equation is obtained.

The governing equation for the ground below the LCZ will

be the same as equatidn (2.1) with the difference that the source term

will not be present : \\
[ 4
3T
2 2
K2 v, T2 8 p2 C2 5t (2.3)

where subscript 2 refers to the ground layer physical properties.

®

- ~W§

The storage layer as mentioned earlier is a convective region
and here it will be assumed that radiation reaching the tap of this
zone is absorbed completely in the LCZ , i.e., the radiation reflected .
by the pond bottom is not accounted for in our a.nalysisl . Taking the
LCZ as a control volume the heat balance equation can be written as

follows :

v

-

Viskanta (1978) considered the radiation reflection of the solar pond
bottom. If the bottom o%hzuiond has poor absorption coefficient

then one has to take into accdunt the bottom reflection losses.
!

?\
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ap_ C 2 8 54
s —_— = H - - . . .
s s —% U § (Kl v Tl + K2 v Tz) ds
S Y 12.4)
where A .is the surface area of the pond. The first term (H)

on the right hand side is heat absorbed due to radiation in LCZ and
the second term is the useful heat (U) extracted from the ICZ and

the last term represents the heat lost by conduction to the NCZ and

ground.

In the following sections, analytical as well as numé’ric

" solutions to equations (2.2) - (2.4), in a single dimension,will be pre~

sented.

Vs
2.2  Analytical Steady State Solution with Sinusoidal Excitation ~

The model described in what follows is an extension of the
one developed by Weinberger (1964) 'for a single layer pond (NCZ only),
and later modified by Rabl and Nielsen (1975) for two layer ponds

(NC2 and 1ICZ) .

~
v

| The analysis is strictly valié’only for a pond of ,infinite

area ; ponds of finite area can however be modeled by incorporating

" edge (side) losses as a heat extraction term in the LCZ heat balance

-
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-

equation (Crevier, 1981). It is assumed that solar radiation as well
as the ambient air temperature are jperiodic with only one harmonic
term. They consist in the superposition of an average component and

a sinusoidally varying component; all have a period of one year, and are

usually out of phase with each’other (Nielsen, 1978). Since the solar pond

provides long term storage, having large thermal inertia, it is insensi-
tive to the hourly and daily variataons of the radiation and .ambient
temperature (Crevier, 1980, Sodha et al, 198l). Solar radiation will

arbitrarily be assigned a phase angle of zero. Solar radiatl-on and

ambient temperature will therefore be given by the following functions:

1]
jsef }

H (t) +H cos wt Y (2.5)
S S

T (t) T +7T cos (Wt~ §) (2.6)
a a a a .

- - Ny
where the average value terms Hs r Ta . and the amplitude terms Hs R

~

%a , are assumed known. The phase angle Ga is the known phase dif-
« Y
ference of ambient temperature with respect to radiation, The summer

<

solstice (June 21) corresponds to t = 0 , and the angular frequency

a

w = 2 corresponds to a period of one year, The heat extraction

1 year
rate from the ILCZ of the pond will also %assumed to have the follow-

ing sinuscidal form:

e) = T+ Ucos (ut - 6) (2.7)
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Depending upon the end application of the extracted heat the above
formulation may or may not be a good approximation. The LCZ tem-
perature will be a linear function of the excitations and should also

take the form of a sinusoid with the same frequency (Carslaw and

Jaeger, 1959)

-
T() =T 4+ T cos {wt = § .
] s s

S
where fs ’ &‘s , and és are unknown yet to be determined.
We will use, as described in Appendix A , the following

combinatioh of four exponentials as an approximation for the radiation

reaching a depth x (measured positive dowmwards)

*
4 -unx
Hix, t) = TH () Z n e (2.9)
s =l B

, *
where 1 1s a coefficient of transmission, H(t) and W, are given by

-

equations (2.5) and (A.2) «zrespectively.

The governing equations, (2.2) - (2-4), of the three
layers namely NCZ, LCZ, and the ground underneath the pond,can be

written in one dimension as follows (see Figure 2.1 for clarity of

nomenclature) . For the NCZ : -
3T, (x, t) 327 (x, t) a .
e S s i % oE(x, ®) 3.10)
at 1 2 K ax *
9x 1

) R

T
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Cross Section of a Solar Pond with corresponding Labels.

3
A
H

:
4
!

R e o e f BERREGT m o

" s St

[

T L L N o e T . ittt

A A g B

. ot B RS s s



e

U

7
Yoy

o

I R L R ST B BN T T G S B S v

37
\
where &y is the thermal diffusivity of the brine given by :
. ﬁ"
a, = Kl
1l pl Cl
with the boundary condition of :

where f = 1s the thickness of UCZ and 21 is the distance of the
bottom of NCZ <£rom the surface, which is usually referred to as the

extraction depth in the literature (Crevier, ¢1980)) . For LCZ

dr_(t) AT (x, ©)
Ps S ts a7 Rl W U0 =K e
: X = 21
BTZ {x, t)
+
K2 " {(2.12)
v = +
x !,l 25
and finally the heat diffusion in the ground -:
2 -
3T2 (x, &) ) Tz(x, t) -
5 = ¢, T (2.13)
ox

where e, 1s the thermal diffusivity of the soil. The boundary condi-

tions can be expressed as :

-
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+ =
T2 (21 15, t) 'I‘S(t) ' '1‘2(2l + Jls + 2.2: t) = Tw

where TW is the temperature of a heat sink assumed to be located at

a finite distance from the ground level.

a

The solution of the governing equations will be carried out

L3

in parts, namely for time independent and time varying components.

2.2.1 Time Independent Solution

A time independent soclution of the governing equations can
easily be found by setting all time varying terms in equations (2.5) -

(2.14) to zero, The equations then reduce to the following :

da T, d _ 4 —ixnx
Kl > = o (1 Hs z nn e ) : (2.15)
dx n=1
4 e ar aT
-u
- 1 - 1 2
TH Z n_ e - U - K —-] + R — , =
sn=-ln ldxx=£ 2 Ix=1 + 4
1l 1 s
'2.16)
&
——51- = 0 (2,17)

(2.14)
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//
/
The last equation upon simple integration ylelds (using boundary condi-
tion equation (2.14)) : —
§ )
dr - ‘ T - T -
2 = S W .
K2 = K2 2 (2.18)
x= 4, + 2 2
1 s -

Integration of equation (2.15) using the boundary condition (2.11l) gives

the following expression for the temperature gradient :

* - *
' arT 4 ~u % TH 4 n “u_2 -u
X ——-—1&1 = tTH X2 n e nl+2-: zZ -;:—(enl-e nu,
. x =2 Sp=1 T 1 un=l %
1 n
'I‘S-i"a
- RT3
1 u
(2.19)

Substitution of equations (2.18) and (2.19) into (2.16) gives the

following result for E‘S :

- * *
- R‘l - Zu - T HS 4 T'In -)-lnlu ‘unfll KZ Zl—lu
T - m U+ < z - (e -e ) + N T Tw
5. 1 1 n=1 Yn 1 2
s K2 Zl - lu .
1 + E—' 2 )
1 2
(2.20)

T

This solution reduces to the. one given by Rabl and Nielsen (1975), when

the deptﬁ of the heat sink tends to infinity and for no surface convective

layer.
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(1

2.2,2 Time Dependent Solution

v
The calculation of-the time dependent components Ts and
65 is rather tedious. The steady state temperature in the ground

below the pond is given by Carslaw and Jaeger, (1959) :

iwt - 6) sinh [(M+i) ((2, + &, + & =-x) / 0.)]
%2(::, t) = T_ e g . 2 1 2 2 }
' 2 sinh {(1+i) (22 / cz)]

"+ C.C. (complex conjugate) (2,21)

K

where 02 = Y 2 az / w 1s the depth at which temperature oscillations

of frecﬁ:ency w arxe damped to 1 / e of their surface wvalue ; by analogy

-

with electrodypamics, 9, is called the skin depth. To find the tempera~
ture gradient at the top of LCZ we first calculate the steady state
temperature in the NCZ due to its boundary conditions, equation (2.11),
and due to absorption of radiation, by solving (2.10) for time varying terms

which yields the following solution (Carslaw and Jaeger, 1959) :

\

i(wt - aa) sinh [(1+1) (zl -2 =%/ 011

2 sinh [(1+1) (21 - R'u) Y/ Ty

i(wt - GS) sinh [(1+i) (x / Gl)l

s -
| 2 sinh [(1+1) (zl - 1u) / olJ
T 'ﬁ 4 n *2
-u iwt
+ 2___5. T B nu e \
K =1 M . *2 2 .
1 n=1 "n L= 12/ (o1
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% ’
~un21
sinh [ (1+i) (2.1 - 2.u -x) / cl] + e sinh [(1+i)(x / Ul)]
\ sinh [(l+i)(21 - R-u) / 013 .
° &
*
. -y 2
. nl *
sinh [un(zl- zu-x)] +e sinh (u_x)
- . } + c.C
sinh [un(zl - Ru)]
(2.22)
o 4
The substitution of equations (2.21) and (2.22) into (2.12) will

&

yield a sclution for ‘%s and GS ; the results are as follow :
\% El
s Kl Kz
( 5 E2+ + o E3+ ) {cos GS + E4 sin GS )
N\ 1 2
and’ S &
E. +E E
GS = arc tan (E§__;__E§_E}__)
1 4 5 .
P
where :I
sinh [2(1?,1 - JLu) / ol] + sin [2(21 T Jlu / 01]
E2+ =

— cosh (2 (21 -

sinh (28, / 0,) * sin (2, / 0,)

L) /o1~ cos (202, - 2,1/ ‘01]'

- cosh (2,9,2 / 0'2) ~ cos (2%2 / 02)

fl

Rg Cg ZS W+ (K / cl) E,. + (K2 / 02) E,_

E = A

(Kl / ol) E2+ +

(K2 / 0'27 E,

T
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* - ~
n -t (2, =2 ) .
. N n’"l u N . .’\:
E,. = "t 2 ¢ e - U co56u+(2K]:/ol) T,

L

< * (B, cos 6y = E,_ sin da) + E, .

cos § )+ E
- a

n .
E,L = -7 sinf + (2K /0)-%-(3 sind§ + E
u 1 1 a

5 a 6+ 6 8
b
where :
c - Sin[@l—?'u)/(’f . cosh[(zl—zu)/ol) + sinh[(21~2u)/oll . ccﬂS[(!Ll-fLu)/U1
6+ ‘
‘ cosh [2(21-2u)/01] - cos [2(21~2u)/01]
4 " 0.4 —p (k. -L) *
Lo -u - .
E7 a T BS 5. n - 7 { - {nl) e n 1l .u + (un ol),
n=1 1 + 0.25 (uno‘l)
* 2 * * 2
(na.) -u_ (Z,-% ) (n_o,)
nl . n ' 1lu ..nl
[ =5 B, *+ E_ *+ 0.5 e &, 5— B, )1}
e * 2 *
/ 4 n (p o) - (L,~2) )
. v 1" o *
- . > n nl n
E8 T g { 3 e + (J-ln 0‘1) t

s - * 4
n=1 1+ 0.25(un01)

" w2 L) (o)? (W
H a -H - H O
12l r _F +o05e ™ P W Bl o, +€7#)J}

2 6- 6+ . 2 2= ot

®oeon o
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. & {
2.3 Examples
o
_ The analytical solution develcped In the previous section
will be used to predict the thermal' behavior of sola.;: ponds located in
Montreal, Canada and Shiraz, Iran, The climatic data for Montreal was
obtained from the Department of Meteorology of McGill University and the
- data for Shiraz from Akbarzadeh and Ahmadi (1980) . Table 2,1 shows
the data for the two locations.
[ ]
r ' ¢ /
A
CLIMATIC DATA FOR MONTREAL AND SHIRAZ J
8 “ -
G Location Latitude Ambient Temperature (OC) ] Solar Radiation (_E.z_)
m
- n ' - , A
3 (Degrees) | Average Ta Amplitude 'I'a Ayerage HS Amplitude Hs
Montreal 45.45 5.5 : 15.0 ° 150.0 '110.0
shiraz ~ 32.0 17.3 . 11.3 210.16 81.84
4
i R
In the following examples the rate of heat extraction is arbi~
trarily assumed to be as follows unless otherwise stated :
- - n, - : o
U = 0.2 H ’ U = 0.5U0 ' and ¢ = 90 = 13 weeks
7™ . S b
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" have an optimal value which yields maximum LCZ temperature

The area of the pond is taken as 1 sz and the depth of the UCZ is

set at 0.2 meter, which seems to be the minimum value achievable in

practice (Crevier, 1980) . The temperature of the heat sink is as-

sumed to be the same as the average ambient temperature, Table 2.3

1

summarizes Te results of the analytical solution for two considered

locations.

h

2
e results presented in Table 2.2 reveal the following

facts :
(lj The d[Epth of the

formance of a solar pond.

l Comparison of cases 8 and 10 shows

that higher Femperatures can be obtained when there is no UCZ , i.e,,
for the same operating temperatures a pond without UCZ yields higher
efficienlcy.
for good performance of a solar pond. UCZ has an effect on the

average, amplitude, and phase lag of the LCZ temperature,

<

{cases .

l-19) . .,

(3) The depth of the storage layer has a stronger effect on the

amplitude than on the average of the LCZ temperature.’ In fact the

44

UCZ plays a very important role in the pexr= '

Therefore, contréf of UCZ thickness 1s certainly a must

LCZ thickness should not have any effect on average temperature, The

rd

(2)  Thickness of the NCZ, which is-the thermal insulator, of a pond,will -
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TABLE 2.2 ) .
% R -
/ . « SUMMARY OF THE RESULTS FOR ANALYTICAL SOLUTION
A =1*Km2 , - 2‘; = 0.2m , g = 30 MWt , d = 15 mwt , §, = 13 weeks
Location case 2. (m) 2L m 7 (°0) T (°0) 5 (weeks) Remarks
1 s s - 8 s
Montreal 1 0.8 1 34.07 28.46 5,59 ™ 62.53 T = 5.6l
2 0.8 2 33.66 21.57 7.41 D 55.23 ™ = 12.00
3 0.8 3 33,13 16.96 8.5 ™ 50,09 T" = 16.17
a 0.8 5 31.48 " 11.70 9.71 o 43.18 T = 19.78
5 1.0 , M m
. 1 37.71 . 26,96 6.24 T 64.67 T = 10.75
6 1.0 2 37.09 19476 7.89 ™ 56.85 T" = 17.33
7 1.0 3 136.29 15.31 8.84 Pk 51.6 ™ = 20.98
8 1.2 1 39.33 24,88 6.72 ™ 64.21 T = 14.45
9 1.2 - 1 46.25 24.88 6.72 ot 71.13 ™ = 21.37
L =
( for 5
M ‘m
10 1.2 1 52,0 25.69 7.35 T 77.69 ™" = 26.31
~ %3 for L = 0
] u
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TABLE 2.2 (cont'd)
. [»] N Q
Location Case _21 (m) 2 (m) T (C) Ts( C) 6s (weeks) Remarks
Montreal 11 1.2 1 39.33 32.76 9.04 71.09 ™ = 6.57
e Gu = 180O = 26 weeks
12 1.2 2 38.51 17.94 8.22 56.45 " = 20.57
. . \ m
13 1.2 3 37.46 13.82 9,07 51.28 T = 23.64
14 1.4 1 39.37 22.56 7.09 61.93 ™™ = 16.81
15 1.4 2 38.37 16.18 8.48 54.55  T@ = 22.19
16 1.4 | 3 37.1 12,45 9.25 49.55 ™ = 24.65
17 1.6 1 38,16 20.26 7.38 58.42 - T = 17.9
18 1.6 2 37.01 14.49 8.68 51.5 ™ = 22,52
19 1.6 3 35.57 « 11.15 9.40 46.72 T = 24.42
shiraz 20 0.8 2 57.78 17.12 5.69 74.9 T = 40.66
‘21 1.0 2 63.07 15.97 6.01 79.04 ™ = 47.1
22 1.2 2 65.54 14.73 6.17 80.27 ™ = 50.81
23 1.4 2 65,78 13.49 6.25 79.27 T" = 52,29
24 1.6 2 12,27 6.24 M = 5200

64,27

76.54 T =
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decrease in LCZ average %emperature with its thickness that can be
observed in Table 2.2 is due to the fact thmat in our model, the

bottom heat sink 1ls assumed to be at a fixed depth. Making the pond
deeper thus brings its bottom closer to the heat sink which increases
conductive losses. Increasing LCZ thickness reduces the amplitude
of the LCZ temperature but this requires more salt and for the loca-
tions where salt is expensive the economic advantage of a solar pond may

very well disappear.

(4) The thermal conductivity of the ground underneath a solar pond
as well as the depth of the heat sink can affect the performance of a
pond to a great extent. Comparison of cases 8 and 9 shows that
if the depth of the heat sink tends to infinity, the pond will not
suffer from bottom losses in the steady state operation and performs
better than when the heat sink is at a finite depth.

£\
(5) The scheduling of the heat extraction also plays an important
role in determining the thermal behavior of a pond. This question
will be investigated in detail in Chapter IV ; it is however clear from

Table 2,2 that a different maximum pond temperature will be obtained if

heat is extracted at different times (cases 8 and 1l1) .

(6) Comparison of the thermal behavior of the ponds located in
Montreal and Shiraz (cases 1 - 19 and 20 - 24) reveals that because

of higher insolation in Shiraz, ponds perform better there than in Mon-

T

T

ST

e

e e A L FaS s TR

T



gt

ot

[

i
{
:
i
!
i

e e ————— i —

g e o L

48

_«a‘»\ \

treal.~ For the same operating LCZ temperature ponds will have

=

smaller efficiency in Montreal than in Shiraz.

2.4 Static Efficiency

Definition: We shall define the static efficiency of a solar pond

as the ratio of the average heat extracted to the average value of the

solar radiation incident upon the pond surface :

175)
ne>
:x:l'c:l
I~

Equation (2.20) can be rewritten as follows : '

.

} TH F K, . K _

U = + == (P «T) + == (T = 7T)
21 .R.u 22 s W 9,1 Ru s a

where *

4 n -u £ -u 4.

P o= 3 il e nu _ e l) .
n=l" \

n

Therefore the static efficiency becomes :

T F K2 (Ts - TW) Kl Ts " Ta
s T Tw-z "% " - ST -1 = (2.23)
17 u 2 B 1" E
s S
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The maximization of the static efficiency with respect to
depth of NCZ for a given climatic condition can ke performed by set-
ting the derivative of the static efficiency with respect to the depth
of the NCZ to be zero. The resulting, non-linear equation can not
be solved in closed form and a numerical solution technique must be

used.

Figure 2.2 shows the variation of conduction losses, radia-

N
tion penetrating to the bottom of the NCZ , and efficiency as a

function of heat extraction depth. Figure 2.2 assumes & value of
°C v m AT .
0.25 — for the parameter —— , where A4 T jiS the tempera-
H . ;
S

»

ture difference between the ILCZ and UCZ . This value of AT/ ?IS

implies an average storage temperature of 43°C for Montreal conditions,

The optimal NCZ thickness corresponds to an optimal compromise between

—

its insulating properties, which would lead one to ‘make it as thick as
possible, and the amount of radiation that it absorbs and prevents from

reaching the LCZ , which would be minimized by making the NCZ as

thin as possible. Therefore there is an optimum value for SZ.l which
maximizes efficiency. For the case at hand a value of 1.575 meters

gives a maximum efficiency of 18.2% .

Maximization of efficiency with respect to depth of the heat

. sink is achieved when this thickness tends to infinity, as was’ obseryed

in Table 2.2 .
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Pond Efficiency
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Figure 2.2 Conduction Losses, Solar Radiation, and Pond Efficiency

as a function of heat extraction depth,.
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Equation (2.23) shows that static efficiency is a linear

function of T and in Figure 2.3 this variation for different values

S
of NCZI.' thickness is shown. Figure 2.3 suggests that the yield

of a solar pond could be increased if it were possible‘to vary the
thickness of the non-convecting zone as a function of the pond tempera-
ture and climatic conditions. The optimal value of the NCZ
thickness is determined by the parameter A T / ﬁs . Assuming
constant values for ambient temperature and solar radiation, Figure 2.3
indicates how the pond efficiency can be maintained at the optimum
value as 1t heats up by making the NCZ depth equal to the value

characterized by the straight line tangent to the optimal efficiency =«

curve at the given pond temperature.

2.5 Numerical Solution Using Finiate Difference Technique

;;I

The analytical solution presented in the previous sections
involves 'a large number of approximations. ) ‘For example, when the
thermal load can not be well approximated by a sinusoid or the pond sur-
face is covered with ice, the analytical solution becomes far more complex.
Simulation is required to determine the. pond's thermal performance under
realistic conditions. A reasonably accurate picture of its thermal
regime can be obtained by using the finite difference technique, which

is a standard method for thermal analysis. Here the pohd's tempera-

I8
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—

ture is computed with respect to both time and depth. This proce-
dure has the advantage of specifically including the start-up trans%.ent
period and time required to reach steady state behavior. Variable
thermal properties as a function of temperature and salinity can also
be included in the model fairly easily.

This‘i'section begins by defining some of the finite difference
operators, as well as relations between them and the differential opera-
tor.

Finite difference equations arise as ai:prox:imations to ordinar‘y
and partial differential equations, the solution of which cannot easiiy

be found analytically, especially in the case of coupled equations.

Let y = y(x) be a function of the real variable x . The

first forward and backward difference operators are defined (Korn and |

Korn, 1968) by :

by & yx+n - ym .
A ° ~
Vy = y(x) - y(x-h)
where h = A % is a fixed increment of x . 'The central difference

§ 4is given by :
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dy = yx+1/2 h) - y(x=-1/2h)

Furthermore, the displacement operator (shift) and its inverse are

defined by :

y(x + h)

]
<
i

y(x = h) ) .

]
o
]

. . !
Let us define the differential operator D , by the following relation :

A 4
by = %

The connection between the difference and differential operators is

provided by Ta'ylor's theorem :

h2 2
Ey = y(x+h = yx) +hDy + T DY) + vereeaos
7 ; (hp) 2 hD
= (1+ hdD + T + sececeee ) ¥} = e y(x)

Therefore,

The various operators can be shown (Korn and Korn, 1968) to

vy,

have many relations among themselves, for example : '

[ty
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- -1 . 172 -1/2 .
“\E = 144 , E~ = 1-YV , 6 = E ~-E = 2 sinh(1/2 hD)
D= LinE = LLn(1+4) = -2In (1-7) =3-sirih-ll/26
h h ’ h h
and'
' Dn= ']:_'[A - 1/2 Az + 1/3 A3 - secsncoene ]n
n" '

]
o

Higher order difference operators are obtained by expressing them in
terms of the shift operator and / or its inverse and then making use

Of the Binomial theorem.

Many difference approximations are possible for a given dif-
ferential equation. The selection of a particular difference .
relation is usually determined by the nature of the truncation error
associated with the approximation. The following difference relations

were used in our analysis.

First order difference for first differential operator :

D y(x) J 'I]i [y(x+h) -y(x)] +0 (h),' FFD (first forward difference)
‘ (2.24)
= 2y - yx- )] +0()  FBD (first backvard aifference)
(2.25)

- %}T [y(x + h) - y(x - h)] + 0(h2) CD (central difference)

-

n ko

s e A Mo A PBIRIA RN 2L Ly g s Tk 4T




- oy B R Sl S g e e ey LR e

. age i

Second order difference for first differential operator :

E
o

At iy - e

§ D y(x) = -3:23'[_ Jy(x) +4y(x+h) -ylx+ 2h)] + O(hz) SFD
R i
. . o (2.26) °
- 2
= 55-[3 y(x}) = 4y(x -h) + y(x=-2h)] + 0(h") SED
g (2.27)
a:ndH for the second differential operator :
| Dy = L ly+h) -2y +y-m] +0m>) | @
) h X 5t . a
v f , ¢
hJ
32 (x, t) 3 y(x, t)
The diffusion equation of the form o b4 ’2" = X can be
9% ot - ¢

‘ @
approximated as follows :

y{x, t+k) - yi{x, t) = 912(-{5 [y(x+h, t+k) - 2 y(x, t+k) + y(x~h, t+k)]
’ h

®

+ {(1-e) [y (x+h, t{- 2 y(x, t) + yix-h, t)1}

ron® - kb (2.28)

The above approximation is the weighted sum of the central differencing'

a

. at times t +k and t 7 where k =404 t is the time increment step and

&

a is the coefficient of diffusivity. The parameter € 2 called

¢

Q . the degree of implicitness. When € =0 , the difference is said to
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‘ . N\
be fully explicit, and ¢ = 1 fully implicit. It can be shown

(Hildebrand, 1968) that the fully explicit differencing for the above
diffusiopn equation is numerically stable if the following relation

holds :

a k
P 7<l/2 v
h

In case of a solar pond if we take h = 0.1 m the above stability

o

criterion would restrict the time step, k , to
6

Py

9.5 hours
(for & = 0,144 x 10 m? 4 sec) which would make the computation
numerically inefficient. We have used-the Crank and Nicholson ap-

proximation (e = 1/2) for which the solution of diffusion equation is

unconditionally stable (Hildebrand, 1968) .

5]

4]
The governing equations (2.10), (2.12), and (2.13) have been

discretized using equations (2.24), (2.25) and (2.28) . The resulting

finite difference equations can be written as follows :

UC2 : "for =1, m '
41 . * -
v = + L] -
T T (E+3 k) (2.29)
NCZ for L1=1, n,
3+ ¢ 341 i+l 3 i 3
ot hRE T 5Ny T Y g YT
, v 2 (2,30)
ME s, ),
3 - - X dx '
. X e =g+ i

t=t+ jek

R
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Finally, in the ground underneath the pond :

!
I
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vdmeﬁgxd m = . and TMAX 4is the simulation period and :
i é
al k %
£ = 3 (
2(h” + e k) :
]
h2 - a_k .
1 ‘
: f2 = 2 [ 4
h® + a k f
. ) ]
21 - 2 ‘ ;
and n, = T is the number of space intervals in the NCZ . !
" LCZ : )
j+1 1+l i+l 3 3 b
£3 Ty faT ~ 55Ty = R Ty Y T BT |
e= ) ::A‘
-U(t+jok)-a(zl,t + 3°k) ,
- (2.31)
where i = n, + 1 represents the storage layer (only one subléyer is
considered for LCZ since it is a convecting zone) . The other
coefficients are as follows :
L K
£f = ps CS S s -IE.]; + 2 f = .Iiz- f -If_l'.
3 k 2h 2nh ! 4 2h 5 2h
and -
%
e - S ts . .
6 k 4 5
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= + '
for i n, 2,n1+2+n2 —
341 i+ 341 j j 3
- - = o+ .
Ti f? Ti+1 f? Ti—l f8 Ti * f7 Ti-l f'7 rl‘:L+l (2.32)

where n2 = B—ﬁ— is the number of space intervals in the ground and )
a, k h2 - a_ k
2 2
£, 0= 2 ’ £ = 3
. 2(h” + a, k) h™ + x, k
and the boundary condition of :/
k}
J+1 \\3
Ty = T /e L io= n, + 2 + n, (2,33)

The set of equations (2.30) - (2.32) constitutes a system

of simultanecus equations with a coefficient matrix of tridiagonal

structure, These equations in compact form can be written as follows :
j+1
AT = b for 3 =1, m

where T is the vector of temperatures at nodal points ;

A and b are coefficient matrix and right hand side wvector

respectively, given by the following

Nae .
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+ n

2

j j+l 2h f

2 >
1 dH{x, t)

X dx
x
t
N

1 dH(x, t)

Hh
5w
h
-
[

n, +2 £

}
+1 + £_ 7T
- 7 n, +n

e L T S PR T R T W RS-

dx ,x=2 + 2h
,a

t =t + 3k
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The solution to the aforementioned simultaneous equations
can be obtained either directly or iteratively. A direct
solutidn te;:hnique was chosen because the coefficient matrix has a. tri-
diagonal structure and does not change with time. Therefore using
LU decomposition (Stewart, 1973}, the matrix A 1is decomposed into
a lower and upper diagonal matrix where solution at each time can
easily be obtained by a forward and be;ckward substitution. The al-

gorithm can be written as follows :

Step 1 A = LU ; compute L and U ;
Step 2 for j =1, m; "
Step 3 evaluate b ; R

_ j+l j+l . J*l
Step 4 .. solve Ly = b for y , vhere y =y T

J+1 j+1 j+1
Step 5 solve U T =y for T ; -
j+l

Step 6 print T }

The accuracy of the finite difference scheme.discussed in
this section was verified by using it to solve several boundary value
problems for which analytical solutions were available, including the
analytical solution of solar pond model presented in the previous

sections.

i+l

-
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2.5.1 Comparison of Numerical and Analytical Solutions

The numerical solution by finite difference was tested for
the same conditions,a;s in case 12 of Table 2,2 . The results of the
simulation are compared with those of the analytical solution in‘ Table
2.3 . A time step of one week and spatial increment of 10 cm were
considered. It can be seen from Table 2.3 <that results of the;dif-

ference scheme are in good agreement with the analytical solution,

TABLE 2.3

COMPARISON OF ANALYTICAL AND NUMERICAL SOLUTION

Analytical Numerical

(Finite Differente)

Es 38.51 38.01

° (

("c)

4

N ,
T 17.94 18.35

°c) '

8,22 8.

8 8.2 0
(weeks)
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Simulations showed that the steady state behavior is reached
after fou; years of operation (assuming that steady state is reached
when the difference between temperatures for two consecutive years is

legss than 0.5 oc) .
{x

» .

2.5.2 Effects of Ice Coverage and Sun's Declination Angle

The following simulations were carried out to determine the
effects of ice coverage of the pond surface and also varilation of the
sun's declination angle. The four curves shown in Figure 2,4 corres-

pond to the following conditions :

Curve No, 1 represents the thermal behavior of a pond which is covered

- with ice whenever the ambient temperature falls below - 2 % (the

i

freezing point of 3% brine) ; it is assumed that ice is blocking

80% of the solar radiatic;n.

n

Curve No, 2 corresponds to a pond model taking into account the varia-
tion of the sun's declination angle throughout the year, but assumes

no ice coverage.

[
N

4 ~

Curve No. 3 assumes a varying declination angle and ice coverage.

Curve No. 4 finally corresponds to a pond with no ice coverage and a
fixed declination angle taken to be that occurring at the spring equinox

(Rabl and Nielsen, 1975) . /

¢
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%

N The avérage, amplitude,' and phase lag of the above mentioned
cases are sumparized in 'II‘able 2.4, Comparison of cases '2 and 4
shows that assumption of constant sun's declination angle does not
affect the LCZ temperature considerably and it is only a conserva:
tj;lye assumption. Ice coverage of the pond suurface as it was expected
‘yields lower LCZ temperatures because of,;iower ;adiation“during ice
coverage. (It should be noted that ice coverage of the pond's surface

will reduce the upward conduction losses since the UCZ remains at the

equilibfium temperature between ice and UCZ brine) .

TABLE 2.4

COMPARISON OF LCZ TEMPERATURES FOR CURVES IN FIGURE 2,4

urve No.
Iten 1 2 3 4
E-S (°c) 28.23 39.68 30.23 38.01
noo
T (%) 21.2 19.68 22.34 18.35
3 9 8 9 8
8

o (weeks)

o
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CHAPTER III

OPTIMIZATION OF A SOLAR POND POWER PLANT

PART I : STATIC OPTIMIZATION

3.1 Introduction

u

As pointed out by E.I.,H. Lin (1982), Solar Pond Power
Plant (SPPP) system simulhation and optimi‘zation has barely been ad-
dressed in the literature. Adequate attention was not paid to the
subject. In terms of the economics of a SPPP , the effect of the
pond's performance alone (as defined in a previous chapter) may be
misleading. It is actually the performance of the entire pond
gystem, including the power generation equipment, that should be trans-
lated into pond energy economics. This chapter presents a basis

for the systematic simulation and optimization of a Sclar Pond Power

Plant (SPPP) . ’

3.2 A Solar Pond Power ﬁ.ant (SPPP)

A source of heat, even at moderate temperatures, can be
converted to mechanical or electrical power, The process will be
economically viable, if the calorie cost is sufficiently low.  Solar
ponds, being usually a cheap solar collector and hgving built-in

storage, are attractive devices for electric power generation. Unlike

PUCIIES O BRI U - P
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the temperatures obtai&éd in fossil-fuel combustion, those obtained
from solar ponds are relatively low. For this reason a low tem-
perature turbine with motive (workihg) fluid other than steam should
be used in a SPPP (Bronicki, 1972) . Organic¢ fluids, sgch as
Freon, with boiling points lower than that of water can be used as

working fluids in the Rankine Cycle heat engine (Bronicki, 1982) .

A schematic diagram of an SPPP is shown in Figure 3.1 ,
Before going into modeling of the SPPP elements we first describe how
it works in principle. A pump extracts hot brine from the LCZ on
one side of the pond and propels it through an evaporator and pre-
heater before returning it to the other side of the pond. In the
evaporator, the hot brine turns an organic liquid into vapor. The
vapor expands in a turbine, which drives a generator producing electric
power. In the condenser the vapor turns into liquid. A feed pump

returns the condensed liquid into the pre-~heater and then back to the

boiler to complete the cycle. <Cooling water, which may be pumped from <

- the UCZ of the pond or any other convenignt cold sink, cools the con-

denser.

In order to.predict the performance of an SPPP , one has
to model the solar pond, heat exchangers, auxiliary pumps, and the power
cycle which converts the thermal energy into useful shaft work. The

resulting model equations can then’' be used to optimize the power genera-

o
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tion costs. The cost optimization procedure has been decomposed into
. .
two steps: L
(a) The, examination of the system components and the formula~

tion of their mathematical models and governing equations
in terms of thermodynamic, geometric and economic
parameters.

wl

(b) The solution of the mathematical modél using an optimiza-

v

tion program with the help of a digital computer.

Steps (a) and (b) above will be performed for static
conditions of solar radiation and amb:.ent ‘temperature. 1f these -
Zcmditions are.chosen in such a way as to represent the average éor the
period when the pond is in operation, basic system parameters such as

\

turbine inlet and outlet pressures, heat exchangers and pond surface

areas and depth of NC2Z2 , can be determined by thils procedure. ‘o

v

3.3 Power Cycle Amalysis
. ]

The thermodynamic processes which occur, even in the most

simple thermal engines, are usually so complicated that it is necessary
- A : s

to assume a theoretical model in which the various events are idealized,

This assumption facilitates the analysis and predictions of non-ideal

deviations, ' -
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A repeated sequence of thermodynamic processes represents
a cycle, in which the operation of the heat engine may be described
and simulated. In each process of the cycle’, changes-in thermodymnamic
properties, such as pressur\e',” temperature, density, internal energy,
enthalpy, and entropy a¥re occurring as the working fluid moves from one
s&te to another, Thermodynamic cycles can be represented graphically
on P-V (pressure-volume), T-S (temperature-—entropy), or P-H (pressure-—
enthalpy) diagrams. The temperature-entropy diagram of a Rankine Cycl;a is
illustrated in Figure 3.2 ., The working fluid ls pressurized from a

pressure of Pl to P2 via a feed pump (isentropic compression, 1 = 2) ;

it then absorhs sensible heat in the pre~heater (isobai'ic heating, 2 -~ 3)
and passes through' a boiler, where most of the external heat is added to
the cycle, (isothermmand isobaric heat absorption, 3 =~ 4) ., At this
point, if necesséry, the vapor may be further heated at constant pressure
(superheating) . “The vapor then expands across the turbiné blades where
its internal energy is transformed into mechanical emergy (isentropic ex-
pansion, 4 -~ 5) K Now if the expansion does not end up in the two
phase region, where both liquid and vapor exist, (see Figure 3.2) , same
senﬁble heat has to be removed before the vapor‘turns into 1liquid while
passing throﬁgh the condenser (heat rejection, 5 - 1) . The workix;g
fluid' ‘;inally enters the hotwell to repeat the oycle. The dashed lines

appearing in Figure 3.2 show the deviation from ideal isentropic expan-

sion and compression.
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Realizing that the motive fluid plays a major role in the
heat engi:ne performance, care wag taken to develop a mathematical model
of the Rankine Cycle engine which could take its characteristics into
account. The model should a136 be suitable for‘ use with an optimiza-

tion procedure.

Power cycle analysis requires that the numerical values of
the. thermodynamic properties of the working fluid be available at dif-
ferent stages in the cycle. Extracting these properties from tables
and / or charts is not pz;actical for computerized analysis, The
Generalized Thermodynamic Properties method (Pradhan and Larson, 1980)
requires very little data input for power cycle analysis, but has the
disadvantage of being less accurate than the chart method (prediction
of the thermodynamic prol;erties by this method can be in error by as
much as 18% ; and the resulting average thermal efficiency deviation

by 10% (Levi, (1979)).

The method used here is based on approximating the thermo~
dynamic properties of the working f£fluid on the saturated liquid and

vapor lines as a function of boiler and condenser temperatures. All

required properties for cycle analysis such as enthalpy, entropy,.

pressure, volume are expressed as polynomial functions of the temperatures,

These polynomials were developed so as to be valid in the expected range

of operating temperature (0 - 100°C) . The polynomial curve fitting

et -
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procedure was carried out as follows for each of the required proper- .,
ties: The property data was extracted from tables (not necessarily at
equal intervals) for a given liquid; then, a polynomial ofvthe {pllow-

ing form was fitted to the data :

£(1) =
i1=0 .
where f represents the property, T is the temperature, n 1is the
degree of polynomial, and a is the vector of unkncw?* coefficients.
Using least squares technique, the solution of the following minimization
problem yields the coefficients:
a 2

T p o2
min r r = Z (f - £)" = lr - Fl : (3.1)
a * g=1

where Ej is the Predicted or calculated value of the rdependent variable
(property) for the jth data point. m is the total number of con-
sidered points and r is the residuals vector. A minimum is obtained
when the gradient of (3.1) wvanishes. This leads to a system of

linear equations which can be solved by direct or an iterative ‘method.

3

This method is applicable to any fluid for which sufficient
data i3 available in the form of charts or tables. For the required
properties we found that a fourth order polynomial was adequate to re-
present that property in the range of considered temperatures (average

error of 2%) .

L mn a
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LN

Thermodynamic properties of points not lying on the

saturated lines can be calculated for the following cases:

(1) If the slope of the saturated vapor curve on the T-S diagram
is negative (see Figure 3.2) , then isenclopic expansion will make
the state of the fluid penetrate into the two-phase region. The

quality factor, xss , (the gquality factor is a measure of the amount of

vapor present in the liquid~-vapor mixture) can be calculated as follows:

where S5 = S 4 for ideal isentropic expansion. The indices £ and

g refer to the liquid and vapor states respectively and S represents
entropy. Having determined the quality factor the enthalpy of point

5 can be determined from the following expressgion:

-

5 1f  “ss (Heg - Hig

(2) In case of a positive slope of the saturated vapor line (Fig\;re 3.3)

the following steps should be eXecuted:

. n ‘
(a) The temperature of point 5 can be determined as follows:

the low~-pressure speclfic heat, c: , obtained experimentally either

from calorimetric data or from spectroscopic data, is usually approxi-

2
AT
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mated’in the literature (Perry and Chilton, (1973)) by a quadratic
function of temperature:
P - a +aT + a v p? ) (3.2)
P (o} 1 2

For the range of operating pressure of the power cycle considered here,

the effect of pressure on the specific heat can be ignored (Perry and Chil-
ton, (1973)). The entropy difference between points S5 and 6 (Figure 3.3)
can be expressed analytically as a function of temperature (obtained from

the first law of thermodynamics for isobaric process) :

TS 0
CP
T

Integration of the above equation when C0 is substituted from equation

P
(3.2) yields:
Ts : 2
ao Ln .'I? + al (Ts - T6) + a2 (Ts - TG) = S5 - SG

a

The above nonlinear equation can be solved numerically for the tempera-

3

ture of point 5('1‘5) .

-

L3

o (b) The enthalpy of point 5 can then be calculated as follows:

¢
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T5 K
(o]
= +
Hs HG [ CP 4T
T6 .

therefore,

1

(TS"-T)Z + a (. - 1.7

HS’H+3 (_TS—TG)"'Pa 6 5 5 6

6 Q 1

~

The superheating could have also been gonsidered in a similar way as

step (b) above.

We are now ready to write down the main eguations for the
! 4

power cycle analysis. The amount of heat added, the heat rejected,

the work done by the turbine and the feed pump, and finally the cycle

efficiency &re given by the following relations:

QD = heat added to the cycle = ﬁ:z (I-I4 - HZ) (3.3)
Q. = rejected by the cycle - 12;2 . (B - Hj) ; (3.4)
wtur = work done by turbine ' = 1;12 (H4: Hs) L (3.5)
o = work done by feed pump = m, (d,- H))/ ng . B8

= Voo
nc; - cycle effi;ciency = f’-t-:—ur——gi—w-ga

-1

v v wdn atapoan ot
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o

’;‘ r
‘ 1l

where n.lz is the mass flow rate of the working fluid, nt and nfp
, ]

Y i

are turbine and feed pump efficiencies respectively. The work re-
quired by the feed pump can also be appr'béimated (from the first law

of thermodynamics for isentropic process) as follows:

W =t;\-v « (P

5 Pl) / nfp (3.7)

o)
where Vig is the specific volume of the saturated liquid at the turbine

outlet temperature, Pz and Pl are the inlet and outlet turbine pres-—

-

sures.

- The pond performance should match the cycle specifications:
for example, brine entering the vaporizer at average temperature 'fs

and flow rate tﬁl should be able to vaporize the working fluid at a

q - The heat added to the cycle will be supplied by

temperature of T
hot brine extracted from the LCZ of the pond. This thermal heat -

can be written in the following form:

-~
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The above equation represents the stationary behavior of the pond for
the average excitation developed in Chapter II . Edge losses hani~

also been incorporated here (Crevier, (1980)) .

]y

3.4 Heat Exchangers

The electric power generated by an SPPP is greatly de-
pendent on the heat exchangers' performance. A finite temperature
difference a‘cross a heat exchanger is required for heat to flow through
it, However, since we start with a rather small temperature difference
between pond and ambient, we do not wish to reduce the temperature 4dif-
farence available to th% thermal cycle itself thr.:ough exce\s\sive ileat ex—
changer temperature drops. A small temperature drop across the heat
exchangers calls for a large surface area exchanger, representing an
important cost item in the system costs, Therefore a trade-off is man-
datory between the objectives of optimal physical efficiency, which would
theoretically require heat exchangers of infinite area, and the objective
of total system cost minimization. For N?’his reason the function to. be
minimized was chosen as the unit cost of electric energy generated by an
SPPP (¢ / Kwh) . The size chosen for the exchangers, and consequent
temperature drop, is therefore determined f£rom an optimization procedure.
A proper design of the heat exc’hangers should also yield the optimum

pumping power. The heat exchanger parameters which can vary in our

analysis are :
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surface area, terminal temperatures, and mass flow rates, Constant
overall heat transfer coefficients are assumed and parasitic losses

in the exchangers are ignored because they are small compared to total

parasitic system losses. .
% The heat exchangers considered in our analysis are as-

sumed to be of the counterflow type. The energy balance equation

for the boiler can be given by (Rohsenow and Hartnett, 1973)
= T - - n -
Qp m, C, (Ts T") = m, (H H3) 3.9)

and the surface area required by the boiler can be determined by the

following expression:

8 (3.30)

where hB is overall heat transfer coefficient of the boiler and

(LMTD)B' is the logarithmic mean temperature difference (Rohsenow, 1973)

of the boiler evaluated from the following relation:

I+
1 Power required to overcome pressure loss due to friction igcluding

" sudden expansion and contraction.
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8l

(LMTD)B =

Similar expressions can be written for the pre-heater and condenser:

the energy balance of the pre~heater can be given by:

Q@ = mC (F"-T) = m (H -H) 3.11)

where

and finally the heat rejected by the condenser and its required surface

area are given by the following expressions:

[ ] -' - .
Q = By C3 (Ta Ta) = m

2

*
(Hs - Hl) (3.13)

and,
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Q Q .
C C
A - - = (3.14)
C UC (LMTD)C T - T
a a
L -,
Ln ( = )
T -T
a c

For a working fluid with positive slope of saturation vapor curve

-

(Figure 3.3) a feed-back heat exchanger (an additional area of conden~ \

ser is required for removing some sensible heat) should be considered.
Y

The total heat to be extracted from the pond is the sum

of equations (3.9} and (3.11) :

(=] ]

. -~ *
- QB"’QP‘mC (T'T;)'m(ﬂ4—3)=Q (3.15)

'
3.5 Auxiliary Pumps

Electric power is needed for auxiliaries, and in particular

-

for pumping the fluids through the heat exchangers. Only the power re-
quired for pumping brine. fram the LCZ of the pond, as well as cooling

water from the UCZ or any other convenient source, and the power re-

quired for pumping the motive fluid are considered here.

1

’ . - !

. ol >
.
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The electric power required by a pump can be calculated

Yol

as follows (ASHRAE, 1975 ]

-

= nlaP) (3.16)

where m is the mass flow rate, p 1is the specific density of the

fluid, nmp is the efficiency of the pump and its motor, and AP is

the pressure drop given by:

a

AP = p gh, . e ©o3an

where g 1s the acceleration due to .gravitﬁ, and hz is the head loss,

[N

which can‘be written as follows:

hz = hf + ho + hs (3.18)
o T
. ~
where hf is the head loss created by viscous effects, ho is the head  _

.~

loss due to obstacle to the flow pattern (such as valves, orifices, pipe '

corners or bends, etc.) , and hs is the static head. Head loss due
- > I4

to viscous effects (friction) can be obtained from the Darcy-Weisbach

equation (Streeter, 1961 ) : .
s *
A " P} ’ I
L v - '
hf ) £ a 29 . ) . (3.19)
. > -7
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where L and d are the length and diameter of the pipe respectively,

£ 1is the friction factor, and V is the fluid velocity given by the

N
foliowing expression:

(3.20)

Determination of ho requires the knowledge of the exact piping plan and
specific obstacles to the flow,but since its value ﬁ proportional to the
second power of welocity and the exact piping plan is not known we have
arbitrarily increased frictior; losses by 20% to account for tlhese
losses. Therefore, using equations (3.17) - (3.20) , equation (3.16)

can be rewritten as follows:

*3 m gh
W - 1.2 SfL m + S (3.21)
P c.15 . 1T2 . a2, nmp
. é nmp
The above equation is used for the brine and cooling water pumps. The

friction factor, £ , is here considered dependent on the flow rate ﬁx ;
it is recomputed at each step of the optimization process so as to satisfy
the Von .Karman equation (Streeter, 1961):

-

YE = 4.06 log (Re YE ) - 0.6 . (3.22)

3

where the Reynolds number Re 1is given by:
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Re = 4.1 (3.23)
m™d Uf

N .
with yu being the fluid viscosity.

3.6 Optimization

The models presented previously for solar pond, powe:; ¥
| cycle, heat exchangers, and auxiliary pumps will be put together in this
section to formulate an optimization problem from which the optimal com~
ponents size and operating conditions can be obtained, The function

to be minimized was chosen as the unit cost of electric energy (¢ / Kwh) .

The net electric power generated by a SPPP can be ex~-

pressed as follows:
3 *
= W e« n, - £ W (3.249)

where wPl and WPB are the electric power required by the brine and

cooling water pumps as given by equation’ (3.21) , where the- correspond-

ing quantities of each pump is substituted. WPZ i! the power re-

quired by the feed pump given by equation (3.6) , and n. is the )

L v

generator efficlency.

=
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Total instdllation costs consist of the following items:
solar pond, heat exchangers, turbine, generator, pipes, and pumps.
Other ‘costs such as land, control equipment, instrumentation, and working
fluid are not taken into account for this analysis. Therefore, the
system installation costs can be given by: ‘

&

+ + + + C
tot = Cgond C:hex Ctux CGen Cpipes ¥ pump
v

The annual expenses can be determined by first calculating the capital

recovery factor as follows (Benson, 1980):

NP
(L + I)
CRF 5 {
1+1 Poy
where NP is the plant lifetime (in years), and I is the interest
rate. Then adding to CRF the annual operation and repair costs (as

a fraction of the total capital cost), the total expenses on a yearly

basis are: <

-

= . +
Etot ctot (CRF 0 + )

Assuming a 10% interest rate and 20 years lifetime (Tabor, 198l)
~ylelds a CRF of 11,7% . Adding to this figurea 7% 0 and r

cost results in a total annual cost of 18.7% of the total capital
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costs, Therefore the cost per kilowatt-hour of electric energy can be

expressed as follows:

“kwh

where the integration is carried out over one year (t_ - t

(325)

1 year) .

The optimization problem in a compact form can be stated

as follows:

Minimize
X
subject
and -

= f(x)

x < 2

where the vector x consists of the following parameters:

23.26)
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T ”,
X = [a, 9‘1 [ AB ’ AC ’ AP ’ (m, , i=1, 3),

T T M =

TS ’ TS ’ TS ’ TH ’ Tc ’ Ta]

The equality constraints, g(x) = 0 , are the energy balance equations

marked with asterisks on the previous pages of this chapter.

In addition théLingggality4q9nstraints should
be imposed to respect physical constraint;\%for example the heat ex-
changer effectiveness should be less than unity and greater than zero).

The vectors EP and aL are the upper and lower bounds on the in-

equality constraints, Upper and lower bounds are also imposed on the
(‘3 variables to respect physical and practical co?straints and at the same
time help the optimization routine for better cenvergence. Therefore
we are dealing with a minimizqﬁion problem, (3.26) , having a nonlinear
aobjective function, equality and inequality constraints, and bounds on
the variables. It is worth ment;qning again that this optimization
will not yield a minimum cost nor a maximum electric power; it 1s rather

é
a trade-off between these two objectives which yields the minimum unit «

'

cost of electric energy.

The analytical solution of the problem, (3.26) , is not
possible because of the number of variables involved (14) , nonlinear

objective and constraints, and also the fact that the objective function -

a

! ‘ .
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Ggan not be given in a closed form. Therefore a numerical technique

had to be used with the help of a digital computer.

The Generalized Reduced Gradient (GRG) package (Lasdon et
al., 1975) was used to find the optimal solution of (3.26). Scaling,
which is almost always necessary for optimization problems, was re-
quired because not all the functionals, 1i.e., objactive
and constraints, have the same sensitivity to the variables. For the
case at hand, balancing the derivatives by diagonal scaling (Gill et al.,
1981) of the variables provided satisfactory results: the vector of un-—

knowns actually used in the computations is the vector Z given by:

Z = D=*x D = a diagonal matrix

2|q, |

a
33 1+ |£@]] i

where g , is the derivative of f£(x) with respect to the Jjth vari-

able. (R

~

i

3.6.1 Flow Diagram of the Optimization

The flow chart presented in Figure 3.4 summarizes the pro-

M TT—

cesses involved in the optimization. ‘




START

READ DATA

20

POLYNOMIALS REPRESENTING THERMO~

EVALUATE COEFFICIENTS OF THE

DYNAMIC PROPERTIES

INITIALIZATION

I
I =0, x

(: I = I+l

THERMODYNAMIC PROPERTIES

ON

DETERMINATION OF

SATURATED LINES

=

| SEARCH FOR

FIND PROPERTIES OF POINTS

NOT LYING ON

SATURATION LINES

THE

BETTER x'

X

RESULTS

~

IDENTIFICATION OF,

G o )| some am

VIOLATED CONSTRAINTS

\
N3

EVALUATE

wtur' wpz' QA' QR

OBTAIN
FRICTION FACTORS

-

4
PUMPING POWER

Wpl AND sz

T

COST EVALUATTION

Fi\?xe 3.4 The flow diagram for the simulation.

’

2

FYRYHRSNEP LR SN

PR

S, O X

o

BN

¥
e e ey



.

§

.{.}

91

The input data are climatic information (insolation and
ambient temperature), latitude of the pond site, conductivity and
dif-fusivity of brine and soil, data of the working fluid for cycle
analysis. The next step in the simulation would be the computation of
the coefficients of polynomials representing thermodynamic properties
of the working fluid.* At this time an initial guess is provided for
the optimization, Then the power cycle analysis is carried out for
the initial guess and quantities such as hgat supplied to and rejected

by cycle, work of turbine and feed pump are determined. The Reynold

~numbers for the flows in brine and cooling water pipes are calculated,

from which the friction factor in these pipes can be found by solving non-
linear equation (3.22) numerically. The pumping power of brine and
cooling water pumps are then calculated . The next step is the
determination of the required surface area for each heat exchanger.

The cost function is evaluated and violated cc;nstraints are then
identified . If the optimality conditionsl are met the program
pridnts' the optimal solution, otherwise a better solution will be searched

by the GRG package until the optimal solution is obtained or the number

iteration exceeds its specified limit.

2

1
See Appendix B ,

,
*}
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3.6.2 ° Numexical Results and Discussions

. \
In this section estimates of the possible cost of a SPPP

will be made in an attempt to judge its economic performance.

The optimization of a SPPP system will be carried out
for two different climatic conditions namely, Montreal and Shiraz.
Some system component costs are those published by other investigators,
(Tabor, 1981, Ophir and Nadav, 1982) , whereas other costs were ob~
tained from Montreal area suppliers. A list of the camponent costs

appears in Table 3.1 . The climatic conditions for the two considered

locations are those listed in Table 1.2 .

The first example will be the optimization of unit energy
cost for an SPPP with a net electric power of 5 MW . This formula-
tion adds one more equality constraints to the already existing ones.
Optimization results for the Montreal pond with two working fluids appear
in Table 3.2 . Power generation is assumed to be carried out during

the entire year using the UCZ as the heat sink.l The thickness of

'

It is worth mentioning here that heat rejection to UCZ .will not dis-
turb the NCzZ . Crevier, 1982 showed experime;ztally that circula-
ting hot brine from I1CZ through pipes placed in UCZ resulted in
surface temperature increase of only 1% . Increased surfaqe
evaporation rate resulting from depositing heated water on the pond
surface was reported by Nielsen, 1982 ,
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TABLE 3,1
COMPONENT COSTS OF
: COMPONENT COST
Pond: .
‘ *
NaCl salt 10 $ / ton
Liner 5%/ m2
Wave damper 2%/ m2
} ’ Excavation 38/ n
e
F 2
; Heat exchanger : 200 $ /' m
!
! Generator : 500 $ / kw
Turbine : 500 $ / kw
Pumps. 3 400 § / kw

P s ntr]

Assuming proximity to a salt supply.

93
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the UCZ was assumed to be 0,2 meter, which seems to be the minimum
attéinable thickness in practice (Crevier, 1980) . The thickness of
1CZ w;s arbitrarily set to three meters, which will be validated by
simulation. For the Montreal pond it was assumed that the pond is
covered with ice whenever the ambient temperature was less than - 2% ’
which is the freezing point of the 3% brine (by weight) assumed in
the UCZ . The surface of the pond was)assumed to be at ambient
temperature whenever this temperature was greater than - 2°C and re-
main at' - 2% (the equilibrium temperature between 3% brine and ice)
whenever the ambient temperature fell below - 2°C . Ice on the pond

surface was assumed to block 80% of the solar radiation.

It can be seen from Table 3.2 that a SPPP with refrigrant
113 yields a cheaper unit energy cost than F-11 . Therefore the
motive f£luid chosen for a SPPP affects not only the power conversion

'

subsystem: the performance and operating conditions of the entire sys-
tem can be changed by altering the fluid. " The disadvantages of ..E-ll
as motive fluid are its lower pressure at condensing temperature ~
(3.67 psia) , which may introduce air leakage problems, and the positive
slope of its saturated vapor curve, which calls for.a feed-back heat

exchanger. The latter drawback is not, as serious as the first one be-

cauge this slope for F-113 is very close to zero,

A simulation of the pond temperature evolution for three

years revealed that the agsumed thickness of the lower convecting zone
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TABLE 3.2
SUMMARY OF THE RESULTS FOR A 5 MW SPPP IN MONTREAL

ITEM F - 113 F-11
Pond :

Surface area (sz) 3.54 3.82

Heat extraction depth (m) 1.68 1.63

Temperature of LC2Z °c) 62.11 59,63

Efficiency ( % ) 12.16 12.96

4 2

Heat Exchanger Area (10 m’)

Vaporizer (boiler) 2.585 2.83

Condenser 2,63 3.22

Pre-heater 0.185 .173
Turbine :

Inlet pressure (psia) 19.54 37.16

Outlet pressure (psia)' 3.67 9.3

Inlet temperature °c) 56.3 53.

Outlet temperature (°C) 11.52 11.48
Mags Flow Rates (kg/sec) :

Brine ) 3576 3810

Working fluid X 349 ° 362

Cooling water 3230 .. 3658
Gross Power (MW) : . 5.58 5.67
System Efficiency ( %) 0.94 .8718

Enexrgy Cost (¢/kwh) : 33,77 36.67
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results in a temperature variation of + 14°c around the average
o . .
62.11°C) , which is of the same order of magnitude as that reported

by French, 1982 .

}
!

- The cost of generated po‘wer is 'however of 33.77 ¢ / kwh
v:rhich is much more than those reported by Tabor (1981) and Ophir and
Nadav (1982) , where the estimates vary between 5.3 to 13.5 ¢ / kwh .
This unacceptable cost led us to investigate the possibility of using a
cold source at a temperature lower than that of the UCZ of the pond,

which will be discussed in Chapter V .
AR
A

The results of optimization ‘for a SPPP located in Shiraz
appear in Table:. 3.3 . The first column corresponds to an optimization
with salt cost of 10$ / ton whereas the second column assumes free
salt. The latter case is not far from reality because of the existence
of salt lakes near Shiraz. The energy cost of a SPPP in Shiraz is
less than half of the Montreal pond, while the insolation is only 50%
larger than that of Montreal. The explanation may lie :Ln the difference
between the latitudes of the two locations. The pond area.is also
smaller by a factor of two. Here for the'- case of free salt,ﬁthe cost
per kilowatt hour is in the same order as those reported by Tabor, (1981) .
The installation cost of 5000 $/kw 1is also in good agreement with that

of French, (1982) .



N

T

mr o R B fu o S AR ST s s AR by e ek roonin ot e ot rman - —— - -
J 97
TABLE 3,3
SUMMARY OF THE RESULTS FOR A S5 MW SPPP IN SHIRAZ
¢
ITEM SALT AT $10/TON FREE SALT
Pond : s

Surface area (sz) 1.62 1.63
Heat extraction depth (m) 1.52 1.583

Temperature of LCZ (°C) 84.75 86.28

Efficiency ( % ) 16.08 15,75

4 2
Heat Exchanger Area (10 m') :

Vaporizer (boiler) 1.7222 1.63

N Condenser 1.94 1.77
Pre-heaterxr .1527 .148

Turbine : s

Inlet pressure (psia) 37.57 39.153
Outlet pressure (psia) 6,04 6,036

Inlet temperature (°C) 78.8 80.0

- Outlet temperature '(°C) -~ 23.4 23,33

X
Mass Flow Rate (kg/sec) :

Brine ™ ‘ . 3188 3281

Working fluid- 291 286.5

Cooling water . 3139 3547

Gross Power (uwe) : g 5.56 5.61

, .
- System Efficiency (% ) 1.465 1.45
Fnergy Cost (¢/kwh) : 16.88 11.4

LI
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'(“} . CHAPTER IV ‘

OPTIMIZATION OF A SOLAR POND POWER :PLANT

PART II : OPTIMAL HEAT EXTRACTION AND STORAGE DEPTH

4.1 Introduction

In the previous chapter the optimal sizes of the system's .
components as well as optimal operating conditions were obtained undex
stationary (average) excitations. The objectives of this cha:.pter
are to determine the optimal heat extraction time table and tl’;ickness
of 1Cz . Two different approaches will be presented, nameiy, —.an
approi:imate semi-analytical evaluation, followed by a mathematical’ pro-
gramming method. Before describing shese methods it is necessary to

-

mention some results from the previous chapter which have been used to

L

- assist the present simulations.
B ) L~
. 4.2 Assumptions

A number of simulations which were carried out preliminary'

to obtaining. the results described in Chapter III revealed that .-optimum

heat exchanger effect:l,venessl remaingd almost constant as long as cost

.
[ VN e S
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e o o et

li-!eat exchanger effectiveness € is defined as the ratio of the maxi-

mum poésible rate of heat transfer to the actual rate of heat transfer

(Thomas, (1981)):

A qc‘ ° "

T E = —— .

o T C e
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coefficients were kept constant. It“was also observed that the
optimum temperature Eirop across the boiler and condenser

(i‘s - :f'a) - (‘1‘H - Tc) was in the range of 11 - 12% (for the two

locations considered), which is in good agreement with the value of

10% reported by Tabor (1982) . (For example in the case of the

Montreal pond, Table 3.2 , AT, = 'ES - ia = 56.61 and ,

6T, =T, -~ T = 44.78 , therefore AT = AT - AT, = 11.83% ) .
The small difference, in the value of . 4T , between our result and
that of Tabor (1981) , could have been caused by our use of different

parameters for heat,exchangers (i.e., cost coefficient, overall heat

transfer coefficient, etc.) . In particular, Tabor did not mention

1 {(cont'qd)
For example consider a counter-flow heat exchanger as shown in Figure
4.la and its temperature profile in Figqure 4.1lb ., The energy balance ' 3

can be given by

= . - = b - 3
g me Co (TcO Tci) Py Sy (THi THO) ]

The maximum rate of heat transfer, qc max * would occur if the outlet
temperature of the fluid with a smaller value of capacity rate (l‘l.lp)

w’ £
were to be equal to the inlet temperature of the other fluid, therefore :

9. max ~ (minimm (mc Cc By CH.)] (TH:L - Tci)
T . ' ' '
- |
k TCC\-‘\;THO
e g T .
'I' ci
Hi -
l r Length
Ve L T
(a). ) co (b)

Figure 4.i 3che_mtic diagram of a counter~flow heat exchanger,

~.
- o
*

o
» . .
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4.3 Semi-Analytical Solution
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the overall heat transfer coefficient of his heat exchanger. It
was also found in the previous chaptexr that the electric power re-
guired by the pumps, circulating brine and cooling water, can be

approximated as follows :

W W o= N+ o )
+ Kp (ml m3) (4.1)

pl p2

where KP is the pump power factor (KJ / Kg) . Its value was found

to.be 0.081 KJ / Kg for an assumed static head of six meters. A
pump power factor of 0.13 KJ / Kg was obtained for a static head of '
10 meters : this :Ls. in goc;d aéreement with the value of 0.12 esti-
mated by Coffay (1980) , in a Westinghouse study for an OTEC plant
optimized to produce fresh water. For simplicity, we shall assume
equal flow rates for brine and cooling water. This approximation can
be justified by the results of Chapter III (see Tables 3.2 and 3.3)
where a small difference is seen to exist between these two quantitieg.

E;rench (i982) also re;}orts equ’al flow rates.

{

\

In this section an approximate solutton of the governing

equations of the solar pond thermal behavior in steady state for sinu-

L4

soidal excitations will be presented in terms of nnlmown sinusoidal heat

IR
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extraction rate and thickness of LCZ . The equation of the elec-
tric power generated by the SPPP will then be derived and the unit
electric energy cost will be minimized with respect to the unknowns.
An analytical §olution of this optimization problem is not ‘possible
because the objective function as well as the constraints are non-
linear. The numerical solution can be obtained by either exhaustive

enumeration or an optimization routine.

/

4.3.1 Approximate Analytical Solution of the Pond
Governing Egquations

Y

An approximate solution of the governing equations (2.10) ,
(2.12) , and (2.13) can be obtained if the heat stored in the NCZ
and g}:ound can be ignored. This is a good assumption in many practical
cases, since the LCZ often provides a rather large part of t.he total
v .

storage capacity. A lumped parameter solution can be obtained by solving

equations (2.10) and\?.]ﬁ) while neglecting heat storage capacities

_and using the boundary conditions of (2.11) and (2.14) ; then sub-

stituting the results into (2.12) vyields c1;.l1e following first order

differential equation :° 3

d TS {t) TF Hs (t) K K

1 2 Q<
p_C_ 1L = = - (gm=——==)T (t)
§ 8 8 dat 2,1 'Q'u zl Eu 2.2 s (4.2)
K K —
‘ 1 2 - -
+ 9’1 = % ‘Ta(t) + 2’2 va u(t) 2 Ue .v/vr/A ('I‘s Ta)

3 el GAedEs B fen A4

adelte U2k wdeme ekl o LolSRA N 2 YR -”ﬁum FOE e
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Subgtitution of equations (2.5) - (2.8)

and T (t)
s

amplithde-componerfts, the following expressions can be obtained for

the average, amplitude and phase lag of the LCZ temperaturé

\ where

32

in equation (4.2)

TF H

N e

vy tr s it g R

for H (t) , T_(t) , U
s a ,

and then separating for average and

L4

K L.-2 L.~2 —_— 2. -2
55 1 L *
K L.~ L. =% i
e R I o
1 2 1
- |
a, Sz'l‘g'u'\a TFHs ;
T (cogs § ~ b sin &6 ) + -J (b sin 8§ = cos 8§ ) +
a a a K u u
1 1 1
X L.~ H
(l+b2) cos 65+(1—b) -K—i- lzu ;
2 (4.4) :
N
K, 4t /
Yk T 1+b
- arc sin ( )+arctanm—l
2
(y-b}2+ (1 +by) i
. (4.5)
- %
1l u .
K]_ ps Cs ls w
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T FH zl-z N
. Ks - K“Ucés& +Tacosda '
y = 1 1 “ h
2 =2
f\,
-luUsind + P sin §
Kl u a a

~

If the depth of the feat sink from the pond bottom tends to infinity
and edge losses are ignored then, the results obtained here will be

the same as those reported by Zangrande (1979) .

Fram the approximate formulation contained in equation
(4.2) , one can estimate the time required by a ‘pond to approach the
steady state as follows. From the c':omplementary solution of equation

(4.2) the time constant.can be given by the fol}owi.ng expression :

-l

. - ps CS ls -
K K -
P 1 - _2' " -
ll-lu 22

\
The pond will reach its steady state operation after approximately three

times the value of this time ?:stant.

4.3.2 Formulation of the Net Electric Power

Thermodynamics teaches that the maximum efficiency with
whi?h heat can be converted into mechanical or electrical energy is

given by Carnot's law :

1Y

" e . el Sy e e IO Y T T3 o 2
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Woec - Tc
n w 1l- T
¢ H

where wmec is the mechanical power of the turbine and other symSols

have t&ix‘ previous meanings. ~ It should be noted that the tempera-

tures, Tc and T are in absolute degrees . Therefore the

H ’

maximum electric power can be expredsed as follows :

T
c
Womx = NgL-g )0
H
where nG is the genéhi'ator efficiency. No real heat engine can

give the ideal efficiency of the theoretical Carnot engine. In addi-
tion the heat exchangers' walls induce a loss of temperature which cause7

an even lower efficiency. The simulations of Chapter III showed that

for the considered working fluid (Refrigrant 113) only 64% of the

above power can be realized (Tabor, 1981 gives a value of %5% but he

- 1s not mentioning any particular working fluid) .

As was mentioned earller in tpis chapter, we have found that
there is an optimum temperature change experiencéd" by brine and cooling
water. Moreover electric power is needed for the-auxiliaries, in
particular, for pumping the fluids through the heat exchangers. Thera-

fore the net electric power can be given by :
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(} Ta(t) + dl
W (t). = 0.64 N (1 - m

ht ) (4.6)

) U(t) - (wpl + Wp3

4o 4 H pod 3 1 X

where dl and d2 are the optimum temperature changes of cooling water’

and brine, The last term on the right hand side of the above equation
represe;xts ‘electrid power required by circulating pumps. The pumping
power'can be calculatéd as follows : the hegt éxtracted from the LCZ

c%n be’ gifren by : |

u(e) = ml Cs (Ts - T;) = ml Cs AT (4.7)

where 4T is the temperature change experienced by brine and its value
CE is taken as the optimum value obtained from the optimization of Chapter
g IiI . Assuming equal flow rates :‘:or brine and cooling water and usiﬁg
equations (4.1) and (4.7) the pumping-power can be expressed in the

following form :

2 K ‘.
"
wpl + sz ‘ cs AT U(t? (4.8)

.

As a last approximation,, for the practical operating temperature of LCZ

1

Ts(t) - d

in equation (4.6) can be
2 e

< T_ < 100%) , the tem

well approximated bya’linear function of T_(t) as follows :

1 - ’
Ta(t) - dl e, + e Ts (t) ’ (4.9)
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vhere e, and e, ca be obtained by a linear least squares techni-~

v v . Que.

4,3,3 Formulation of the Optimization Problem
. s
The unit energy cost, equation (3.25), can be rewritten in

the following form :

. . 0.1‘87#(Ctl + Ct2 . Q.S)
o ftf W () at
nt
t0
( (
where Ctl and C €2 are installation costj’ independent and dependent

-

on the thickness of the LCZ respectively. Substituting equation

(4.6) for W  _(t) and using equations (4.8) and (4.9) , the above

nt

equation can be transformed ‘into the following :

t

¢ £
I = =1 ] fo.6an 11 - (x &) +d)
. 0.187 (C., + C, ¢ L) €, a '
s (4.10)
A 2K
N CA e 'rs(t)l o) ~ --P-Cs T ut)} dt

o
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We define the optimization problem in the following form :

t

£
minimize J = f £u(t), £ , T (£)ldt (4.11)
ule), L S s :

)

Using equations (2.5) - (2.8) for Hs(t) ’ r1."_1(1:) , U(t) , and Ts(t) .

the above optimization, after carrying out integration and some alge-
S
braic manipulations, reduces to the following expression :

-

- (k- t) - .
. minimize J = - {0.64 ng (U - U(T_+4d)
G,B,su,zs 0.187(Cyy *+ Cp &)

N -

P
. (eo + e, Ts) - 0.5 2 U Ts Ta cos(SS - Ga)

- 0.5(e, + & T) g ’f-a cos(§ - §_) (4.12)
: ca oy 2K .
- O.S(Ta-+ dl) e, 'rs U cos(du - Gs)] - ES—‘%I-,U }

where Ts ’ Es , and Gs are given by equations (4.3) - (4.5) . The

above minimization is subjected to t@ following constraints and boundsl

on the variables : :

1some of the upper and lower limits are artificilally imposed on the
variables to help the optimization routine to converge (none of the
bounds should be active constraints at the solution) .

-

¥-
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u » 0 >0 > 0 (4.13)

4.4 Examples

The solution of the optimization problem presented in the
Previous section can be obtained by either exhaustive enumeration
method or an optimization routine. Montreal and Shiraz are again
the two considered locations for which we seek optimal heat extraction
rates and LCZ thicknesses (other parameters such as pond area, dept}}

of .NCZ , costs of the components etc,, are taken to be the same as

those appeared in Tables :3.2 and 3.3) .

The UCZ 1is considered to be the ‘source of cooling water,
but the following approximation has been made for the Montxreal pond
because of surface icing ;& the ;:runcated\ sinusoidal function shown Iwith
dashed lines in Figure 4.2 (which represe:;ts Jthe temperature of the UCZ )
is a.p:proximated by a sinusoidal function which has the same average and

i
minimum values as the truncated’ocne . This function will be considered

as the cooling water temperature for the Montreal pond.

e :
%

o
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Although the optimal average heat extraction term was

determined in Chapter III , for the sake of comparison optimiza- -

-

tion will be carried out on this term again. Table 4.1 summarizes
the results obtained for the two considered locations. The re-—
) suymb that optimal average heat extractions for Montreal and

Shiraz are 20.8 and 34.88 W/m2 respectively while values of 18,24

and 33.00 W/m2 were obtained in Chapter III . Since the optimal
° L
-1
a7 -
e =<
AN Vs
3 \ /
:-:.

Q
A Cooling waterx
— o~
(3)
o‘-’
5
B
e Q
U
5
& 8
o~ ambient
]
T
o LA
° ’
- .
- - J
0.0 - - - . ’ 1&0
June 21st Time (Year)

.

Figure 4.2 = Ambient, coqling water, and UCZ temperatures ‘
- for Montreal Pond . ’ ~‘»\'~"—
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storage depth is small (0.5 meter for the cases at hand) , the afore-
mentioned discreéa.ncy can be expected, because smaller storage depth

causes a higher amplitude of \oscillation of the LCZ temperature.

It is therefore more economical to extract heat at a higher average
temperature than the one obtained under constant excitations (optimi-
zation of Chapter III ) . In addition, the amplitude of the heat
extraction has an optimal value equal to the average for case 1
{(Table 4.1 ) , because it would be cheaper not to produce power during
the entire year than having a larger LCZ depth to keep the system ;
generating power during winter in spite of the very low insolation. |
The Shiraz pond does not present this problem because_ of the relatively
smaller variation of its solar radiation.
The electric energy cost for the Montreal pond, 21.68 ¢/KWh
is about 35 per cent lower than that obtained in Chapter III (see Tables
3.2 and .4.1 Y . This reduction ir; cost is evidently caused by the s
smaller LCZ depth, which makes use of tize system during the warmer
part of the year only. On the other hand the Shiraz pond is capable
of producing cheaper energy (9.07 ¢/KWh) during the entira y:a-:‘even
with a small storage depth. ‘ ‘
A numb.er of optimization runsg w;a‘::e ‘carried out to find the ﬂ
effect of fixing the lower limit of the LCZ thickness (in all runs

this became an active constraint) _ at.a value larger than 0.5 meter.

e

%

e
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T S TABLE 4.1
- . .. SUMMARY OF THE RESULTS FOR OPTIMAL HEAT EXTRACTION AND STORAGE DEPTH
ERN ' | W . - '
;1 . - - '\l -‘ '\l
’ Location 9.8 U v - Gu T Ts Gs Electric Energy Cases
| X ) - (W/m?)  W/m2)  (Radian) ,(°) (% ) (Radian) Cost (¢/KWh)
| " Montreal 0.5 208 20.8 1.618 57.08 25.06 0.633 21.68 1
| " 0.5 34,88 14.61 1.08 81.9 15. 0.5498 9.07 2
| s .
Lot . 1.5 34.24  15.47 1.625 83. 13.8 0.86 9.39 3
. . * -
SR Shiraz 3.5 33,0 0.0 N/A 87,0 7,8 1,546 10,38 4
1‘_\),‘ - - . 4.5 33.0 0.0 N/A 87.0 6.44 1.55 10.8 5
h ) * . e
- ¢ Free salt is assumed for these minimizations : ‘
[3 i ’ ' e
| Conattd - - KJ ~ o
- e 4 = . — = = ’ = 0.
} o X, o (%)81 *g ‘ a, a, 6 ¢C ng 95
Lo . max - min
L ' - ZS = /16 m ’ ls = 0.5m for cases 1 and 2
L P nd
IR min :
R £ = 1,5, 3.5 4.5 ' for cases 3 , 4, and 5 . : ®
! s :
| (‘;"_ . “1 .
E,f;}“\‘f, v
R &
" A‘\:' . ) | !
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The results of some of these runs are also summarized in Table 4.1

o Pttt 4

(cases 3 -5 ) . It can be seen that for deep storage depth

5

( # 3.5 meters) the heaE extraction will be constant, and its

value is exactly the same as that obtained in Chapter III .

o e Rt

s e .

f"\} Figures 4.3 and 4.4 show the time variations of the

e

LCZ and cooling.water temperatures, heat extraction rates, and net

electric powers generated by SPPP for cases 1, 2, and 5 of Table
( 4.1 . It can be seen that operatigg strategies for opj:imal electric

Mer generations are different for these two locations. Maximum

power generation for the Montreal pond happens in late September while

i
Vo
-

for Shiraz it is in December. The minimum.power extraction occurs
in March and early June respectively for Montreal and Shiraz. The
results for Shiraz are quite similar to the ones reported by French,

1981, for a hypothetical Salton Sea pond.  Finally, Figure 4.5 shows

the variation of the unit energy cost for the Montreal pond as a , )
function of amplitude and phase laq of heat extraction, x;vhile keeping
/ average heat extraction and LCZ thickness at theilr optimal values.,
The cost contours ar;e also shown in this figure. Similar cost con-
‘tours are shown for Shiraz pond in Figure 4.6 . It can be seen that
minimum cost occurs for heat.extraction with.an amplitude of about
14.5 t&/_mz , which peaks in early October. The results mentioned in

2

this ‘section were obtained by using the GRG cmﬁuﬁer optimization

at

O ,,.' _package, The exhaustive enumeration method also gave similar results.
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4.5 Mathematical Programming Method

In the previous sections the optimal heat extraction
schedulze as well as the thickness of the ICZ were cbtained under
sinusoidal excitations. If the radiation, ambient, and UCZ
temperatures carn not be well approximated by sinusoidal functions
f.he semi-analytical method presented earlier can no longer be used.
In this section the optimizat‘ion will be cast into an optimal control

3

problem and the solution will be obtained by mathematical program-

ming techniques through discrete optimal control.

»

.

4.5,1 ggtimal Control Formulation

Consider the governing equations of the pond's thermal be-

havior, equations (2.10), (2.12), (2.13) . These equations
can be discretized in space only by replacing first and second space
2
derivatives (terms of the form aa po and 2——(—22- ) by difference
. 9 x
operators. In a compact form the following set of ordinéxy'coupled
3 .

differential equations would result :
T o= AT + e UE) + v(E)

where T is the (m x 1) vec‘Eor of nédal temperatures, A 1is the
I3

-~

coefficient matrix (trxidiagonal structure), v(t) f“is,the vector of
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axcitations, and gn +1 is'an mx 1 vector whose elements are zero

t <. :
except the n-!-ls , which is uhity (position n+l refers to LCZ tem-
perature) . Therefore the optimal control problem can be stated in

the following form : '

"

e . e
T - 1
ninimize & ;' ) f wnt(t) dt -I L[rh*l(t),U(t),zs,t]«dt
tJ(t:.),J?.s tl t2 s & - & -
0 . 0
: % © (4.14)
subject to :
. o '
T =AZI + e, U(k) + vt Te=t) . (4.15)
and T
min .
2P R
-

. »

0 <ut) < y¥

Tmax

0= Tn+l < n+l

wnt(t) #».0 \

where wnt(t) is the net electric power given by equation (4.6) and R
bounds on the variables take into account the physical realizability.

It should be noted that '1'n 1 {(t) , the LCZ temperature, 1is a function

-

of the I1CZ thickness and other parameters., : AR
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An analytical solution of the above problem based on the

Maximum / Minimum Principle (Athans and Falb, 1966 ) 1is probably

possible, but the nonlinearities involved would make it exceedingly
complex. The complexity would not be reduced even i:f we wajnted to
use the lumped parameter model, equation (4.2) , in the problem at
hand, If we accept the fact that most optimal control problems
must be solved numerically (Bryson, 1972 ) using a digital computer,

one canlalways regard the determination of U(t) (to St < tf) as

equ:!.\galent to the determination of U(0) , U(1l) , .... U (N=1) , the
"discrete equivalent of U(t) .

It is convenient to rewrite the problem stated in eguations

-

(4.14) and (4.15) as follows :

minimize T (t.) o ' (4.16)

v

w

m+l £
u(t),L
o ) 8
subject to :
. 0
T = AT + g ., U(E) + y(t) | Te=t) = T  (4417).
Tm—#—l-‘ L (Tn+l(t') e U(L) , "s r t) Tm+l(t - tO,) - 0: (4.18)
. ‘ W w1
'where m is the total unknown nodal temperatures and T 1 - = -

Kwh
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The nﬁmerical solution consists of successively finding a.
U(i)} seguence which satisfies the optimality conditions. The .
class of functions chosen for approximating U(t) is the class of
s jong, where U{(t) 1ls constant per interval. The overall

r tgl / for the case at hand is divided into 52 in- ®

tervals (corresponddng to 52 weekg of the year) , 1in each of which
u(t) is const;'ant.  Each interval is divided into subintervals
(usuaily each interva.dl) is divided in half) for better accuracy of the
numerical integration of the system differential equations. It should
be mentioned that the system of differential equations (4.17) , re-
presentingf pond thermal behavior, are first solved for steady state
operation u;ing finite difference ; and then equation (4.18) is

solved using an IMSLJ‘ subroutine (a subroutine called DVERK which

is based on the fifth and gixth orders Runge~Kutta method) .

4.6 Examples

1
The optimal heat extraction and storage depth will be cal-

culated using mathematical programming. We have first tried an

P}

Intérnational Mathematical and Statistical Library. Y

3
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optimal control problem with a known analytical solution (Speyer and

Bryson, (1968))l to test the GRG package in handling discrete opti-

mal control problems.

agreement with the anaiytical %glution for the 30 intervals of step-

functions.

pond will block 80% of radiation.

It is assumed that ice on the surface of the Montreal

The results obtained were in excellent

\

The cooling water temperature

is also assumed to follow ambient temperature whenever the latter is

above

-2% (freezing point of 3% brine in the UCZ )

and remains

at -2% whenever the ambient temperature falls below -2% .

!

The optimal heat extraction and electric power generation

for the Montreal pond usipg Mf:\thematical programming is shown in

Figure 4.7 .

an?lytical solution is superimposed on this figure.

For the purpose of comparison the result. of the semi~

An energy cost

"of 20.97 ¢ / KWh was obtained here, which is slightly less than that

4

1

Find the optimal program, U(t) , over the interval ' £ [0, 1] which

minimizes :

Minifaize J

3
= 1/2 IUz(t) dt
u(t)

, 0 _
x2(t) +‘4t2 - 12t + 820,

0 1 0
where : A = 0 0 1 and
o 0 o/

and-

subject to : i = Ax + bo(t) and

24

‘1o . =I 0]

L pomn o
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of semi-analytical solution (21.68 ¢ / Kwh) . It should be noted
that the actual difference in energy cost for these methods gfaould

be even larger because the effective insolation considered in the
mathematical programming solution was lowered by ice absorption.

It can be seen from Figure 4,7 that the SPPP will not produce elec-
tric power for three months, . The optimal storage depth has the same

value (0.5 meter) as in the semi-~analytical solution.

The optimal heat extraction and net electric power generated
by SPPP for Shiraz are depicted in Figure 4.8 . The optimal heat

extraction obtained by mathematical programming is in good agreement

with that of the semi-analytical metheod. The energy cost of 8.5 ¢ / KWh

is comparable with 9.07 ¢ / KWh of the semi-analytical solution. W@

Therefore it can be concluded that the optimal heat extraction is really
a sinusoid for locations where no ice coverage of the pond surface occurs
and all excitations can be well approximated by sinusocidal functions.

It is interesting to mention that the CPU time required for mathemati-

cal programming (using Fortran H compiler on Amdahl V7} was on the

average five minutes while the corresponding time for semi-analyticai
—_— '

@

solution was around two seconds.

T4 N
B T
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. 5,2 'l‘fze Floating Solar Pond . “ Mo
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CHAPTER V

-

COST REDUCTION TECHNIQUES

< a ) v

5.1 . Introduction

- ) . . .o
The unacceptable energy cost for the Montreal pond led us to

consider poséiblp cost reduftion t‘echn‘iques. The present chapter

deals with concepts that may result in electric energy cost reduction

.

of an SPPP in northern climates. We have seen how LCZ thickness
affects the  LCZ temperature profile. ‘ The amplituyde of the varia-
tion of the LCZ temperature can be reduced by increasing the LCZ

depth, but, the salt requirement will then also increase, which is an

important item in s;PP capital costs. For this reason, a floating

-

pond equipped with a deep saltless stora;ge zone ig first progosed'.

The cooling water temperature plays an important role in
- . : ' ' . ’ 3
cycle efficiency and-of course in energy cost (¢ / Kwh) of an - SPPP .
N ) ’ T . - L .
The possibility of using an ice storage pit to provide a lower cooling.

temperature than that of the 'UCZ will also be -investigated in this °

chapter. ’ v ’ . - . - .
’ [ XY - . .

-

N 0 . '
kg ' hd - . - -

- -

\ " \,.. ) . . ) . .
The possibility of making the NCZ of a solar pond. float “~
- It . oLt .

aver a layer of fresh water is imestiqatég. Such a’ construction, -
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f ? ) .

c - w,oula g}reatly” reduce salt costs in pouds’ equipped with-deep LCZ and
may eventually permit the construction of solur ponds as floating
structures in natural bodies of water, It would also permit the
locagden of large solar ponds close to densely built urban centers,
wherey thgy could not utherwise be installed because of ‘ space limita-

s
“

tions.

P . N

-

-‘/.
“
- R

5.2.1 Floating Structure ) o

It {s proposed (Crevier and Moshref, 1981) ‘to separate the
NCZ from the fresh or sea .water underneathi;; an impemeuble membrane
stabilized By weights and ﬁu:oys attached to i't'. A pos:sible design
.for a floating solar pond appears in Figure 5,1 , ' It is inséired from
the "lake storage" concept deVelopeci at t'he- Studsvick Energy Research
and Development Center in Sweden (Morgan,’ 1978) . 3 p; flexible, in-

-

sula.ting envelope, open at the tt:op..encloses a part of a lake, or‘ a bay
a of the sea. This "diving bell" is anchored t,o the bottom of ,j:.he lake
ro resist the upward pressure created by the dz.fference in density be-
T o tween the ' warm water inside and gne cdold surrounding water. The
- . NCZ ' floats at the surface ; this layer is contained by a structure
a,: ‘ ‘: N :, | ‘ consisting of a flexible bottbm membrane stabilized by weights and buoys
' asgemblies, and maintained on the Sides by.a rigid floating hull.

°

- This layer will n,aturany sx-.abuize, itself at a depth where the bottom

-
LAY i
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Figure 5.1 Schematic Diagram of Floatﬁg Solar Pond.
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membrane will be under equilibrium pressure. The membrane can be
either transparent or opaque. In the case -of a transparent mem-

brane; a convective, or storage layer can be induced 'by placing at
some distance under the floating NCZ an opaque, not necessarily
impermeabile, membrane absorbing the radiation reaching this depth.
The layer of water between this membrane and the floating NCZ willi
thus be heated fxrom underneath and constitute the convecting layer of
the floating sola_r pond, Two possible difficulties may arise from

the use of a transparent membrane :

(a) loss of transparency of the membrane due to accumula-

t+ion of debri's, T ;

s

(b) degradation of the transparent membrane by ultraviolet

", radiation.

A variation on this design would consist in having-.only one, opaque

membrane at the bottom of the upper insulation layer and to induce a

_forced circulation of water in the LCZ , which would then be heated

from above instead of from below.: This would eliminate the above

problems, and in addition reduce the membrane costs and of course in=

crease electric power requirements for auxiliary pumps.

It is interesting to note that the mathematical model of a
floating solar pond is exactly the same as that of the ordinary salt

graqiant pond if the buoys are made of transparent material. It

t
-

A e ol AR e S e EEE g o 2l gk o bR S W E
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b .
should however be noted that the transparency of the membrane does

not enter into account, since any radiation reaching the bottom of

1

\
the NCZ is considered trapped in the pond.

5.,2.2 Stabilization of the N2 over Fresh Water
(Oniform Concentration)

v

129

The heaygier salt water of the NCZ can be prevented to sink

into the fresh water of the LCZ by the following means :

(1) The two layers are separated by a transparent plastic

membrane.

(2) The pressures are equalized on both sides of the

membrane by equilibrium ducts.

/‘ B

—

—

(3) ' The membrane /:Ls»stéﬁﬁg.zed by a combination of

buoys and weights.

L

'

In the absence of buoys and weights, the flat bottom configu~

ration shown in Figure 5.1 would not be stable for the following

reason, Let Lis, as & first approximation, neglect the fact that

there exists a deénsity gradient in the non—convecting layer, and assume

that this layer contains salt water of uniform density 0y (average

~—

P
-

>
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O '
: ‘ : density between UCZ and the bottom of NCZ) , larger than the
density p2 in the LCZ . Let, as before, the depth of the NCZ 4

layer be 9.1 , and the h&ight of the fresh water in the equilibrium

ducts above the membrane be h . If aﬁpressure“equilibri\m exists,

| ' then :

o, & = p_h (5.1)

LT . {
H

If now a disturbance causes a local downwards buckling of depth dy of -

the flexible bottom, the downwards prassu;:e at the lowest point of the
~ deformation will be
Pq = pl 9(21 + dy) (5.2)
where g is the acceleration due to gravity. The upwards pressure
can be expressed as follows : - o
' = " "0/" . . ’ /'H
Fa T Pp 90 v ) - S
. If we let P be the net pressure (positive upwards), then : .
‘ . ) I, ,
i - N ! \ ¢ e i« }ﬂl
Pn = Pd_‘- Pg = - (plv- 92) gdy f’ { o o ('5.3)

\ - . b . \ . ‘ - = X ' ‘
’\ . . PR ’ " P . s i .
This pressure is thus directed downwards, which will int:‘en’sify the

: N W

. . -7 y li
- - . B FO
B P 2 {
s - P . * . ) -
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buckling. For the same reasons, an upwards buckling would also
t tend to be amplified, and the flat bottom configuration -is unstable.
Assume now that np stabilizing. buoys are attached to the

bottom of the membrane as in Figure 5.1 , ih such a way that when

the weights attached to the buoys are at a depth & ‘the buoyancy

1 [ 4
ﬁ of the immersed part of the buoys exactly compensates the downward
_ pull of the weights. If, however, n contiguous weights and buoys

sink to a depth &

1 + dy , the total upward pull exerted on the

. attachment points to the membrane will be :

*

0 F-nAbplgdy .

buoy per Am square meters of the pond, this force is' equivalent to

-

upwards pressure P

. . b of magnitude :

TTe——

t L F Ab

. = (=) p, gdy
: | b nhm Am L .

— -

By virtue of equation (5.3) , the total upwards pressure

exerted on the membrane at the bottom of the disturbance constituted
i) R . k
by thg n° depressed buoys is then :

EH

a

(5.4)

where Ab is the cross-sectional area of one bhuoy. If there is one

‘an

A

(5.5)
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Ab
. P = (3;-) Py 9dy - (p; - P,) g dy ’ (5.6)
This net upwards pressure P will be positive for :
(K;) > ey p,) /ey (5'.,7)

In other words, for a NCZ of uniform density, the fraction of the pond
area occupied by the stabilizing buoys must be larger than the fractional |
difference in density between the NCZ and 1C2 , which wpuld..be

approximately 10 per cent for the solar pond, The size of the in- N

dividual buoys and theix‘" spacing n\ﬁf's?t be such that the membrane's
capacity to withstand local deformation is not exceeded ; while de-

formations covering a larger area will be stabilized by the buoys.

5.2.3 Stabilization of the (“Nci 'over Frash Water '
{Linear Salt Gradient)

Let us assume that a.linear salt gradient exists in the NCZ -

as fol_lows :

. ' -0y L.
P(Yl = pl + (pz n’pl) g’i x .

-

where 'pl and p, are densities in  UCZ and the bottom of NCZ  re-
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spectively. Por a disturbance of dy the downwards pressurg can be

expressed by (see Figure 5.,2)

B 2.1-dy
P, = big) g dy = o, g (%, - dyy + 21 (2. - ay)>
a Y} g dy lg 1 34 2 2. g 1 Y
1
5 . (5.8)

The upwards pressure can be written as :

P, = p3 9 (h-ady) (5.9)
'r-"-v —L
s .d% —T
. ' P ,
Jt‘ ? ;'t -—r—
By,
_{_ J’ dy -
T zl h
. Py .
v
o _L | P2
o dy 1 L
< | : * -
;'uf — ’ .

Figure '5.2 Close~up of the membrane = deformation,

L

L
T
3
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_where »p 3 is the density of water in equilibrium duct. The net
upwards pressure, using equations (5.8) and (5.9) , is given by :
‘ pl ’+ pz . ¥ [
, ?.'Pu'Pd=P3hg--——-2 2,9 + (py-p) dyg
(5.10)
£ o Ol 2
e ek
1
but,
Py + P, . .
Py = —=——=14,  equilibrium condition (P = P, )
) dy = 0 dy = O
Therefore, equation (5.16) ”simplifies into the following form :
e, =P
2
P = {(p, ~p,)dy -~ —2—=tady’lg (5.11)
= "2 s 2 % ‘
For small dy , the disturbance will be intensified :
3 P '
= g (p,=p) > 0 ,
9 dy dy = 0 2 ‘ 3,
The force which is appl.!.‘éd to onﬁehbuoy, from its attachment weight, can
be expressed as :
* .i{'%j::;:}:'\:
TN s ) S :
2 B » - w
«;' ‘ ;’;“"* of ' ‘}rrz V%&: l '. \V.
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. By - dy

The above equation upon a simple intagration and simplification yields:

.

) Py = 0
F--gAbdytpl+ Z
, 1

- &,
(hy - 391 (5.12)

L1
1]
[Te}

Sy
°
~
i
2
<

Tt A AR Ces S SN0 30 SRR S A NI A = ¢

The ‘equivalent pressure for n buoys will be :

Pe. - g__ )
q A . i
) %
Therefore the net preesure can be given by the following, using equa- - ;
tions (5.11) and (5.12) : ﬂ
’ P p
> p .‘ p , - —-‘—-——1— 2
Pet ® P+PB_ = gl((, 34y - dy ]
€4
. ) . p - p ]
gt P2"F1 g
, 2y dy [pl + Z (hb 3] ,

. . .
- x S m

-

To stabilize.the membrane, the net pressure should be negative.  The

stability can be obtained if the following is satisfied :- = . . ;

Ll
i
[

'-L:‘.
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*«g 9 Plar :
. - 3 4 <o .
Y lay=o ; .
or, -
p - P . «
Ay 2 3 .
—_—— D e——, N (5.13)
Am D(h.b) -
. where ! . )
> O(hb) = Pt (Dz - pl) '—[]'.—
-y S «
the inequality of (5.13) reduces

ot

As an example, for hb = 0.59,1 R

to the following

Ab S 92 - p3
A p o]
m, 1+ 2
2

-

which for typical values of Py s

v

by the stabilizing buoys must be greater, or equal to . 10 par.ciént.

4

- -
.
-t = -
i e f
head “ 2 - -
- oo. N -
. Y R
e s = - *
f ¢ 5 .
- ' ~ -
P
do
E ’
G M . B
S . N
4 9

02'

Py » gives the samé condi- ‘

20

tion as in equation (5.7) , i.e., the fraction of @a pond area occupied'

»
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0 5.3

Optimization of a Floating SPPP
e 4

The model developed in Chapter II can be used to simulate

the floating pond with the. difference that the ‘physical properties

of the ground and ILCZ would be replaced by that of fresh or sea

3

water. Most of the cost of a floating pond would reside in the

hull and the membrane isolating the salt gradient layer, ~ Hull
costs will be minimum when a section of a natural body of water is
» isolated to make up the pond, and maximum when the hull must enclose

the entire pond. g-lere it will be assumed that the length of hull

required is equal to one half of the perimeter of a circular pond of

2

the considered area, at a cost of $100 / m of hull area. This

* cost consists in material costs (inner-impermeable liner, $10 / m2 ;

G insulation, $15 / inz ; outer grid, $25 / mz) and labour costs of

, $50 / m2 . The cost of membrane, weights, and buoys are asstimed to

be §10 . for a square-meter aréa of the pond.

An optimization, similar to the one presented in Chapter °

III, will be carxied out for a floating SPPP for Montreal condi~

4

.. tions. The life time of the 'plant is here assumed to 'be ten years

because of uncertainty in the long term performance of the membrane.

The results are summarized in ‘1_‘able' 5.1 . A combarison between the

present simulation and that of Table 3.2 shows that the

. energy cost of a floating SPPP (FSPPP) is about 12 %

lower than that of an ordinary SPPP ., sinée the in-

’

.
@
-
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TABLE 5.1

SUMMARY OF THE RESULTS FOR A 5 MW FLOATING SPPP IN MONTREAL.~

-

Floating SPPP

ITEM _ (F-113 Working Fluid)
‘Pond,:
£ - Surface area (sz) : 3.56
Heat extraction depth (m) . 1.72
Temperature of LCZ (°C) 63,32
BEfficiency (3) : 11.80
4 2
Heat Exchanger Area (10 m’) : .
vaporizer (boiler) : o 2.19 . D
Q S Condenser .  ° .2.33
) " Pre-heater : ) ..1644
Ld Lé’(i | )
Turbine : . -
) Inlet pressure {psia) . ) 20,26 -
Qutlet pressure (psia) I 3,68
Inlet temperature ( C) T " 57,45
" Outlet temperature (°C) , W 11,63
‘ &, Co-
Mass Plow Rate (Kg/sec) : X : ) . y e s
Brine T 3136
Working Fluid B © T 339 :
. - Cooling Water o ' S _ 3386 '
: . 4
Groas Power '(me) : ? » : o> 5.5622
System Efficiency (%) : 0.9351
Q Energy cost (¢ / Kwh) = . L -29.6
y; - . 3




' ferent from those ‘of Table 3.2 .

-

H

4 -

s

‘stallation cost of FSPPP is smallef than that of an SPPP it i8 ;

‘'economical to operate the pondt at a higher average LCZ temperature. .

@

‘Other parameters and operating cond.itiqns are only marginally di:i- .

The concept-of a floating SPPP seems to have its merits .

b

. despite of the.gtill high energy cost. Ma.k:;ng the

NCZ ' float on a

layer of fresh water would elimipate a major fraction of the pond gost

in -areas where salt is expensive. Making use’ of this princiéle in-

X -

natural bodies of water'would permit the construction of large solar

ponds close to densely populated urban areas, where land costs would

PRl

be prohibitive. The water-~based floating pond has no excavation cost -

in addition to reduced salt cosgs (Crevier and Moshref, 1981) ., A - &

°

saltless LCZ would alsojfacilitate the extraction of heat £rom the -

pond by preventing corrosion in the heat exchangetrs, where water from

the LCZ is circulated. The existence .of buoys would probably re-

duce the costs of the required wave dampers.

structural prohlé:is should However be given careful consj.qe}:af;ion be-" - R o

K]

fore the concept is declared viable.

-

® ) -

Environmental and .

L EAar

5.4 Ice Storage as a Heat Sink for SPPP

.5.4.1 Introductory Remarks

One possible i@g of imprqving the

efficiency

.
»

. -

i
M
-
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. storage of natural ice and snow. -

° o ' 140

' ‘ ) 1]

“'Wwould be to lower the heat:dink temperature, i.e., increase the tempera-

.

ture differefic’l) between source and sink.” For a given climate, the LCZ

coL %
temperature and associated source’ temperature can be controlled by

’

the pond's geometry and heat extraction rate. On the other hand

the sink temperature is usually determined by) that of the available

- codling medium (air or water) . In this sedtion, the possibBility of

using an ice storage for cooling the turbine working fluid will be in-

_vastigated.

Sto;age of sawed bloc}fc‘s of river and lake ice in pits, caves,
and insulated buildixn.gs was 'comn:on}.y done ‘both commercially 'and‘privately
by generations of our ancestors. With the advent of mechanical re-
figeration, engines driven by heat or electricity could produce ice i.n_

commercial volume almost any where, at any time, and the labor-intensive

. cutting and ‘storage of natural ice largely diéappea;ed. Present-day
. energy costs and supply problems, coupled with the development of re-
~ latively low energy techniques for recreational" snow-making, have

_ 'provided the stimulus and the means for resurrecting the production and

N
4 , ' .
Canada and the northern part of the United States can benefit

from significant periods of gub~freezing winter x;ae?.ther, where large

amounts of naturally forming ice can be found. .I% is therefore pro-

posed here, to harvest the ice and snow during the winter, . . This -

Iy
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5.4.2 Structure and Mechanism of Ice Storage -

L ’ . It is assumed that a pit, having a volume Vi yet to be
determined, is excavated in the ground close to the ﬂsolar pond. This

reservoir will have a water-tight membrane liner (if impermeable soil can

be found this liner can be eliminated) . Snow and naturally forming ice,

collected during winter, are stored in it and will be used as a cooling *

.
. 0 =

medium whenever the upper convective zone of the pond is at a tempera-

ture larger than zeko degree Celcius. The ice storage w:Lll be

c

o

- . covered, with an insulating blanket to minimize melting, During any
v &

~ s -

subfreezing night the blanket can be opened on two sides to provide air

passage, and the cooling water returning from the SPPP! condenser can
[ ;

be sprayed over the ice and re-frozen. o T

pa—

a v

5.4.3 Siz:[gg of the Ice Storage

o

Suppose the ice storage at the end of the {mrvestiné 'period

. y

' contains M 0 and MiO , Kg of water and ice ‘respectively, and let us

O ’
T
.
.




assume that the well mixed water underneath is at equilibrium tempera-

ture T

This water will be pumped with a flow rate of m

the warmer water is returned to the top of the

the condenser

reservoir to be re-cooled to zero °c by the remaining ice, i

per unit time, the following

melted ice is added.at a rate of I;lw

@

heat balance can ‘be written for the system

whs£‘+qt+qb

!
Cw (Ti Ti)

where h
s

is the latent heat of fusion of ice,

heat gains from top and bottom (side hgat gain is ignored) ,

is the temperature of the water returnind f£from the condenser.

servation of mass will give the following :

Mi(t) + Mw(t) = (Constant

water at any given

‘, wliere Mi(t) and Mw”(t) are the amount of ice, and

ﬁ:i.me¢

Therefore, using equation (5.14) , equation 25.15) after in- .

tegration can be written as
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ﬁuac (1) = T,) + q, +q : -

M, (E) = = ( X . 1t + ¢ (5.16)

i h .
4 ! - Sga
where the constant of integration, ¢ , can be obtained from the
initial and final conditions : ) - ’ .

Mi (t = to) = M:Lo a.nd) Mi (t = tf). = .0 . (5.17)

1

qt and qb will be estimated for steady state operations ; the bottom

losses, as in the solar pond, can be given by :

.

3 -—2—' -
qb s 22 (‘I‘w Ti2 Ai\\‘ - (5.18)
) . »
where A, is the ice storage area yet to be determined. The top
losses can be formulated as follows :
q = Uy A (T, - TF) ) (5.19)
vhere U, , the overall heat transfer coéfficient for the ingulating
.- blanket, can be given by (Rohsenow, 1973 ):
t
1 1 i .
v T h. T ox .

is the free convection heat transfer coefficient; ti and | -

i - -

where h
r fr
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K, are the thickness and ‘thermal. conductivity of the insulating

blanket respectively, A Yalue of @7 —-iL is awsumed for h
A me* ¢
{
which is an average free convection heat transfer coefficient for flat

fr '

surfaces (Rohsenow, 1973) . Using equations (5.16) - (5.19), the
amount of j?ce that should be stored in order to last through the
summer can be given ISy the following :

K

< 2 N
L] ‘~' - —— - -— - *
" ) m, C ('1'i 'ri) + 04, (_'1'w '.ri) + U, (Ta 'ri)] A . -t
i0 g hsz £ 0
(5.20)

The minimum volume required for ice storage (neglecting the initial

water, MmQ ;, in_the ice storage) .

Ay

.where p i is the density.of ice ; if the ice storage is assumed to be

an.inverted pyramid of top area of A, and slope of 1 ;2 , it can'be

i

shown that : ) re '

:’Vi ad I‘z" . 9 . . ' . i (5 . 2]:)
. - ’ ' “B ¢ a

Therefore the required area, A g ! can be calculated from the following

' expression : -

e
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o
. )
o, B, 3/, K, - ) i
- m— -— - - T o
13 (tf =) Ai - [ 12 ('rw Ti) +Uo(Ta Ti)A]Ai m, Cw('ri Ti)

- . (5,22)

., The co.;sst of ice storage jcan be detémined if‘the amount o:é heat re-
jected by SPPP is known. This can be achieved by adding equation
(5.22) as a;x equality constraint to the functional equalities of the
optimization problem described in Chapter III . The cost of ice
storage consists of that of the insulation blanket and of the excava=-

tion (the insulation is considered to be $8 / m2 of ice storage sur-

face area) .

5.4.4 Static Optimization of SPPP with Ice Storage

The first case considered will be that of an SPPP having

ice storage as heat sink for the Montreal cliﬂiate. The static opt;’ﬁ—

»*

mization, ’assumin\g the average excitations presented in Chapter III, will

T
be used to size the ice storage as well as the pond and other equip-

ments, under ‘average operating conditions. Equation (5.22) should
be added to the other equality constraints of Chapter IIT . The re-—
‘sults of this optimization is summarized in Table 5.2 . (The Lcz

thickness of 3 meters has again been assumed) . Althoeugh the re-

It
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TABLE 5.2 '
. RESULTS OF STATIC OPTIMIZATION
FOR'A 5 MW SPPP WITH ICE STORAGE
ITEM SPPP WITH ICE STORAGE
Pond : )
Surface area (sz) . 13,26
Heat extraction depth (m) . A\ 1.7
Temperature of LCZ e a ' 64.56 Y
Efficiency (%) 11,345
\ ’ 4 2
. Heat Exchanger Area (10 m') : o
’ Vaporizer (boiler) . ' 1.98
Condenser ¢ S : 2.124
Pre-heater - - .15
Turbine : oo : - }
' Inlet pressure (psia) ) 21,23
Outlet pressure (psia) | : 2.87
Inlet temperature (°C) / 58.96 .
Outlet temperature o) : : e 6.15 9
Mass Flow Rate (Kg / sec) = .
Brine P 3474
Working fluid (F~113) S 290 -,
Cooling water (ice storage) " Y08
~ Ice Storage Volume (m3) t ) 2,2 % l()5
Gross Power (MW)) : ' . . 5,525
L R ) .
System Efficiency (%) : v 1.022

Energy. cost (¢/Kwh) - t . I 3.9

PR
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quired areas of pond and heat exchangers are smaller than those of
Tab]:e 3.2 , the energy costs have not been reduced subétantially
(31.9¢ / K*wh compared with 33.77¢ / Kwh) . Because of ice
storage, the cycle efficiency as well as system efficiency have in-

creased about 9% ,

5.4.5 Optimal Heat Extraction and LCZ Thick- '

ness of SPPP with Ice Storage

In the next case, we tried to find the optimal heat extrac-

tion and depth of 1ICZ by the discrete optimal control technique

(mathematical programming) presented in Chapter IV . The results
are very encouraging and interesting. The optimal storage depth of
0.5 meter and energy costs of 16.23¢ / Kwh were obtained. Optimal

\

heat extraction and net electric power are presented in Figure 5.3 .
[

The energy cost, despite the added expense of the ice storage costs .
A . .

{(excavation and insulatibn costs) 1s 22 % lower than that obtained in

Chapter IV for the Montreal pond. The present optimization showed that

4 hd
the residual heat in the pond for the time which is not producing electric

\

power is considerable. It has been shown (Moshref and Crevier, 1982)

that if this residual heat can be sold, for example, to heat a park of

' greenhouses (for the months of December and January) then, the energy cost

O —— oot oot oo & i e e 1

é

PP
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Optimal heat extraction and net electric power for SPPP with ice storage.
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é ) * ' ' 1

can be as low as 8.5 ¢/Kwh which should be economically attractive

in the near future. .

3

he i

SR In conclusion, the solar pond can be used for the efficient

éeneration of electric power in the northern climates (latitude = ’450)

if the pond. construction and operation are as follows :

* T (1) Permit operation during the warmer part of the year only,

-

and make use of the residual heat available in the winter

- for purposes other than electric power gemeration.

1 -

”

(2) Use accumulated -ice to reduce \the tempei:a.ture of the cool-

'ing medium of the SPPP during the warmer part of the

.

pt year . - ~

Reduce the pond's thermal inertia so as to permit a rapid

increase in temperature in the spring. This last modi- T

fication obviously brings about a substantial reduction in

pond constructien costs.

'

.
«% - )
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W - CHAPTER VI

REVERSE. OPERATION : UNDERGROUND STORAGE

6.1 Introduction

.As discussed in the pre'_vious chapters gpd as demonstrated
in practice (Chinery et alﬁ i1983)) the ground p‘rovides some st;orage
of heat un'der the pond: This heat can be recuperated from the
ground during the winter time. The present chapter will examine’
means of enhancing the thermal stora?ge properties of easily excavated
soils by driving the heat deeper undgrground through a network of
horizontal l;ipes. It is also proposed ;1ere to use the heat stored under
the pond for the operation of a heat engine during-the winter time
and use the LCZ brine as a Jheat sink, in a manner which will be

degcribed later on,.

6.2 ° Pipe VStorage Systeml' y

4

The ground may be used as a medium for interseasonal storage
of ‘éensible heat. The ground can be charged with heat during the
warmer part of the year via circulation of hot brine from the "LCZ

through a network of buried horizontal pipes. t.

1 This section and the following two sections (e:icluding 6.3.4) are

-

adgpted'from Crevier (198l), and are mentioned here for completeness

and reference purposes.
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As an alternative pipes could carry a heat transfer £fluid

(for example, air) warmed by heat extracted from the pond through a
‘ PN 3

heat exchanger. Direct circulation of brine in pipes has over air

circulation the advantage of not requiring an additignal heat exchan-

A

ger and would thus result in a higher efficiency. It would however

represent a larger pollution hazard since a brine leak in one of the )

undérground pipes would he almost impossible to locate' and repair.

It 'will be assumed in the following mathematical model that
the heat extracted from the LCZ , as a first priority, is used to ‘
generate electz:i‘c power. ' Any surplus is sent into 'the undergréund

storage. . . o

' 6.3 Mathematical Model '

S

Since heat will flow vertically near the pond's bottom, and
radi;lly near the pipes, the problem is cha.ra?terized by a two-dimen-
' sio;ial geometry even if edge effects are neglected. The problem has
been refiuced here to the numerical modelling of two coupled single .,
- dimensional heat flows, as illustrated in Figure 6.1 . The two heat
flow regions are coupled through a buffer zone where infinite conduc-

tivity is assumed. This region appears shaded in Figure 6.1 .

.

- - FSUUOE VP SRS S SISO S
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Cross Section of Ground Storage Solar Pond,

'Figure 6.1
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’ . zone provides the coupling between, vertical and radial heat flows. -,

6.‘3.1 The Pond Model

The mathematical model for the pond NCZ, LCZ, and the

ground section bounded by the bottom of fhe LCZ and buffer zone is

=) ' TN

exactly the same as that given in Section 2,3 with the differeng‘:é
that the boundary condition of“ the region 2 should be gi{ren by :

T (2, +z + L.

1 6 = T - (6.1)

2

.

In the above equation the temperature of’ the buffer zone, is

- T3 !
conéidezed-, in a‘hfi:stl: §éproximation, as a fixed boundary condition

when computing the vertical temperaturd distribution. The buffer

T ’
k4 . : . h
» R

- 20

» 6.3.2 The Buffar Zone biadel

- . &

The vertical and radial heat flows are coupled by the

»

. following’a’rtifice_ : 1t is assumed that the thermal conductivity of

th&‘ ﬁ;'{aded,area "buffer zone" is i‘.nfinite. . This region is assumed
1;0 l-xave the- thermal inertia of soil, and its temperature ‘change duri;lg \
- one inte:;ration time step is determined by the amount of heat that it
éxchanges with the vertical pipes and horizontal regioﬁs. These

heat exchanges are in‘ turn determined by the derivatives of tempera-
ture with respect to depth and radius at the boundaries of the two

regions with the buffer zone, Therefore a heat balance can be written

"for‘ t;his zone as follows :

@ : ’ J

* .
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<

° . (6.2)

T

- M - - L
- e

where n anff n, a:.? the mmber of pipes in the rows and colums of
the pipe network respectively ; zp is the 1ength of pipe. ) .

-

' 6.3.3 The Pipe Storage Model

. .
_ volumes surrounding the regularly spaced heat transfer pipes :

volumes have a radius of R

1

shown in Figure 6.1 .

- fashion.

model.

to the pipe ..

©

The pipe storage model consists in the cylindrical earth
» v -

these

equal to half the interpipe distance, as

o,

0
They are assumed to behave in identical
Only one such region 1s therefore needed to analyze the

Isotherms in this region would appear as circles concentric

The only heat transfer prdcess considered.is conduction.

The effect of convecting air or gro{md water in the neighbourhood of

the pipes is neglected,

‘be given by :

. The conduction equation for this region can

[
i

a'r6|
6 3 x= g, +9, +L

1 371
+2n ‘R
T r

0

-

e

————————

Gl 0 R

-
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The boundary conditions are provided by the buffer zone temperature, and

the temperature ®f the inside pipe as follows : N

*

3

‘ T4 (Ro s t) = :.'3(1'.) ~ '."l.‘4 (ti P t) = Ts(t) ’ (6.4)
L. . C
" . _ . . The pipe temperature, T, , ' in turn can be calculated as follows :
. ' 2 ar.’ - or,
{a n) pgCg (Mg 2) = = (M 02wz, L) K, Er_l + 0, (®)
e
B N (6.5)

0 . 3 '
- s ~
e

where T, is the inside pipe temferature which is assumed to be the

N * ¢ average value of its inlet and outlet temperature, ri~ is the pipe REETTN

radius s and Ul(t) is the rate of heat extraction / injection to the
“ﬂ\ M .

pipe network. Finally the heat conduction for the ground layer,

; which is bounded by the buffer zone and heat sink, can be given by :

-

and the boundary conditions of :

2

+ RN = ‘ .
o Te (2, + 4 +L +2n R 7 t) T, () o
) ' ( (6.7)

.O / - " XY
' T6(21+£s+1L1+2hrRo+_L2{t) -'rw,

s




" and in Chapter II can be solved by the finite differences technique.

stead a second order differencing, gquadratic approximation, for the

8 - i g

7

. L]

mé governi:\xg equations and their boundary conditions, equations

(3.12) .= (3.15) and (6.1) - (6.7) can be solved numerically using

FRWHET s

the finite difference technique described in Chapter II .

" +

6.3.4 Numerical Solution usix;g_Finita Differences

The governiné equations developed in the previous section

Using first order differencing for the first differential operator re-

sulted in a numerically unstable solution when a time step of one week
wag used. Since this solution will ultimately be'used in an opti~
mization program we did not reduce the time step (since this woxdzld -

7 .
have made the solution computationadly inefficiknt) . We used in-

first differentigl operator. Therefore the governing\ equations when

"
discretized constituted a set of simultaneous linear equations. How-~ -1

E
ever the coefficient matrix was no longer in the tri~diagonal structure.
At each time step the system of equations was solved using the sparse
matrix package, SPARSPK , developed by George and Liu, (198l1), at

the University of Waterloo.. . ' .
A N ) )
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‘wpond, and similarly by setting the resistance of layer L
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6.4 Model Validation

(
~

The model developed in the previous section must be modi-
fied so as to give results compatible with those of a conventional

upond model in the absence of heat injection or extraction through the.

underground pipes. The modification is necessary far the following

reason.: The accuracy of the model‘ is probably acc_ept#ble in regard
to radial heat f£lows to and from the pipes, since the len;gth of‘the
paths followed by the heat through the buffer zone (with infinite con-
ductivity) would then be small compared t; the distances L1 and ‘ L2 '

as well as to the outer radius R; . When heat is injected into the

pipes from the LCZ , the model will ho;vever tend to exaggerate ’the
flow of heat since the buffer zone "short-circuits"™ the heat resist-
ance of the pipe storage zone in the vertical direction. This
effect has been corrected by decreasing the thermal conc?uctivities in
the ground layers above and b;alow the buffer zone in a manner that
will make, in the absence of he.;t flows in the pipes, the average LCZ
and inner pipe temperatures be identical to those obtained in the pond
without the pipe network. This was achieved by making the thermal

resistance per unit area of earth layer 'L, equal to the resistance’

1

of a layer of thickness Ll + RO of earth actually present under the

2 equal to a

layer of thickness L2 + Ro of real earth, Therefore the thezjmﬁl

conductivities K2 and K are given by : -

e o a e e et ARSI 4 A e 2

RSP SR
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O

L L ~
P 1 ] 2
2 . r
KZ Ll + Ro 6 6 LZ + Ro . .

Solution of the mathematical model showed that the ,aboveﬁmdificatibns,
equation (6,8) , induces an exact correspondence in the average tempera-
tures of the two models {ponds with underground storage pipes and

ordinary ponds) in the absence of any heat injection or extraction from

»

the pipes. The amplitudes of the temperature variations in the lower

convactive zone‘ﬁfere also in excellent agreement (< + 0.5 dig. c) .

-

a

6.5 Reverse Operation

It was seen in Chapters IV and V that the pond could not
produce any electric power for many months during low insolation pexi;ds.
If the LCZ is eliminated during low‘insolation by, say, storix;g this
volume of concentrated bri‘ne in ah auxiliary pond (orj evaporation pond) ,
itumay be possible to produce electric power by using the pipe storage
network as a heat source and brine in the auxiliary pond as a heat
sink, in the following manner. The high concentration brine (LCZ)
stored in the evaporation pond could be used to radiate heat during the
night, while being protected from solar radiation by an opaque, white
layer of £luid (for example foam used by ‘fire £fighters float;d over it

o .
during the day time) . This procedure would take advantage of the <

°

la.Tge thermal emissi@ity of water, which is approximately 0.96°,
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(Kreith (1976)) and Of the very cold effective night sky temperature
during the winter (- 40 °C) to efficiently radiate heat away. In
addition the free and forced convection at thp surface of the evapora~

>

tion pond would enhance the cooling of the brine (brine of 21 & con-

centration freezes at - 18 °€ » Ashrae (1974)) . Therefore the

heat depogited into the evaporation pond from the power plant conden -

ser would be easily dissipated : as demonstrated in Appendix

C , the temperature of brine in the evaporation pond can be maintained

below = 10 °C . Thus it is proposed to operate the SPPP with

underground storage as follows : during the warmer part of the year

the heat extracted from the pond, as a first priority, will be used to°

run the SPPP and any excess heat will be sent to underground pipe

storage. During very low insolation petriods, the LCZ will be ex-
% .
tracted entirely and stored in an auxiliary pond. The heat will then

be extracted from the pipé. storage network and brine from the aukiliary
pond will serve as a heat sink for the SPPP , It should be mentioned

here that for the period of reverse operation (LCZ acting as a sink) ,

we will consider different heat exchangers, turbine, and working fluid,
I

because the opérating temperature of the SPPP will be then quite dif-

ferent from those encountered during ordinary operation.

\\J

6.6 Optimal Heat Extraction and Injection
in SPPP with Underground Storage

Important factors in the operation of .an SPPP with enhanced

[

—
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earth storage will be the rate and schedule according to which heat

is extracted from the pond' LCZ and injected into the pipe network,
and also the schedule of the heat reccﬁery from this region. In
the next section, we use the mathematical model of enhanced ground

storage and the procedure described in Chapter IV (discrete optimal

control) to find the optimal heat extraction and injection.
‘L ;

/ .

6.6.1 PFormulation of Discrete Optimal Contro
for SPPP with Ground Storage

.

The SPPP with underground pipe network gensrates electric

. power according to two distinct modes, depending &f the season.

FPirst, during the warmer part of the year, the LCZ acts as a heat

&

source and i% responsible for vaporizing the working fluid ; at the

same time heat is extracted from the pond to charge the underground

““pipes. Second, in winter time, the heat extracted from the pipe storage

acts as a heat source and the LCZ (which is stored in an auxiliary
pond) acts as a heat sink. Therefore the net electric power can be = .

given by the following equations, using assumptions of Section 4.2.

; “ : ' s

wl(frs . U, £) : t‘o <t< t, ‘

W e o= ' | ‘ (6.9)
W, (T S U, ) £y <t S te

8

! 3

Thle function Wl above is the same as that given in equation (4.6) and

{

I \
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) . /
Wo has the same form as wl but with the difference that ICZ and
UCZ temperatures should be replaced by the inside pipe ahd auxiliary
pond tempefatures respectively. tl‘ and ¢t £ mark the beginning
and termination of reversed operation. - Therefore

N T _(6) +d - : -
- . - - +
wl (t) 0.64 ng (1 Ts(t) ~ dz)-~U(t) (wpl. wp3)
- and ’ i > )
Ta:ux M dl IR ]
WO {t) = 0.64 e 1 - -i,;-(—t-)-—:—a—z-) U1 (t) - (Wpl + Wpa)

. 1
where Ts(t) is the inside pipe temperature and u, (%) the rate of

i , ,
It should 'be noted that we

- -

ate at which the heat is in-

heat extraction from the pipe netw .
have not included explicitly the flo
jected into the pipe étorage. Instead we will impose a constrain‘-‘t
that recquires the inside pipe temperature to be smallé;; or equal to the
LCZ temperature during the time in which heat is injected.

Using the unit energy cost equation (4.14), the opti:miza-\
tion ‘problem for the SPPP‘ with undergrou;mdu storage takes the following

-

form :

oA
. tl tf
. -1
min J = T r ¢ 1 .| fwl(t) dt * [Wo(t) dt]
U'Ul tl t2 s £ t
’ 0 1
S.t. . * . ',_/‘)
’
s
El I °
- i
B

(6.10)

,(6.11)

(6.12) -
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T = AT+ &l U(t) + LI ul(t) +v(ey . (6.13)
- and * ’ . .
‘,wo(t)>q - R wl(t) >0 : . ‘-
e ) ) (6.14)
uct) > o . U, (t) >0
Tatl & = Ty (O 0 if o) ¥ 0 “fox gy <tSg
- ' . (6.15)
e+l and _e.q +1 a.re mxl vectors with zero in all positions, except

for "ones" in the n+l and g+l positions respectively (indices

< n+tl and g+l refer to storage layer and a:!.nside pipe temperatures

respectively). T is the mxl vector of unknown nodal temperatures.

-- .Equation (6.15) ' imposes the constraint that the LCZ temperature be

greater than or equal to the‘ inside pipe temperature during the injection

périod .

BN

L4

w ' ‘
Once again, as in Chapter IV , the above problem has been

solved numerically by discretizing ‘U(t) , the heat extraction from

the LCZ , and the heat injected or extracted from pipe storage Ul (f) .

The class of functions chosen for approximation of U (t) and Ul (t)

are step~functions, which take on a constant value in a given time in-

terval.

flow, the overall interva/i., [to . £.] , contains for this

\

\
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cagse 91 unknowns - (U(t) is assumed to be zero 8uring the reverse

operation ; otherwise, the ‘total number of unknowns would be 104) . -
. .

The objective function, defined in equation (6.12); has
been transformed into a form similar to that appearing in equations
(4.16) - (4.18) o:f Chapter IV . The system of differential equations
(6.13), representing the thermal behav;.our of the pond and the ground,
are first solved fox steady state gperatiori using finite differences
for each ir;térval ; then equation (6.12) ‘is integratedl from to to
tf 0 obtain the value of the objective funiction for the considered
heat extraction schedule. The optimization of the parameters defining
the heat extraction schedule (i.e., the rate of heat extraction during
each time intgrvall is performed by repeatedly computing the value of

the objective function for different extraction schedules, using the

generalized reduced gradient technique. .

The added costs which were considered for SPPP with under=-
ground gtorage con"sisted of those of the pipe network and trenches. To
obtain the cost of the trenches we assumed that placing the pipe network
nfquired an additional two meters of excavation per unit area of pond for

a cost of $3 / m3 . A costof $3.75 / m of pipe was considered for

the pipe network (Crevier, (1981)) .

lUsing an IMLS subroutine based on Runge~-Kutta method,

R e e
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6.7  Example

-

A solar pond power plant with underground storage is

2

assumed which has an area of 3.54 Km and NCZ depth of 1.68 m

' ¥
(the same as those obtained in Section 3.6.2) . The optimization

' described in previous sections of this chapter was carried out with

the help of the GRG package and using the mathematical model which

Y
_ was developed earlier in the chapter.

™
The optimal heat extraction from the ICZ , ) ult) , and’

thg optimal heat injected or extracted from pipe networks, Ul t) ,
are depicted in Figure 6.2 . It is assumed that the LCZ thickness
i; set at its minimum value achievable in practice (0.5 meters) .

It can be seen from Figure 6.2 that the amount of heat' injection and
extraction from the pipe storage is sinall compared to the heat extrac—
tion :‘.;r:om 1Cz . This can be explained by the fact that it is not

possible to inject any heat once the LCZ temperature becomes equal or

* less than the internal pipe temperature. Also, since the LCZ 1is emp~

tied into an euaporatiog pond during the winter time, its temperature
variation is considerable because of its very small thermal inertia,,
Furthermore, some of the heat stored in the pipe storage network will

be conducted away into the pond. The existence of the single step

function (Figure 6.2) in early March can be explained by the fact that

the pipe had been given some time to warm up after being cooled by a re~-

latively large rate of heat extraction.



60

180 ~
170 +
160 I
150

140 I

130

120

110
100
30
80

70 }t

50

10 ¢

A

I

heat extraction from 1C2Z

‘

., | Reverse Operxation |

»

-

‘ heat injection into pipe storage

heat extraction from pipe storage

21st

) Figure

J
6.2

.Optimal heat extraction from pond and pipe storage network for Montreal pond.

2

A

S

(o]

N

D J F

M

]

A

J

.

time

¢

$91

- e




* \ ’ ' C ) - 166

‘?‘“ . ‘l ; Pond temperature profiles for two insta:}ts ‘of time are
i ' illustrated in Figure 6.3 . It can be seen that the te.mperatu.;:e

’ ) - difference between the pipe and the buffer zone is always of the

’ oxrder of‘ § % . The pipes are warmer than the buffer zone wl;en

!

tﬁéy act as heat sources (June profile) , and cooler when they act

e '> -
as heat sinks (January profile) .

The data used for tﬁe SPPP with underground storage o

v **  appears in Table 6.1 . The energy cost of 20.86 ¢ / Kwh 1is
‘ : slightly lower than that of an ordinary pond (20.97 ¢ / Kwh) . Con-

clusions on the advisability of operating solar ponds in the reverse

- - mode will be drawn in the next chapter.

o

g

&
‘
‘.
.
—
2




pth

167

)
4 A
~_
: ~t
=
~
0
o
d
3
o B
g
]
I
o
N
® g
a
3
g
o
3.
~ ‘3
t,‘ - . ) , ) :
Lo ) suoz r9yzng — &,
@
* D. -‘:
-~ 1 ES)
* ’ \ . — —— — o—— ——— —— ——— e —r O N
. . - 36ex03s 3dfd .| — —— o —— S
? =]
» ‘ 0
~-
' T, . ord
“) - JUOZ I93INg - —ed ———— —— —— ao—— ot aetres ey o st ua
w )
l‘ R q)
) & pez03s adTg 1 - T T T T T 5
a a . .
‘ o tq . —_ e e — 2
[ N
, . . &
- auoZ 39zyzyng — - QE)
B
’ ™M
*
- ™ w
<]
s
sunf 38Tz
¥ o
f 4
i 3 -
L] [ 1 2 } ' 1 o
o - (= ) o -
Os 2 3 2 E 3 3 5. . °
3 ) B s .~ v , .
sxnjexsdwog . : .
e . ' . |'ﬂ._° - 4
~ / .. e , . _
/ N /- .



()}

e e I TN

A

P et

54 AL FY gt RO .‘~ WL e RTIRIT R T

| TABLE 6.1
POND PARAMETERS FOR REVERSE OPERATION
N
Pond, area (sz) " 3.5
UCZ depth .(m) ~ 0.2
LCZ depth (m) ’ 0.5
NCZ depth (m) ) ‘ l.68
Distance between pond
Bottom and Buffer zone (m) - 1.5
Distance between Buffar zone
and heat sink (m) ) 4.3
/.
Pipe spacing (m) 1.5
Pipe radius (m) 0.1
nr ’ numbe‘r of pipe layers 2
Total length of pipe (m) . 4.7 x 106
o

Cost of piping and trenches ($) o 22 x 106
Energy cost (¢ / Xwh) 20.8§’

s
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CHAPTER VII

A

CONCLUSIONS AND RECOMMENDATIONS

FOR FUTURE RESEARCH

7.1 The Significance of this Research

The i:’rincipal objective of this research has been to develop
a methodology for the simulation and optimization of electric ‘power
generat,ion by solar ponds. The need for this kind of study was felt _
some two decades ago, and so far no published methodologies for achiev-
ing these objecti\;es were available. The presé'nt study has, in
addition to providing such a methodology, shown that the commonly held
belief ‘that solar pond power gystems can ;nly function at acceptable
effigiencies under semi-tropical conditions is a fallacy, There are
two reasons for this : first, the determining factor involved in
power cycle efficiency is not only the highest temperature achievable
by the pond, but the range of temperatures available to the heat engine
(that is the temperaturé\difference between source and sink) . Second,
the optimum operating cor\zyaitions and design of a solar pond power system
in a semi-tropical climate are not necessarily the fame as those of a
northern climate pond, In fact this study shows that northern ponds
can produce ealectric power with costs close to those estimated by the
Igraelis for semi-;.ropical conditions if proper modifications to the

pond construction ax‘jld operating conditions are. made.

el A ntecw B e
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"The floating pond power system proposed in this study ex-

o Pplored the possibility of making the pond float on a layer of fresh

water in natural bodies of water. It was shown that such a con-

struction would greatlx reduce salt costs in ponds equipped with deep
¢ .
storage layers. Such a procedure would permit the location of

large solar ponds power systems close to densely built urban centers,

where they could not otherwise be installed because of space limita-

~

tions.

7.2 Conclusgions- .

'
n

The following concluding remarks apply to Chapter II :

7

The analytiecal solution of the governing equations for three layer

solar pond revealed the following :

Q -

(1) The time table of heat extraction from LCZ plays an impor-

tant role in the applicability of the pond to different end uses,

3

(2) Ponds operating in the same range of temperatures are more effi-

o .

cient in gemi-tropical conditions than those in northern climates (as demon-

T -
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strated in Section 4.4 , lowering the o;j:;iyempegature of a
northern pond can however result in accep costs).

v
¢
(3) The yield of a solar pond cox.kld be increased if it were
possible to vary the thickness of the NCZ ’ as a .function of the
pond temperature and climate conditions, The pond efficiency can
be maintained at the optimum value as it heats up by making the NC2

depth equal to the value characterized by the straight line tangent

to the optimal efficiency curve at the (‘qiven pond temperature,

4) The numerical solution of the governing equations' by finite
difference is in very good agreement vzith the analytical solution,

(.,‘E and can be found in almost the same amount of computer time,

(5) The assumption of constant sun declination angle, which has been
used by many other researchers, does not affect the LCZ temperature

considerably and is a slightly congervative assumption.

(6) The ice coverage of the pond surface has a considerable effect
on the LCZ temperature because of the lower solar radiation penetra-

tion through the ice.

The following concluding remarks apply to Chapter III :

(1) The method develcped for power cycle amlysis yields excellent
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results (2% error on the average from the thermodynamic charts and / or

tables for prediction of cycle efficiency) .

'
7

- ' The method is applicable to anf fluid for which sufficient
data is available. It can be used for selection of the most effi-

cient fluid for a particular systenm,

(2) The static optimization of & solar pond power plant revealed
that using F-113 as the working fluid yields lower unit energy cost

than using F-11 .,

=~ The optimum operating conditions of the SPPP are depen-~

dent upon the choice of working fluid.

- g:onsidering the generation of power for the whole year,
the energy cost of a " SPPP located in a semi~tropical climate' (e.g.,
Shiraz) 4is much lower than that for a SPPP in northern climate (e.g.,
Montreal) . (As demonstrated in Section 5.4.5 operatingaa northern

pond for part of the year only will result in acceptable costs) .

'(3) The SPPP with F-113 as the working fluid can be expected to

reach an effiqaiency ofy 64'3 of that of the ideal Carnot Cycle,

The following concluding remarks can be made for Chapter IV ;

(1) The optimal amplitude of heat extraction is equal to the optimal average
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value of heat extraction for a northern climate pond (when sinusoidal
excitations are considered) This implies that it is not economi-
cal to have a deep storage layer to keep the system producing electric

power for the entire yea\f. (

- An SPPP in semi~tropical conditions is capaiale of producing

electric power for the entire year even for a solar pond with shallow

LCZ because of the relatively lower seasonal variation of solar radia-

tion.

- The optimal heat extraction rate will have a constant value
for ICZ thicknesses greater than 3.5 meters for ponds located in
semi-tropical c.:l.imates. This does not necessarily mean that electric
po;:er can be generated ajt constant rate (because ‘there are still varia-
tions in the source and_ sir;k temperatures) .

- * Although the excitations (solax" radiation and ambient tempera-

L

‘ture) have been assumed with the same phase lags for the sémi—tropical

and northern climates, the phase lags of the optimal heat extraction and
electric power generation will have different wvalues for the two loca-

tions.

(2) The optimization of an SPPP by discretizing the control variable

%

and using mathematical programming confirmed that the optimal control

(heat extraction) appears to be a sinusoid for the locatiops where all
a [ N ' v,
excitations can be well approximated by sinusoidal functions.

R




—
S

P N Al hiaadand S

A “

]

(31 | The best operating strategy and construction for an SPPP
in a northern climate would be to equip the pond with a shallow
- 3

LCZ and produce power only during certain parts of the year.

The following conclusions can be drawn from Chapter V :

(1) The floating pond power system can produce cheaper electric

v Y

energy than an ordinary SPPP .~  Even if it still gives rise to

higher energy costs than conventional means of eléctric power genera—

' tion, the floating pond presents the following advantages :

t
- making the NCZ float on a layer of fresh water would

eliminate a major fraction of the‘pond cost in the area where salt

is expensive.

(2) If technological improvements could be made in the manufacture
of transparent membranes (i.e., increase their life time to more than
ten years) an important reduction in electric energy costs from
floating pond power plant would result.

%

(3) Introduction of an icé" storage pit as a cooling means for an

SPPP , despite the added expenses caused by extra excavation and in— -

sulation costs, results in an energy cost 22 % lower than that of
a pond where the UCZ is used for cooling water in northern climatic

conditions.

“ . \
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I
1) The solar pond &an be used for the efficient generation of
electric power in notﬂ{[frn climates (latitude = 45°) ‘if the pond's
construction and operation are performed according to the following

rules : '

- Reduce the pond's thermal inertia so as to permit a rapid
increase in temperature in the spring. This obvicusly also brings
about a substantial reduction in the pond's construction costs.

= Use accumulated ice to reduce°the temperature of the cool-

ing medium of the SPPF during the warmer part of the year.

®

"

- Operate during the warmer part of the year only, and make
use of the residual heat available in theé} winter for purposes other

than electric power generation (Moshref, Crevier, (1‘982)) .

The following conclusions apply to Chapter VI :

-~

The solar pond power systen with underground storage can
produce qxpore power than a conventional SPPP ." However, due to the
additiohal costs of installing the pipe network, the electric energy
cost would be only slightly lower than that of a conventibnal SFPP .

Because of the colder pond temperatures during the revérse

operation, more of the heat stored underground would be lost to the

-
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surface, During the charging period the bottam zone would be at a

s

higher temperature than a conventional pond.

N

It therefore appears that reverse operation, although feasible,

is not particularly advantageous. These conclusions should however be

3

verified using a more exact model than ours. The further investigation

of ponds with underground storage should include a complete two dimen-

sional numerical study, as well as a consideration of the effect of con-

vection in the ground, and of ground properties other than those assumed

in this study.

7.3 Reconmendation for Future Research
' /

The following topics can be suggested for future research in

connection with the present work :

-

(1) The optimization methodology described in this research can 'be
modified to be used for different applications such as couubi;xed water
desalination and electric power generation, space heating, and indus-
trial process heating. In part?Lcula.r , the dual purpose plant (de~ 4
salination and ele‘ctric power generation) can be of great importance

to countries where a shorta%? of potable water exists, The works <;f
other researchers such as Johnson et al, (1981) ; Tleimat and Howe,

(1982) can be helpful for “their thermodynamic analysis of the energy

and mass balances of the system.

bt 2 ek 2 e
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(2) Electric power can be gcnerated by solar pongds using thermo-
electric convers;.on. The simulation and optimization of such a'
system would be -required for the estimation of conversion efficiencies
and costs. The .study would require the exact modelling of the
thermal and electrical behavior of the thermoelectric convefsion unit
and its proper integration into the pond model. Its compatibility
with low temperature pond operation and heat rejection (pond UCZ or

4

ice storage)} should be verified.

3) The solar pond power plant with direct contact heat exchanger
should also be studied. A direct contact heat exchanger coupled

to a solar pond for the purpose of elect;ic power generation was ther-
mally analyzed by 'Sonn and Letan, (1981) . In their anaiyses the
pond was not modeled : the pond's gecmetry, operating temperature and
efficiency were assumed to be known. Therefore a study is required

to first simulate the complete system components and optimize its

gecmetries and operating conditions.

(4) . The optimization presented in Chapter IV , which was carried out
in the time domain, can be studied in the frequency domain. fpince
the excitations signals such as ambient temperature and solar radiation

can be considered periodic then the optimal control input (heat extrac-

tion) may be computed faster in terms of Fourier series coefficients,
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(5) The possibility of usin;b a microprocessor based on-line con-
trol for optimal heat extractia',op purposes is worth exploring., This
requires, as a first step, thej representation of the solar pond
systen as a sampled-data systeji\n. In a typical sampled-data system
control inputs are held constaixt over some sampliné interval, The
representati:on of the system a15 a sampled-data system permits a simple
on—~line one-step optimizat.’f.on which does appear reasonable to imple-
ment with a microprocessor. This procedure may be integrated into.

an automated microprocessor-based system for operation and maintenance

of salt gradient.

(6) A two-dimensional thermal analysis of the solar pond with ground

storage, pipe network can be helpful in dopble checking 'the one-dimensicnal

model developed hers.

(7) The possibility of using aquifer storage, in conjunction with

an SPPP should also be considered.
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APPENDIX A

ABSORPTION OF SOLAR RADIATION IN A SOLAR POND

‘ This appendix reviews some of the basic theory of radiation

: absorption in a saltwgradient solar pond. - Even though radiation absorp~

E theory is wall established and many good treatises are available on the
subject, the absorption of radiation in a solar pond is still an active .
research topic in the solar pond area (Viskanta and Toor, 1978, Marsh

o et al, 1981, Giulianelli and-Naghmush, 1983) . For the sake of com-

pleteness, the basic concepts required to define the source function,

which is part of the solar pond model, will be presented here.

P

E ‘ The absorption of radiation in a homogeneous and transparent
medium can be described by lambert's law, which states that, "a thick-
ness dx of the homogeneous absorber 'reduces the intensity of the in-
cident :;adiation of wavelength X , by an amount 'dHA prc;portional ta

v

- both the inte;m;ity H

-

Aanddx",thus: . -

b WL W e

f
'1 } where uA is the proportionality factor called the spectral absorption
{ coefficient. The above equation upon simple integration yields:

t
H
A .
e T £ TR
ov— R - u dx or ’ H = H a ”
« i A A ’ A . k
Hl - 0
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where superscripts i and t stand for incident and transmittent
respectively. The spectral transmittance is defined by the ratio

of transmitted'radiation to that of incident :

f 1
1 = ———— = e or | w e LnrT
1 X
i

Usmanov, (1971) has presented spectral a.b;morption coeffi-

Y
&

cients for various uniform concentrations of Magnesium Chloride (CL_ Mg)

2
solutions. But he has not given sufficient details for one to readily
make use of these‘results for the case of a concentrationm varying with

depth, as occurs in a solar pond. Weinberger, (1964) measured the

g
L%
3

Q fraction of radiation remaining' as a ftﬂmction of the underwater path~

length for six samples of sea water coming from different parts of the

world. Rabl and Nielsen, (1975) presented a simple way of expressing _ .
the int;ensity of the radiation at any depth in a solar pond. They

found that the fraction of radiation remaining after a pathlength x can

be weh\approximated (within 3%) as the Stmmation of four bands (range

of wavelength) \,\ ‘each characterized by its own intensity and absorption

1

coefficient as fol g2

W, | " ,

P .

4 -n_ v x s o
Hix, £) = TH(E) z noe n (A.1)

o n=] <

where ’ H(x, t) is the radiation remaining after a pathlength x

(.) and Hs(t) is the radiation intensity ‘at pond surface, x = 0 ;
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T is the coefficient of transmission, dccounting for reflec-

tive 1losses ;

and n 1is a weighting coefficient,

Hull, (1980) has used a similar expression with forty
spectral coefficients and results obtained by him are in close agreement —

with the above equation. The values of un and nn suggested by

Rabl and Nielsen, (1975) appear in Table A.l . Absorption coeffi~
cients derived by Crevier, (1980)‘ from a gset of measurements, made by
Nielsen, (1980) in an experimental solar pond, are also presented in_
this table. The latter coefficients result in a more pronounced ab-
sorption of sunlight with depth, which induces smaller solar pond
efficiencies. This more pessimistic s;t ‘of coefficients will be used

for the’ similations described in the present work.

The efficiency of a solar pond is 1!.{1/1:; by some intrinsic

physical properties, Firstly, there are reflection losses at the sur-
face of the pond. Then, having penetrated the surface, the radiation

is rapidly at'tenuated by approximately f£ifty per c'ent since rlxalf +the
solar radiating enéréy 'is in the infra-red, (,té which water is almost:.
opaque (see Table A.l) . This half is thus absorbed in the first few
centimeters of the sur.face. Thus a very shallow pond only a few

centimeters deep, yielding negligible temperature rise, ‘could not collect

at the bottem more than fifty per cant of the solar radiation,

R N RSN Nt TN e N G e B

s e

s Rt -
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TABLE A,1l

+

ABSORPTION AND WEIGHTING COEFF ICIENTS

FOR RADIATION PENETRATION EQUATION
x

3
HEARy > ary oy B
i

S e

o e N

- -1 -1 ‘

N L m ™) . (m ™) nn Wavelength Range

Rabl and Nielsen, (1975) Crevier, (1980) . (um)

1 0.032 0.545 0.237 0.2 - 0.6

2 0.45 0.547 0.193 0.6 - 0.75

3 .30 - 0.637 0.167 ~ 0.75 - 0.9

4 5.0« . 5.0 W 0.179 0.9 - 1.2

S

Remaining 355.0 . 0.224 1.2 - ‘over~ .

Sodha et al,(1981)

‘The computation of. the amount of radiation reaching a given
depth is affeéted by the latitude of the'site, as well as the time of
the day and year. To reach a unit depth, thé radiation must travel
along an obligque path a di_stax;ce of secr , vwhere r is the angle of
"refraction, assuming a constant value for the index of refraction N .

*  For direct (beam) radiation the angl; of incidence is given closely by

S i

{(Weinberger, 1964) : .

—
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v, J
'

\, | -
9
cos i = cosL * tos'D ¢+ cos 2m t /24) + sin Ll sin D

where i is the incidence angle ;
L is. the latitude; ' (

t is the time in hours from solar noon;

and . D {s the declination®of sun which is approximately :
b = p,.sin (—22E
365.25
s o N
where Do - 23.45° is the sun declination at equinox;

n is the number of days measured from the spring equinox.

The angle of refraction, r , is given by ‘Snell's law

(williams and Becklund, 1972) :

esin £ = N - sin =z

- . .
&
i .

Rabl and Nielsen, (1975) used a cénstant effect‘iVe incidence angle corras- .

ponding to the positt n of the sun at 2.00 P.M. ;t equinox. They used

! R

- an effective absorption coefficient u as follows s .
* ‘ ” - 2
pn » pn Sec r . . (A.2)

This modification of the absorption coefficient should be applied to

[

equation (A.l) .

ey
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APPENDIX B
) OPTIMALITY _CONDITIONS
\A "
3 * For coni'pleteness and reference purposes, this appendix

¢

.reviews optimality conditions for the minimum of nenlonear functions

.

subject to nonlinear constraints. ., Based on these conditions there

1 .

are many numerical approaches for nonlinear optimization, but no

3

general consensus as to the best. The optimality conditions which
follow are often referred to as the Kuhn-Tucker conditions (see Kuhn-

Tucker (1951), and Kuhn, (1976)) .

#
.

B.1l Conditions for a Minimum with Nonlifeay Equality Constraints
N -
. ]

When all the constraints are equalities, the problem form

AY

becomas : —
.
ninimize F{x) . %
., 3
N 7 (B.1
2 n “ .
sibjJect to . C(x) = O .
3 (i B i
. “, !
..
- ‘ M "'
L - N : Ty
- e i Sty
. ;
¢ } ron '
. T - . T
i . ORI 5. ¢
1 = ;s B st .
> . A 1’ s K - e
T . R [ . "
. ;
. -a ‘;;~ ‘,.,* “ 14 ! ,‘“.‘ . f\
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.

RN fad )
where x% 1is the n x 1 vector of variables and C is the t x 1 3
) , *
vector of equality constraints. A point x is a local minimum

'of problem (B.l) if : - i

Ld »* \ * \
(a) Ci(\r ) = O vi,i=1, ...t (x is feasible) .

1

sty

?

(b) F (xl) & F(x) for all feasible x in some neighbourhood

|
of x L]

N e SRR

. . )
To verify vhether a point x satisfies (b) , it is necessary to
*
characterize feasible perturbations from x , so that the behavior
of PFP(x) along suc:h directions may be analyzed. In order to deter-

!

mine whether feasible perturbations exist, i£ is necessary to impose

Wvdi g o

C} conditions on 'n constraint functions (Gill et al (1978)) . These

: conditions are comonly termed constraint qualifications. Thé con-

straint qualification with respect to the constraints of the nonlinear

equality problem (NEP) holds at x if :

‘ ~
(1) _ The functions C 1 (x) are -twice-continuously differentiable,

-~

C(41) Cx) = 0

(iii) Any non-zéro vector p satisiying :

. ""_La‘
N ‘ A(x)Tp = 0

4

(B.2) !

x4 . -
' f

is tangent to a twice~diffarentiable arc emanating from X along which

Q

N - M S
&, . P KEd 23



] » » . N

'
. L st LA

e

204

P

! Q - all constraints are satisfied in some neighbourhood of X . In the
above, the matrix A(x)'r is called the Jacébian matrix of the set of

constraint functions, i.e. :

A(X)T - 'a_g'éTx')"
ax

Satisfaction of the constraint qualification allows a specification of

necessary conditions for a point to be a solution of the nonlinear
\q »
equality problem, If F(x) and C(x)' are continuously differenti-

*
:\13, and the constraint qualification holds at x , the following

. *
conditions are necesgary for x to be a solution of (NEP) :

1 -~

*
q?, . (1) C(x) = 0.

(14) 1£ 2(x) denotes a matrix whose columns form a basis for the

sat of vectors orthogonal to th.e'colms of A(x) , then :

* *
Zx) g(x) = 0 ) (8.3)
where g (x) 35%(-& :
R ~ or equivalently :
; . . . A w * ' .
‘% \ g(x) = A(x) A ) : (B.4)

* . l N .
where the vector A  is called the vector of Lagrange multipliers, and

'
. - R . - -
. O , A ’
3 - .
‘ - " .
’ @
.

ot
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*
represents the coefficients in the expansion of g(x ) as a linear

* %
combination of the columns of A(x ) .

The condition (B.4) 1is

* )
equivalent to the statement that x is a stationary point with re=

spect to x of the Lagrange function defined by :

kY ‘ TA
L(x, A) = F(x) = A" C(x)

»
This characterization of x is quite significant in the design of al-

- . AN i
N et St RS L A AT BRSPS

gorithms to solve (NEP) .

Second-order necessary conditions for a minimum of (NEP) in

/additidn to the above conditions, (i) and (ii) , are that F(x) and

~
C(x) be twice - continuously differentiable and that the following con-
dition hold : 1

(iid) Z(x*)T w(x*, A*) Z(x*) must be positive semi~definite whexe

, W(x, X) is the Hesslan of the Lagrange function. Sufficient con-

*
ditions for x to be a solution of (NEP) are :

-

L)
(i) F(x) and C(x) are twice - ¢ontinuously differentiable. ,
7 )
L~
. (11) Cc(x) =.0
' J : m
¢ * g * . ! *
(114). z2(x )" g{x) = 0, or there exists a vector A

" guch 'that

%

* * *
g(x) = A(x)‘}\ .-

e
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. R * * * *
(iv) The matrix Z(x )T W(x , A) 2(x) 4is positive definite.

—

B.2 Optimality Conditions for a Minimum with Nonlinear
Inequality Constraints

The problem to be considered is that of minimizing F(x)

subject to a set of m nonlinear inequality constraints :

minimize F(x)

subject to ci(x) 2 0 i=1, ... ,n

To determine the conditions at a minimum, it is necessary ;:o define the
set of constraints that are activel at a point, To chara;:teriie
feasible perturba£iom with respect to active inequality constraints,

it is necessary to impose as in (NEP) a constraint qualification.

The constraint qualification with respect to the constraints of the non~

linear inequality problem, (NIP) , holds at x if :
(1) ~The functions C(x) are twice - continuocusly differentiable.

- ' ‘ -
(11) c&x) »0. If t constraints are active at x , C(x) = 0
denotes the active constraint functions, and the Jacobian of' the active

. b
constraint functions is denoted by A(x ) .

A constraint is active at point x if :

’Ci(x) = 0 .

- " - P
[Tt T — U VU s Py P

Xl

e
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i * * * W *
(ii) Z2(x )" g(x) =0 or, g(x) = A(x ) A
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(1ii) Any non-zero vector p which satisfies :

A(;!)Tp> 0 .

'
*

is tangent to a twice =~ differentiable feasible arc emanating from x

and any non-zero vector p that satisfies :

by

L3
AR p = 0

is tangent to a twice ~ differentiable arc emanating from x along ?

which all constraints active at X remain identically zero. As in

" i g
the (NEP) if A(x) has a full column rank then, the constraint

qualification holds. ) - )

* ’ F
The necessary conditions for x to be a minimm of (NIP)

~
® ©

can be summarized as follows (Gill et al (1978)) :

~

1 c&x)LP> o . cx’) = 0

-
!

.

i) A'> o .
‘ N ' . * : » .
* T L 4 * * . * * * * *
(iv) 2(x )" W& , A) 2(x) , where W(x, XA ) =G(x) - Z xiai(x)
o L : iml .
be non-negative definite, W(x*, X*) )inéludes only the Hessiang of

the active constraints.
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In the above, the satisfaction of the constraint qualification i's

o
4

assumed and F and C are considered twice - aifferentiabg.e.

The
" sufficient conditions in addition to the first three conditions above,

require the following :
, , .
o
’ . * T * * * ., ) *
- Z(x ) Wix , A) Z(x) be positive definite and if Ai = 0
\
then, for any vector p : . \ N
3 ! ’ i . T
~ * . .
ai(x )" p>0
i and ’ . ot .
N 3
: ' !
» Y T - ¢
P Wp> J . ( 5y .
) [:i ' ) ¢ ’ -’ g&: .
. . i " .
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o %
L SR APPENDIX C :
v - THERMAL ANALYSIS DF THE AUXILIARY POND
K.
‘ E
‘- \ It"is assumed that the LCZ has been extracted from the
main po;xd and stored in an auxiliary pond a few weeks prior to re=-

verse operation. The operation procedure of the auxiliary pond
is as follows : at nights the concentrated brine would be exposed
to the atmosphexe, to take advantage of the very cold winter sky

temperaturs, while during the day time it would be protected from

T e s o TR 1 2
1

solar radiation S}f floating a white foam (s;uch ag that used by fire

fighters) on top of it. A mathematical model has then to be derived

bng
2 Fa

for both the night time and day time periods.

o~y
P

7

’

‘ C.l Night Time Ogeratﬁion

"

- The energy balance equation for the concentrated brine in the

agxiliary’pon'd can be given by :

W

heat loss to the heat loss to

heat 'daposif:ad into

' : auxiliary pond from - at:n;osphere due - the atmosi:here

S condénser of power to radiation due to con=
- plant . vection
. i , ’ ‘
' ‘' heat gained ' due =« .. change of
. e, cheme e . | . . (€.1)
- e to bottom conduction © . internal energy
o "
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The heat losses to the atmosphere due to ev'aporatioh are neglected since

they are small compared to other terms in equation (C.1) .

The heat loss to the atmosphere due to radiation, q, v

(Exrom Stefan-Boltzmann law) can be expressed as follows :

“ s 4
¢ - -
% "7 b Aa.u.::: (Taux Tsky) ) €.2)

. - &

is the surface

‘where, o is the Stefan-Boltzmann constant, Aaux

sb '

area of the auxiliary pond, and Taux and Tsky are auxiliary pond

N )

and sky temperatures respeci:ively.

k-
'

’ The forced convection losses due to wind action for wind

velocity less than 5 m/sec. (Scgock (1965)) can be given by :

.-

qgc - hf_c Aaux(Taux - Ta) ; - (C.3)

c ' the heat transfer coefficient, is obtained from the - .

vqhere h £

P

following expression :

hfc = 5,7 + 3,8 VW ’ " N (?.4)

t

where, V. , is the wind felocity in m/sec . |

a "

L3 . .

:
s
‘ “ v -
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The heat gained by the auxiliary pond due to ground conduc-

" tion at the bottom, as in the steady state operation of the pond

k]

degscribed in Chapter II , is assumed to be as follows :

L4

K
= -9- - " '
Ye. Aux I Toux = T , . (c.5)

L)

. ! 4
where, Kg + 1s the ground conductivity, 22 and T have their

previous meanings.
Using equations (C.2) -~ (C.5) , the relation in (C.l) can be expressed

mathematically as follows :

.

.4 4 '
Yep = Tab Paros ok - Tskx) - (5.7+3.8V)A (7 -T)
K - 'a T ux ~
= (p C L7A) D T - (C.86)

- =2 Y -
22 Aaux(TaM) aux dt

P .
The analytical solution of equation (C.6) can easily be ob-

o]

tained if the radiation losses are approximated as follows 3

o A g
, - 4 faux .4 _ . 4
G 7 U)oy Rany [+ 33s) - G gmaE )]
\
4 ,
41492) o A (-7 ) e

© L ¥ 5 %sb Mamx Tawx T Taky

(

In the above equation, the temperatures'are expressed in degrees Celc;lus.g} ,

-
o
'
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4 4

} Substitution of equation (C.7) into (C.6) and re-arranging the

i
i
' terms yield :
CodrT AN T B

K
aux : -4 8 aux
m——— - R . L + .
( 3t .(57+38VW 7 8,58 x 10 csb) oeL)
! . . : . 2 aux ,
- - 5.7 + 3.8V - " 8.58 x 10° ¢
O T Nor 4 sb_p
[ aux a (pC2) sky
. 1 aux
K - \
———9—__._ T + .._.._..._._...l
q (C.8)
% 2 (pCL) aux W {pCLA) aux dep

3 i b e vk
»
—

C.2 Day Time Operation v

0 | » |

The white foam is assumed to reflect all the solar radiation. 3

The energy balance can be given by the following :

g
- - - -
Yep A, (T T ) U, A (T T)

2 aux W oh aux aux
3 ! . .
d Taux . .
. X | - (pf:u) ax ie ) (c.9)

- ]

: ‘ ) |
P © ., vwhere U h is the overall heat transfer coef.f:l.cient whiéh takes into
N ‘ A

.

- »\ N ' ' \ v
2 .. account the conduction through foam layers and free convection, therefore : . i
i3 L = - B ‘ "4 N
A

oo T -
. - N » - <

Le 1 9 | id
1 T Yt i v H . (c.10)" - .

£ fr . —

e

L
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(" where ILf and Kf are the thickness and thermal conductivity of the

1 .

foam, and h is the free convection heat transfer coefficient.

fr

*

Equations (C.6) and (C.9) can be ifxtegrated alternatively

for the night and day time operation for the perigd of .reversed opera—

tion.
z
] " A
) C.3 Temperature Response of the Auxiliarvy Pond | i W‘
. \A -
< Prediction of the auxiliary pond’'s temperature was achieved
@ by a numerical method using an IMSL subg_gqq.ne based on the Runge~

-

Kutta method. The temperature responsé as %ell as the data usad-for
its calculation appear :Ln Figl\ire c;.l (the zero of the time axis
corresponds to the middle of October) , The increase of the a}miliary
pond temperature during day. time ppération was in the order of a fraction
of a degree and it is not represented in Figure C.1 . It can be seen

_that the temperature of the auxiliary pond drops to =~ 10 % in about

three weeks. The ambient temperature has a minimum of -~ 9.5‘9C and

! ‘ that of the auxiliary pond has a minimm of ~ 13 ,°C which occurs about

2

a week 1ater[ﬁ ! . -
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