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ABSTRACT

Diurnal and seasonal sclar energy storage using sensible heat and
latent heat storage materials is discussed. In addition, the
application of various solar energy storage materials in coocling
installations is shown by describing some solar-aided dehmidification/
cooling and absorption cooling systems, and a comprehensive description
of both kinds of systems is given. Also presented is a system which
uses a thermochemical heat pump for cooling and heating and an
immovative liquid sorbent system which employs a dehumidification/
cooling concept coupled with a salt-gradient pond. Schematic diagrams
of the coupling method are shown. Furthermore, the operation of a solar
pond is briefly described along with a retrofit absorption cooling
system which uses cold water stored in a decommissioned nuclear reactor
pool of 416,000 liters (110,006 gallons) capacity located in the CEER
facility in Mayaguez. Finally, a new technology appropriate for the
Caribbean climate is demonstrated as an exarmple of the use of local
resources using locally built fiberglass parabolic trough collectors.

INTRODUCTION

Fnergy storage as an area of primary importance for solar energy
conversion has been the topic of studies for some time [1-10].
Attention has focussed on a variety of storage devices and media
which could satisfy a wide spectrnum of thermal, physical, engineering
and economic recquirements. Different kinds of storage systems, for
example, sensible heat storage [10-19] latent heat storage [20-27],
thermochemical energy storage [281], photochemical energy storage [291,
acquifer energy storage [30], compressed air energy storage (315,
kinetic energy storage in flywheels, electric energy storage in
batteries and fuel cells, or storage of energy in the form of hydrogen
fuel have been investigated.

In Puerto Rico, a 22 m2 (240 ftz) shallow solar pond system is being
desioned by CEER for hot water generation and storage for a high school
in Mayaguez. CEER has also developed a salt gradient pond computer
design. Some applications of natural salt—gradient ponds in the
Dominican Republic and on the island of Anguilla in the Caribbean arg
also being considered for solar energy storage. For exanple, a 2023 m
(0.5 acre or 21,780 ft°) salt-gradient pond located 'lLB San Juan, Puerto
Rico will collect up to 1.27 x 10"~ kJ/yr (1.2 x 10 Btu/yr). Oceans
play the role of the largest natural reservoirs of solar enerqgy storage.
The most important application of this stored energy for the Caribbean
is for use in OTEC plants for the production of electric energy. Puerto
Rico has been active in developing this technology and CEER has played a




major role in the biofouling and ‘corrosion studies that have been made
in the last several years.

For cooling, energy can be stored as cold {temperature below ambient)
for direct use or in the form of medium (ambient to 93°C (200°F)) and
high tenperature storage (93°C (200°F) to 2316°C (600°F)) which can be
used for absorption air conditioning and Rankine cycle systems.

A variety of storage materials and means have to be used to satisfy
such a broad range of temperature and thermal energy requirements.
The kind of storace media chosen is also influenced by the end use of
the energy supply and by  the process employed to meet that
application. For thermal conversion processes, storage in the form of
thermal energy itself is the most appropriate. For photovoltaic
processes, energy storage in olectric batteries appears to be the
proper solution, In the case of some phiotochemical reactions, the
reacting agents form the storace media. Alternatively, hydrogen can
be produced electrically or thermally for use as fuel.

Water seems to be the best sensible heat storage liguid since it is
inexpensive and has a high specific heat. Antifreeze, however, nust
be added to water for energy storage balow 0°C (32°F)., Paraffin waxes
and salt hydrates have been used for solar energy storage with some
success.  If utilities adopt load management  {off-peak or time-of-day
rates), a heat purp can be used for both cooling and heating energy
storage.  The ofr-peak operatior of a heat oup will result in
reducing a conling/heating bill and, consecuently, in shortening the
payback period for the cost of the solar system,

In this paper attention is focussed on cooling systems applicable to
the Caribbean or cther similar areas of tropical climates in which
cooling loads for air-conditioning systems are year-round  and
represent a major fraction of the electric energy demand in commercial
and industrial installations. Ir particular, a salt—gradient solar
pond is an effective low-cost solar encrgy collection and storage
means as a medium tenperature heat supplier for absorption cocling
Systems {32-33]1. The use of a thermochemical heat pump aided bv zolar
heat collectec and stored in a salt-gradient pond [34-35) and a solar
aided absorp-ion air-conditioning system which uses the water pocl of a
decommi ssioned nuclear reactor for energy storage [36] will be described
in this paper.

STORAGE FOR COOLING APPLICATIONS

The storage of thermal energy is an important aspect of solar enerqgy
conversion. The range of technologies which can be used for this
purpose 1is broad; however, thic paper will focus primarily on cooling
systems.

For cold storage, the lower temperature limits of the storage are
imposed by the chiller performance or the winter ambient environment in

the case of temperate climates. fThe upper limits are determined by a
combination of factors such as the cooling load, the type of storage,




the storage container, and the minirum generator inlet temperature
required when a chiller concept 1is used. In the case of a
dehmnidification—cooling system, the cold storage can be accomplished
with chilled water tanks and water in the terperature range of 0°C
(32°F} on the low side freezing point of water) and approximately
10°C  (50°F) on the high side (coil temperature needed for
dehumidification). The cooling lcad profile for the system has to be
determined in order to size the cold storage properly,

Diurnal cold storage is sametines integrated into solar space-cooling
systems in order to reduce chiller cycling frequency during periods of
low  demand. It may be used in such systems to permit off-peak
operation of a standby electric air conditioner. Tt improves the
annual coefficient of performance by increasing the solar fraction and
by reducing the installed tonnage requirement., Candidate technical
concepts for diurnal coclness sworage include the use of ice, chilled
water, saturated acuecus solutions, phase-change materials that melt
at 7°C to 10°C (45°F to S0°F), and refrigerant storage. Among the most
promising systems is one using Glauber's mixture. Ice storage has a
good potential for conventional electric air conditiocners because of
its small volume and commercial availability. Saturated agueous
solutions with high terperature of solution offer some  promise of
substantial volume reduction and lower first cost., Chilled water,
however, is the only widely used storage medium in existing solar
cooling systems. This type of storage is being used in the solar
alded absorption coocling system at CEER by employing a decommissioned
reactor oool.

SALT-GRADIENT POND AS ENERGY STORAGE

Figure 1 shows a cross section of a salt-gradient pond. Typically,
the brine in the top layecrs has 1-2% salt {usually NaCl or MgCl) while
that in the bottom layer has as n1igh as 25% salt. Due to this salt
gradient, the bottom layers of ligquid have a higher density than those
on top of the pond. This density gradient allows a corresponding
temperature gradient to be established without convection currents
occurring which would tend +o equalize temperatures., In practice, an
Upper convecting layer exists because of wind disturbances in oA
similar way as in a normal ponct. If the bottom layer of concentratod
brine is withdrawn for the extraction of heat, the non—-convecting
layer will still remain more or less undisturbed in the salt pond.
Thus only a middle non-convecting layer remains undisturbed in the
salt pond during the operation of the pond. The relative thicknesses
of these layers are determined by the environmental and operational
conditions.

The non-convecting layer of brine forms a very good thermal insulator
SO that relatively high bottom temperatures of up to 923°C (200°F) can
be expected in high solar flux areas. In practice this temperature
varies from 49°C to 82°C (120°F to 180°F) depending upor the degree of
stability of the salt gradient and other factors (rate of heat
withdrawal, ambient air conditions, etc.). During sunny periods about
40% of the solar energy is transmitted through the brine and is absorbed




at the bottom of the pond. The bottom layers are thereby heated because
of the salt gradient. The brine serves as a sensible heat storage
medium, thereby eliminating the separate thermal storage subsystem that
is normally required in many sclar energy collecting systems,
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FIGURE 1. CROSS-SECTICN VIEW OF SALT-GRADIENT DOND

A salt-gradient pond rodel was developed at CEFR for solar heat
storage  and delivery sizing, and overall system performance
evaluation. These studies shows that the pond potential is as good in
Puerto Rico as in the highest insolation areas of the continental
U.S.  Puerto Rico receives large anountszcaf solar radiation on a
horizontal plane 204 kJ/m“-day (1800 Btu/ft ~day) and the availability

f this radiation is very much uniform throughout the year becausc of
the island location near the equator, In addition several other
climatological characteristics make Puerto Rico and the Caribbean legion
a very good site for sclar ponds use as energy storage and delivery
systems,

DEHUMIDIFICATION/COOLING AIDED BY SOTAR COLLECTORS

Interest has increased in recent years in the use of collected solar

heat for the cooling of buildings. A variety of techniques has been
proposed;

a) Vapor-compression refrigeration by using a Rankine-cycle engine
driven by solar heat;

b) Closed-cycle absorption refrigeration wherein the sorbent
generator is driven by solar heat;




¢} Dry-sorbent dehumidification followed by adiabatic cooling
wherein the cry sorbent is reactivated with solar heat:;

d)  Liquid sorbent dehumidification followed by adiabatic cooling
wherein the liquid sorbent is regenerated with solar heat.

A cooling system built by H. Robison and W. Griffiths [34,35] uses a
solar-aided chemical heat pump cycle as shown in Figure 2. To be cost
effective, any sclar cooling system located in the Caribbean should
include a provision for dehumidification as well as for ccoling.
There are three chemical solutions in comon  use today as  liquid
desiccants: lithium chloride, calcium chloride and triethylene glycol.
The latter is more effective bus requires much lower regenerating
temperatures.  Systems using ligquid desiccants have the following
advantages: continucus cooling during disorption, heat and mass
transfer from a liguid surface, a low fan power requirement, and the
use of liquid-to-liquid regererative peat exchangers to increase
efficiency. Additionally this type of system, including the systems
which use sclid dessicants, do not need COMPressors, evaporators,
condensers, gas-fired generators, vacuum systems or pressure systems,
The storage reservoir stores eneray in the form of concentrated brine
at ambient temperature rather trhan heat in these types of cooling
systems. For a given amount of stored cooling energy the concentrated
brine storage concept requires only about one-tenth the reservoir
capacity of a system storing the same amount of cooling energy in the
form of heat [235).

The open—cycle chemical heat purme uses a calcium chloride water
solution. Calcium chloride has the advantage of being chemically
stable, non-toxic, ocdorless, non-flanmable, non-viscous, and
possessing good heat transfer Characteristics. Although it is not as
effective a dessicant as the lithium chioride, the calcium chloride is
less costly. The negative feature is that it is corrosive in nature.
The system as shown in Figure 2 can operate in the cooling or the
heating mode. When the heat Dup cperates in the cooling mode, which
is of interest in the Caribbean Reglon, outside air (1) is cooled by
shallow well water which circulates through the packing. The well
water sink could be ocean water, river water, cocling tower, fountain
or possibly a salt-gradient pond.  The heat of sorption is removed
when the air passes threugh the coil type heat exchanger containing
well water (2). Dehumidification by a calcium chloride solution
removes further latent heat, Iumidification of the cool, dry air by

water spray (3), results in a final conditioned air tenperature adequate
for human comfort (4).

Operation of the heat pump in either the cooling or heating mode
always results in the chemical solution of CaCl, being diluted by
absorpticn of water. To reconcentrate this dilute “solution, the CaCl
water nﬁx}ure flows 4 across the roof-collector/regeneratof
(area=10 m“/3.5 kW = 100 ft/ton of refrigeration). 'The water vapors
generated by solar heat of the collector are exhausted into +the
atmosphere.  The average coefficient of performance (QOP) over a 24
hour period for such a combined solar energy coollection and
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refrigeration system is in the range of 0.6 (34, The COP is defined
as the refrigeration effect divided by the total incident solar energy.
A similar system is being investicated at CERER.  The system vses solid
desiccant in the form of ailica el which is being regencreoted by scolar
eneray.

DEEUMIDIFICATION/COOLING ATDEN BY A SOTAR SALT-GRPADIENT POND

D

Solar ponds have heen or
coliectors as a means of g
systems, Research, *o-date ~og !

significant advantaces over tcal flat-plate  solar collector
systems.  These adva'**'lqes ' ¢ first cost per unit of
delivered heat (at least s Ha+-~1:ﬂaute collectors)
easy to build, higher durahi and _O_leDlJ_lT‘» the caombination of
solar Ta.d_latl(_‘fl ool Lec*clon with solar Ho _,toracre, and the entrapment
of solar heat under cloudy condi-ions by collectlnq diffuse radiatiom,
A salt-gradient pond could bhe coupled with an open liquid sorption
syster to provide sumer oooling B usidg the concept suggested by
H.I. Robisorn =t al., [35].

00 an alternative +to flat-plate
solar heat for air-conditioning

That solar ponds have

£
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The sorbent brine and the pond brine may consist of the same salt or
cifferent salts, or the rixure ci =alty in the form of thc, solar pond
brine. The bLrine in the 11 soTption  system can be coupled
directly or :indirectly to the solar venc during operation of the
cooling installation.

The vrimary advantaces =f +the Jirect method of coupling are: the
elimination of the need for sorbent brire ‘o pond brine heat exchange
equipment, thereby reducing cest  and J'Tpr""VlnG performance; the
inherent incorportion of a means of main taining a stable density
gradient within the sclar poné at no additional ecquipment cost; and
the inherent ability to use *he lower convective layer for energy
storage in the form of concentrated brine. An example of the means of
acconwushmg the darect coupling through the falling pond's ODcYath*]
is shown in Pigure 2, The falling-pond method [32] ard the
rising-pond method [37) could he used as the mocde of the operaticon of
a coupled pond.

Such a coupled pond cooling system will be charged with a brine such
as CaCl and  have ubsorptive grooort es compatible  with the
llq‘l.llO.—SO”’berlt air-conditioning process. During the pond operaticn,
water diffuses downward throu‘q the non-convective layer and into
the lower convective layer, lot brine containing this diffuse water
is withdrawn from the lower convective layer. A portion of the
withdrawn brine is transported to the liguid sorbent conditioner,
another portion is transported +n the liguid sorbent regenerator, a
third portion could be transported +o genera te industrial process heat.

In the regenerator the hot brine is contactec with a scavenger
alrstream on a brine-to-air contact surface such as a cooling tower
fill. The scavenuer airstrear tvoically consists of outside ambient

air, building exhaust air, or a rixure of the two. The hot brine,
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having a water vapor pressure very much greater than the water vapor
pressure  of the scavenger airstream, is concentrated by the
evaporation of water into the scavenger airstream, The brine thus
concentrated in the regenerator is mixed with the diluted brine
withdrawn from the conditioner and is transported to the Ilower
convective layer of the solar pond. The concentration of the brine
returned to the solar pond is higher than the concentration of the
lower-convective layer, allowing it to absorb the water diffusing
dowrward in the solar pong.

The ligquid sorbent regenerator serves here the dual purpose of
providing a means of brine concentration for the liquid sorbent
conditioner, and providing a means of maintaining a stable density
gradient within the solar pond. an evaporative pond interconnected with
the salt-gradient pond can also be used as a liquid sorbent regenerator
via surface evaporation process. The lower convective layer of the pond
thus serves as an energy storage reservoir for both sensible heat (brine
temperature) and latent absorption (brine concentration),

The liquid sorbent conditioner requires a heat sink during the coocling
operation for rejection of the latent heat associated with air
demmidification. This heat sink can be a cooling tower water, well
water, ocean water, river water or, as 1s proposed here, the upper
convective layer of a salt-gradiert pond,

It is Xnown that the temperature ©of a natural body of water is
typically within a few cdegrees of the wet-bulb temperature of the
atmosphere.  Furthermore, it is expected that the termperature of the
upper  convective  layer would approach the  ambient wet~bulb
temperature. Ffigure 4 shows how the upper convective layer of the
solar pond can be used as a heat sink for the liquid sorbent
conditioner to reject the later heat associated with air
dehumidifcation, Embodiments are shown for both coil-type and
packed-type conditiocners. Water is withdrawn from the upper
convective layer, passed through the coil (coil-type) or sorbent
brine~to-coolant heat exchanger (packed-type), wherein it receives the
latent theat of condensation associated with the dehumidificatiszn
process and possibly seme sensible heat associated with air cooling,
The warm water is returned to the upper convective layer where it i
cooled by evaporation to the atmosphere. The cooler and dryer air may be
passed through a cold water spray before peing directed to the air
corditoned space.

ABSORPTION ATR-CONDITIONING SYSTEM AIDED BY SOLAR ENERGY

The Single Stage Cold Generator currently being installed at the CEER
Solar Enerqgy Facility in Mayaguez is designed to use hot water at 93°C
(200°F) . Working fluids in the machine are lithium bromide, which
plays the role of the absorbent, and water which plays the role of the
refrigerant. The hot water is used to reclaim refrigerant from the
iithium bromide solution to sustain the refrigeration cycle.
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Figure 5 shows a schematic diagram of the abscrption air conditicning
system being installed, Subsystems such as “he absorption unit, cooling
tower, chilled water storage, heat exchanger, boiler, and collectors
array are siown on the diagram. One side of the heat exXchanger is
connected to the absorption chiller and to the boiler, the other side is
cornected to the collectors array. The function of the heat exchanger
is to facilitate the exchange o heat between the hot concentrated and
the cool diluted lithium bromide solution. The hot water temperature is
maintained at 93°C (200°F) at +the intake of the chiller either by the
solar collectors array or by the boiler, The boiler capacity of the
system is in the range of 615 kW, 103 kPa (2,190,000 Btuéhr, 15 pei
steam}. A collectors array arca of over 670 m™ (7200 ft°) is being
used. The field of collectors consists of 43 rows with 7 collectors in
each row. FEach of these rows ig series commectad and all 43 rows are
parallelly interconnected. & ceneral view of the field of collectors
presently under construction is shown in Figqure 6.

Each parabolic trocugh collector is made of fiberglass by using a boat
building technology adopted by H. Barcelo [36]. Mirrcrs are used to
line the fiberglass shell of the collector to provide the reflecting
surface. The focal length of the collector ies 32 om {12.5 in} which
provides a concentration ratio of over 30, The absorber pipes,
consisting of two copper tubes interconnected at one enc, run along the
focal line. Absorbers painted #lzt-black are rlaced in double envelope
glass tubes *to minimize heat lesses and o increase the collector
efficiency. Over 300 collectors were nuilt at the CEER Research
Facility in Meyaguez. Scme of the fiberglass collector shells are shown
in Figure 7. From zll indicaticns, the durability of these type of
collectors was tested in the corrosive environment of the Caribbean

Regicn during a one year solar exposure of a randomiy selected collector
with successful results.

In order to sustain the cooling cycle, solar heated water will be used
to reclaim the refrigerant from the lithium bromide solution. With a
flow rate of 0.25 1/s (4 gpm) through each collector row, the water
temperature should exceed 93°C (200°F) at the intake to the chiller.

A former nEclear laborptory and reactor buildéing, now consistir. of
over 3000 m~ {32,000 ft°) of office and laboratory space, will be cowied
by the system. The pool of the 2 W decommissioned reacteor will be used
as the cold water storage. Witk a pool capacity of 416,000 liters
(110,000 gallons) of water, it is expected that the temperature increase
of the storage water during one day of full load operation of the
cocling system will be only 3°C (5°F) . Figure 8 shows a general view of
the former reactor pool which will be used tor chilled water storage.

The optimum size of a storage system for a particular application
depends upon the storage medium, the size and efficiency of the
collector, the amount and frequency of solar radiation, the amount and
profile of the building lcad, the maximm and minimm allowable
storage temperatures, the rate of heat transfer to and from storace,
the +type of storage (hot water or cold water}, and economic
conditions. Cost consideration was a dominant factor for the oold
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water storage size selection since the rescior pool was already built
and is an integrated part of the alr-concitioning space of the
building. Also, a newly developed fiberglass collactor technology was
one of the dominant economical factors of the system. Farthermore,
most of the equipment already existed fror the prior air-conditioning
system for the reactor and laboratory huilding making the solar
retrofit technically ané economically more nttractive.

E

o
B

Fma‘“ e
vi

-

.

SIGURE 8. VIEW OF CHITIFL WATER STORAGE IN FORMER REACTOR POOL

CONCTUSIONS

Various solar energy ctorage meterials and methods of coolim: fhuvo
been discussed in view of their application in the Caribbean =:o:on.
Scme existing technologies such as fihe rolass beat building can be
adopted to manufacture fiberglass concentrating wollectors by using
local know-how, manpower and raterials. mother area of effective use
of available resources here is the yetrc Yitting of existing standard
cocling installations with solar systems. Finally, the use of solar
ponds, salt-gradient or shallow, for industrial process heating and
hot water storage in asscciation with cooling systems should prove to
be an appropriate application in the Region.
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