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«analysis of the major solar cooling demonstrations (as of 1976)
is carried out. Savings-to-investment ratios are calculated -
for solar cooling systems in buildings in seven locations with-
in the United States.
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ABSTRACT |

The state of the art of solar cooling is evaluated to determine
the near term performance potentials and life-cycle costs of the
most promising approaches. The heat actuated absorption cycle,
Rankine cycle, and desiccant dehumidification cycle are examined.

The principles of operation are described, performance coefficients
are reviewed, operating constraints are examined, and the commercial
status of each approach is evaluated. An analysis of the major solar
cooling demonstrations (as of 1976) is carried out. Savings-to=
investmént ratios are calculated for solar cooling systems in

buildings in seven locations within the United States.
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The major emphasis in solar driven absorption systems has
been on the continuous, single-effect, lithium bromide unit.
Presently, units are manufactured in a capacity range from

2 to 1700 tons of cooling. -There is little industry effort
in improving COP's or in the use of new fluids. COP's of
commercial equipment are near the practical maximum
achievable. However, some industry activity 1s presently
underway to improve the design of smaller capacity equipment
(25 tons and under) for solar applications. Other approaches,
such as the use of water-ammonia, intermittant cycles, or
refrigerant storage are likely to remain in the experimental
stage in the near term.

The ﬁear term Rankine cooling systems are likely to operate
in the low to moderate temperature regime (200-400°F) because
of the technology requirements for solar cqllection at
higher temperatures. The major development areas are:
efficient expanders, efficient feed pumps, and controls.

Few Rankine power systems'specificélly designed forvsolar
application are currently available on a prototype basis,
but more will be available when a significant solar cooling
market 1s perceived by the industry.

Desiccant systems can operate at the same or slightly lower
temperatures as absorption machines. The major development
efforts for solar activated desiccant systems are in the
solid desiccants--rotary wheel and moveable bed. Although
the rotary wheel approach is applicable to all size ranges
most of the development work has been for residential

application. The wheel approach is the closest to commerciali-

zation with some prototype testing currently underway. However,

there generally has been little activity on the part of
desiccant system manufacturers towards developing systems for
solar application. |

Nearly all demonstrations of solar cooling equipment have

employed single-effect lithium bromide absorption machines.
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The demonstrations have shown that the present technology

is adequate to achieve solar cooling. However, they have
also shown the importance of proper attention to overall
system design--specifically, the requirement for an efficient
high temperature collector, a well designed contfol system,
matching of component sizes and proper insulation of storage
units.

Costs of solar equipment will continue to decline (in real
terms) over the next 10-15 years as the solar industry
develops. The major emphasis during this time period will
likely be on heating equipment. High performance collectors
will be introduced to the market for heating (as well as
cooling) applications, but the collector costs will probably
remain significantly higher than the costs of low temperature
collectors. The costs of solar cooling machines will depend,
to a large extent, on the market established for conventional
applications of the technology since it is unlikely that the
solar cooling market alone will be large enough to bring
about the high volume productions required to achieve major
cost reductions.

Solar cdoling life-cycle costs are minimized by: low

capital costs, steady use of the equipment throughout the
year, displacement of high cost conventional energy, low
maintenance costs, long lifetimes (greater than 10 years)

and high insolation. Savings~to-investment ratios are
highest for large systems where a heat activated cooling unit
is conventionally used. Using capital cost data equivalent
to a well developed industry and 1976 energy cost data, the
SIR's are in the range of 0.1-0.15 for single family residences,
and in the range 0.2-0.9 for office buildings. (For the same set
of assumptions, the SIR values of a solar water heating system
are 0.3 to 1.5). Using 1985 energy cost data, the SIR values

for office buildings are in the range 0.4 to 2.0. A ten
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year 1life and a 10%/year real discount rate represent conservative

economic assumptions.

to-investment ratio.

A twenty year life nearly doubles the savings-
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commercial sized systems, the backup cooling system is generally

a water cboled electrically driven chiller or a lithium bromide
absorption machine. Economizer cycles (circulation of outside air
throughout the building when outside air temperatures are about 20°F
lower than inside) are also often used in commercial sized HVAC
systems.

| Normally, the HVAC system delivers heat or cooling to the
conditioned space upon demand. The solar thermal storage unit acts
-as a buffer between the space being conditioned and the solar collector
v 'subsystem. - Hence, the storage unit provides an interface between

time varyingvdEmands for heat or cool and time varying insolation.

A cold storage unit can be introduced between the chiller and air
handling ynit or air duct. As will be seen later, incorporation of a
cold storage unit can lead to significant improvements in the operating

characteristics of the solar activated cooling equipment.

C. FACTORS FAVORING ECONOMICS OF SOLAR SPACE CONDITIONING

Energy conservation'by use of solar heating and cooling equipment

requires a major investment on the part of the building owner. The
return on his investment is the cost saving achieved by partial
displacement of conventional energy over the lifetime of the solar
equipment.

From previous studies of solar system design and performance, a
number of important general principles can be stated relating to the
overall economics of solar space conditioning systems:

e For a given load, system annual efficiency is highest

for small systems;

e System unit capital costs (dollars per unit solar

collector area) are lowest for large systems;

e The most cost effective system meets only a fraction

of the total load (a backup system will be required); and

e Unit costs of energy displaced by the solar system are .

generally more significant to overall economics than the

insolation.
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II. STATUS OF SOLAR COOLING TECHNOLOGY

A. GENERAL APPROACHES TO SOLAR COOLING

The major options for solar cooling are the absorption machine, heat

driven (Rankine) refrigeration cycles, and desiccant systems. The basic
approaches are illustrated in Figure II-1, where the location of solar
heat input and cooling (heat extraction) are indicated for each approach.

The absorption approach utilizes the affinity of various combinations
of liquids to achieve virtual compression of a refrigerant. Following
generation of the refrigerant vapor by solar heat input, the remainder
of the cycle 1is similar to the standard vapor compression cycle. The
Rankine cooling cycle uses solar heat input to a heat engine to produce
shaft power by expansion of the heated working fluid. The powered shaft
is coupled with a conventional mechanical type vapor compression unit to
achieve cooling. Desiccant systems use solid or liquid desiccant
materials which can be regenmerated by solar heat. The devices provide
a means of dehumidification and can be combined with partial rehumid-
ification to achieve cooling. A number of different system configurations
are possible for the desiccant cooling approach.

A fourth approach, which has received very little attention to date,
is the generation of electrical emergy by solar cells which is then used
to power a conventional vapor compression unit. Figure II-2 illustrates
the concept of a solar cell powered heat pump system. In addition to
the solar cell array and heat pump, the system contains: a power conditioning
unit containing a battery pack, and other thermal storage and fluid
transport components. The system would utilize available power from the
electric utility during periods of low insolation.

A summary of the status of the major cooling approaches is given in
Table II-1. Continuous absorption machines represent the best developed
heat actuated air conditioning technology. Significant development efforts

are required to bring the other approaches to commercial status. With

*
the possible exception of the desiccant system, high performance

collectors are required. While some development efforts are underway on

the solar heat activated cooling approaches, the solar cell-heat pump

*
Good collection efficiency at temperatures over 200°F.
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approach is in the conceptual state.

Detailed examinations of the state~of-the-art of the hea; actuated
cooling approaches are given in the following sections. An evaluation
of the solar cell-heat pump is not undertaken in this report since no

known development efforts are underway in this direction.

B. ABSORPTION CYCLE SYSTEMS

1. Theory Operation

a. Cycle Operation

The basic (single~effect) absorption cooling system 1s shown
schematically in Figure II-3. The working fluid is a solution of re-
frigerant and absorbent which have a strong chemical affinity (absorption)
for each other. This chemical reaction allows pumping of the refrigerant
in the form of a refrigerant-absorbent solution rather than compressing
it as a vapor, with a mechanical power input requirement considerably
below that of a vapor compression cycle.

There are basically three temperature levels in the system. The
high temperature level is in the generator heat exchanger where heat is
input to emergize the cooler. Intermediate temperature levels exist in
the absorber and condenser heat exchangers through which cooling water
flows for purposes of heat rejection. The low temperature level occurs
in the evaporator where cooling is produced. Heat enters the absorption
system through the generator and evaporator and is rejected from the
absorber and condenser to the cooling water.

The system operates as follows. Heat is added to the solution in the
generator from a high temperature heat source (e.g., solar thermal
storage) where the refrigerant is vaporized. The vapor goes to the colder
region (the condenser) in the high pressure side of the unit, where
heat is removed and the vapor is liquified. A "concentrated' solution
(weak in refrigerant) is left behind in the generator.

The.liquid refrigerﬁnt then expands into the low pressure evaporator
where it vaporizes and cooling is produced. The vaporized refrigerant
flows to the low pressure absorber chamber where it combines with the

concencrated absorbent from which the refrigerant was initially obtained.
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the minimum generator working fluid temperature would be 160°F--
correspohding to an inlet temperature of about 175°F with a 15°F temper-
ature drop across the generator heat exchanger. Although not shown in
the figure, the minimum required generator temperature is reduced at
higher evaporator temperatures. As a rough approximation, a one degree
rise in evaporator temperature yields a one degree drop in required
generator temperature.

The plot shows that the minimum generator temperature is quite
sensitive to the heat rejection temperature, explaining why most solar-
powered absorption machines are water cooled. For air cooling, the -
required generator temperature will be higher.**v A heat-rejection
temperature of 130°F, for example, implies a minimum generator
temperature to about 225°F. 1In practice, air cooled water—ammonia
units are designed to operate with generator temperatures of about 350°F--
a consequence of the reasonably low circulation rates dictated by high
cycle pressures and significant pump work.

b. Performance Characteristics

The coefficient of performance of an absorption air conditionmer,
defined as the ratio of the heat transfer rate into the evaporator to the
heat transfer rate into the generator, can be calculated as a function
of the various temperature levels. Figure II-5 presents the theoretical
coefficient of performance of ammonia-water and lithium-bromide air
conditioners. The results, which are taken from Reference 9 were
obtained by assuming a condenser temperature 10°F higher than the
absorber temperature and assuming a recuperator effectiveness of 90%.

The theoretical coefficient of performance is seen to be relatively
insensitive to variations in generator, absorber and condenser temperature,
once the minimum generator temperature level is reached to sustain
operation. This arises because the heat of vaporization of the refrig-
erant is nearly independent of generator temperature, and is the major
term in the generator heat load. The figure also shows a higher

theoretical COP for the water-lithium bromide system than for the ammonia-~

k% )
Other problems can arise at high generator temperatures as will be

discussed later.
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of designers to allow machine operation with variable cooling water
temperatures to take advantage of increased COP and reduced required
generator temperatures with lower cooling water temperatures. Generally,
with reduced ambient temperatures-—and reduced cooling load--lower
cooling water temperatures will be available to the machine. As noted
above, the machine's maximum capacity will decrease as the cooling

water temperature drops and a decrease in generator temperature may be
required to prevent solution carry over to the refrigeration circuit.

As the load drops and the required generator temperature drops,
the COP may be reduced unless the solution flow rate is decreased.

Such a decrease in flow rate (brought about by controls) will increase
the concentration and thus the COP. However, care must be exercised to
avoid crystallization problems in the lithium bromide unit at too high
an absorbent concentration.

Part load conditions may also cause the machine to cycle on and off
at moderately frequent intervals. During the "off" period, the machine
may cool down, requiring the expenditures of additional heat energies
to bring the unit back to operating temperature at the beginning of an
"on" period. An experimental study of the warm-up transient losses in
a small tonnage lithium bromide unit has shown required warm-up times
of upwards of ten minutes (Reference 11). This type of loss in operating
performance can be reduced in a solar system by the method of integration
into the rest of the system. (An example is discussed later where the
results of demonstrations of solar cooling are analyzed.)

2. Continuous Absorption Machines

a. Single—Effect Type

Lithium Bromide--Water

The lithium-bromide single-effect water-cooled cycle is the most
common commercial absorption machine. Several manufacturers (Carrier,
York, Trane and Arkla) market units of 100 tons or greater capacity.
Arkla has stock equipment'down to 15 tomns, the 100-ton and 25-ton units
being available in water-fired versions. Arkla formerly marketed
3-ton direct fired heating and cooling machines, and has modified for
water firing and supplied a number of these machines for solar cooling

demonstration projects. A modified 25-ton machine, optimized for solar

23



operation with full rated capacity at 195°F water, is being made available
by Arkla. Yazaki Company in Japan also markets lithium-bromide machines
of various capacities, including a 2-ton residential sized unit.

The single-effectnlithium bromide cycle has some very attractive
aspects. The low (sub-atmospheric) cycle pressures minimize pumping
power. In the smaller units, a thermally driven vapor life pump
(bubble pump) is used to circulate the solution from the absorber to the
generator.* In addition, because of the low vapor pressure of lithium-
bromide, it can be contained in the high pressure side of the system
without great difficulty.

Figure II-6 illustrates cycle arrangements for two single-effect
lithium bromide-water machines. The direct fired unit (Figure II-6A)
is similar to the Arkla 3-ton unit. The unit differs from the
simplified cycle diagram shown in Figure II-3 by the substitution of a
vapor lift pump for a mechanical solution pump and the addition of a
comncentration control device. The figure shows a "gés burner" for heat
input; in the version modified for solar firing, the burner is replaced
by a hot water heat exchanger.

In this smaller unit, the evaporator coil is constructed of finned
tubes over which passes the air to be cooled. The absorber is a
eylindrical shell which contains a coil through which cooling water is
circulated. The solution flowing into the top of the absorber 1is
distributed over the entire outside surface of the coil to expose the
maximum area of absorbent to the refrigerant vapor. The concentration
control chamber provides a liquid seal so refrigerant vapor cammnot flow
directly from the generator into the absorber.

Figure II-6B shows a large tonnage steam-fired water chiller similar
in design to the one shell units manufactured by Trane. In this unit,
as in most large tonnage machines, a mechanical solution pump is used.
Pumps are also employed for circulating absorber and refrigerant fluids.

Figure II-7 shows idealized operating cycles for lithium—bromide

coolers of several manufacturers. The figure shows vapor pressure and
*

Pumping action relies on a density difference between fluids entering
and leaving the high pressure side of the system. The bubble pump is
limited to low differential heads and low flow rates.
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temperature states corresponding to constant solution concentrations.

In addition, the conditions where crystallization can occur are also
shown as a function of temperature. The operating cycles shown in the
figure represent the pressure-temperature states of the absorbent-
refrigerant solution between the absorber and the generator. The high
‘pressure side corresponds to conditions in the generator; the low pressure
part of the cycle corresponds to conditions in the absorber. As the
temperature to the generator increases, the solution concentration
increases. After vaporization of the refrigerant in the generator, the
solution is ciréulated towards the absorber for heat removal. If the
solution concentration is too high upon leaving the generator,
crystallization of the éolution can occur at the outlet end of the
recuperator (prior to entering the absorber). Hence, input temperatures
at the generator are limited below a maximum temperature to avoid
crystallization problems.

The smaller lithium bromide units tend to operate at lower solution
concentrations to prevent crystallization. Hence, a higher percentage
of rated capacity can often be obtained with the smaller units when
firing by solar heat input using flat plate collectors. The larger
cooling units generally operate at higher concentration--and, therefore,
higher generator temperatures~-to allow operation at higher absorber
temperatures, thereby reducing the cost expenditures on the heat
rejection equipment.

In the smaller units which employ a bubble pump for circulation of
the absorbent golution, crystallization may also be a problem at low
generator temperatures because of low circulation rates resulting
from a decrease in the density difference between the generator and
absorber. Substitution of a mechanical pump between the absorber and
generator eliminates this problem. |

As noted earlier, lower generator temperatures are required at
higher evaporator temperatures, and/or at lower water cooling temperatures.
Hence, from a standpoint of minimizing the potential for crystallization
as well as obtaining high coefficients of performance, it is desirable

to use high evaporator temperatures where possible, and to take
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that generated in the single effect machine. For fixed absorber,
evaporator, and condenser temperatures, the fraction of the refrigerant
from the first stage generator that is condensed is determined by the
generator temperature. Figure II-9 illustrates the variation in
coefficient of performance as a function of the generator temperature
for two working fluid absorber temperatures. These theoretical COP's
were calculated (Reference 9) assuming a 40°F evaporator temperature
and a condenser temperature 10°F above the absorber temperature. The
récuperators were assumed to be 90% efficient. The double-effect
lithium bromide machine normally achieves a COP of about 1.1 for
generator temperatures above 220°F compared to COP's of 0.65-0.75 for
tHe single-effect machine.

Double-effect lithium bromide absorption machines are marketed by
the Trane Company in the U.S., in capacities greater than 380 tons,
and by several Japanese manufacturers. Operational reliability with
the double-effect machines is reported to be similar to that obtained
with the single-effect machine. Since double~effect machines are
normally used in applications where cooling is required throughout
the year, normal maintenance requires that the inhibitors be analyzed
on a six month basis. The double-effect machine is more expensive
than the single-effect unit, but can have favorable life cycle costs.
Because of the high generator temperatures required for operationm,
cost effective solar cooling with the double-effect machine would
require the use of highly efficient collectors or concentrating
collectors. To date, there are no demonstrations of solar cooling
reported with double-effect machines.

c¢. Alternative Fluids

Over the years other working fluids have been investigated for use
in the absorption cycle. One of the more promising of these liguids
is sodium thiocyanate as an absorbent while ammonia is the refrigerant.
This solution is non-toxic, inexpensive, non-explosive, non-corrosive
(witﬁ iron) and offers the advantage of having a low vapor pressure,
thereby eliminating the need for a rectifying unit between the

generator and condenser. The elimination of the rectifier has the

-
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between the two sides of the system (to prevent working
fluid inventory problems). This facilitates sealing
the systems against loss of working fluid.

Which system type 1s eventually used will depend on system size%*

and the trade-offs between system efficiency, the ease of connecting
an electric parallel drive, cost and reliability. Most test
systems fabricated to date have used a split system so that
attention could be focused on the engine which represents the new

development.
8. Heat Rejection Considerations

The performance estimates shown in Figure II-18 are for systems
where negligible power is used to operate the heat rejection systems
for cither the Rankine cycle engine or the cooling loop. This would
approximate the case for a water~cooled system. For many applications,
however, water-cooling will not be practical, and air-cocled condensers
will be required. With condensers using forced air circulation a
fraction of the power output of the Rankine cycle engine may be
required to power the fans. The éystem design becomes a trade-off
between the power input to the condenser fan, the condenser size
and cost, and the increased collector area resulting from the condenser
fan power requirements. Preliminary design studies indicate that
acceptable condenser sizes result if the power imput to the air
circulating fan is between 5 and 10%Z of the Rankine cycle engine
output.

The abovecoﬁsiderations combined with the rapidly decreasing system
performance with increasing condenser temperature, suggests that
solar cooling with a Rankine engine/compressor cooling system will
be mest practical in situations where cooling water is available
(once through or from cooling towers).

9. Status of Heat Engine Driven Solar Air Conditioning

As a practical matter, any firm developing and/or manufacturing

*Cpen compressors are usually used with systems of greater than 25
tons cooling capacity.
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low temperature organic Rankine cycle engines is positioned to develop
solar fired air conditioning units. '

A number of American firms have made prototype organic Rankine cycle
engines for non-solar air conditioning applications which would also
be appropriate for use with a solar-heat input. These applications
include industrial waste heat recovery, bottoming cycles, and solar
irrigation pumping. A list of firms in the field is shown in Table
IT-4. The effort of several of these firms (United Technologies,
Air Research, General Electric) is sponsored by ERDA as part of the
solar heating and cooling program. '

Several solar powered demonstration organic Rankine engine systems
have been assembled in the U.S., primarily as a result of government
sponsored programs. These include a 2-1/2 Hp solar driven engine*
using R-113 as the working fluid. This engine is directly coupled
to the compressor of an air conditioning system.

A 32-KW system was recently delivered to Sandia Labs** for use
in their solar '"total energy" concept. This system uses toluene as
the working fluid at the relatively high temperature of 500-600°F
(due to use of focusing collectors).

One firm (Sofretes in France) isnow producing a limited number
of solar water-pumping systems using a combination of flat-plate
solar collectors and a "freon" engine. These systems are primarily
for use in remote areas.

Presently no U.S. firms are offering solar driven engines on a
strictly commercial basis (although prototype units are available
by negotiation) but there are a number of major firms in the U.S.
and elsewhere who perceive that solar power organic Rankine cycle
engines represent a viable approach to solar on-site power and air
conditioning. All indications are that the number of such firms is
increasing and that engine units will be available on a commercial
basis in the near term (1-3 years).

The firm which has made the most units for solar applications

*Barber-Nichols Company
**Sunstrand
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® Regeneration, or removal of water from the desiccant, must
be accomplished by heat addition either in the form of .
heating coils or as a warm regenerative gas stream. The
degree of sorbent drying is proportional to the regeneration
temperature.

Desiccént systems can be applied to achieve air-conditioning in

the following manners:

o Improve comfort through lowering of the relative humidity.

® Serve as a preconditioning step which lowers latent heat
with subsequent refrigeration type sensible cooling. This
preconditioning allows a refrigeration type air-conditioner
to operate at a lower load and at a higher evaporator temperature,
with the potential for higher coefficient of performance.

e Achieve cooling as well as dehumidification by over-drying
the air and then rehumidifing to the desired temperature and
humidity.

e Accomplish latent, as well as sensible, heat recovery
between inlet air and discharge air.

A number of system considerations distinguish the desiccent
approach from other solar cooling approaches. Desiccant devices
generally require larger air handling equipment and operate at
working pressures near atmospheric. Electric power is generally
needed only for air circulation with these devices. The only form
of storage feasible with solar desiccants is the storage of solar
collected heat in a hot storage unit for subsequent activation of
the desiccant unit.

1. Liquid Absorbent Cycles

Liquid absorbent desiccants have a high capacity for water removal
and are easily circulated and brought into intimate contact with the
process and regeneration streams. Liquid absorbents, such as tri-
ethylene glycol, have been used in commercial systems for dehumidifica-
tion of inlet ventilation air, and other process uses. These systems
tend to function most effectively in the high humidity region. 1In

order to achieve dewpoints low enough for comfort cooling, the absorber
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ITI. REVIEW OF SOLAR COOLING DEMONSTRATIONS

Demonstations of solar cooling technology have been carried out in
the past few years over a range of system capacities from two tons
(residential sized units) to close to 100 tons (commercial sized units).
The demonstrations provide a test of the practical state of the art of
the various solar cooling approaches, and provide useful information
relating to the design of solar cooling systems.

Table III-1 provides a summary of the major demonstrations of solar
cooling as of mid-1976. The table categorizes the demonstrations by 4
location and type of building, status of experiment, cooling system,
collector size and type, storage size and type, operating data and
provides comments relating to performance or design conditions. Data
on the solar collector and storage subsystems are given because the
cooling performanée is ultimately related to the design of the entire
system rather than to the cooling device alone.

The data summarized in Table III-1 were obtained primarily through
discussions with the principal investigators. In many instances, this

information was supplemented with reports (see references 32-44),

A. DISCUSSION OF RESULTS

1. Continuous Absorption Solar Cooling

Nearly all of the demonstrations employed commercially available
single effect lithium bromide absorption machines, with the preponderance
of these being the small tomnage residential size units. For the most
part, no modifications were required to the absorption units other than
the replacement of the gas burner/generator with a hot water heat
exchanger in the three ton Arkla Industries units. The larger size
absorption units (greater than 25 tons) normally contain mechanical
solution pumps. The units employed in the demonstration were essentially
"off-the-shelf" units which were operated under derated conditions
(water input temperatures near 200°F as compared to a nominal 240°F

input temperature for operation at rated capacity).
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TABLE III-1

Cooling System

Summary Sheet--Demonstration of Solar Cooling

ze Fluids
ton @ R113/R12
5°F
ton Li Br
-ton RIINR11
-ton Li Br
ton Li Br
@ 7.5-ton Li Br
2.5 tons
O-ton Triethylene
glycol
@ 3-ton Li Br
‘ton Li Br
l=-ton Li Br

)=80-tons Li Br

lerated from
)0 tons)

~ton

.5-ton water NH_./H

Li Br

0

Mller (55°F) 3 2
~ton Li.Br
~ton Li Br
-ton Li Br

Manufacturer

Barber-Nichols

Arkla

Barber-Nichols

York

Yazaki

Yazaki

Arkla

Arkla

York

Arkla

Arkla

Univ. of Florida

Arkla

Arkla

Arkla

D

Collector Storage P
Type Size Type Size COP's
2 Hot 950 gals 0.5 @
2~ 571 ft ot, g
pane, Baffled 0.25 @
selective
2~pane, 571 fcz Hot, 950 gals 0.71
Selective Baffled
. 2 .
l-pane, 8,000fc Hot/Cold 5,000/ 9.8 (:
selective 10,000 gals chille
) water)
2
1-pane, 8,000f¢t Hot/Cold 5,000/ 0.8 (4
selective 10,000 gals chille
water.
2-pane, 1.000ft2 Hot 900 gals 0.4=0.
selective
plastic pane,é,&OOftz, Hot 20 tons

selective

2-pane,
black

2-pane,
black

2-pane,
black

2-pane,
black

2-pane,
selective
(Alcoa)

2-pane,
black

l-pane,
black

2-pane,
black

2-pane,
black

l-pane,
selective

reflectors

20,000£t%  Hot

1,800£t%  Hot

800ft 2 Hot

5,000£t2, Hot

reflectors

10,000f:2, Hot/Cold

reflectors
2

550ft Hot
2

500f¢ Hot
2

540f¢t Hot

760fc2 Hot

2

1,218ft°  por

25,000 gals 0.5

2,500 gals 0.8
4,000 gals

15,000 gals 0.25

30,000/ 0.6 ¢
15,000 gals water

500 gals

3,000 gals 0.11 :

retic:

800 gals 0.65

1,100 gals 0.7

- 3,500 gals 0.59-(

Dro







All of the unitslhad minimum operating temperatures near 180°F—l90°F(
In the smaller machines the minimum temperature was necessarily to
avoid crystallization in the machine (due to lack of sufficient vapor
lift in the bubble pump at the low temperatures). Where mechanical
solution pumps were employed, the minimum generator temperatures were
limited by the reduction in cooling capacity with decreasing input
temperature. Maximum temperature limits were also established (for the
smaller tonnage units) to: prevent crystallization in the recuperator
(between the generator and absorber) due to overconcentration of the
absorbent in the generator (the larger units contain dilution chambers
to limit concentration of the hot absorbent), or to prevent an excessive
boiling rate of the refrigerant, some of which spills back into the
regenerative heat exchanger to be reheated in the generator (resulting in
a net lowering of the effective cooling COP). These temperature
limitations lead to certain constraints on the design of the remainder
of the solar system. .

The results of these demonstrations were mixed, with high COP's and
many hours of cooling achieved in some instances, and with no cooling
achieved in other instances. The major determinant of the success of
the demonstration was the design of the supporting solar collection and
storage subsystems. In all instances where the results were reported
in detail, significant findings were obtained relating to overall solar
system design and control of the units. These findings are discussed
below.

a. Solar Collector Subsystem

It is essential that the solar collector either be capable of
efficient collection at high temperatures or be oversized in proportion
to the capacity of the cooling device. A selective surface absorber is
required to obtain moderate~to-high collection efficiency at temperatures
near 200°F.

The attempts to generate significant quantities of solar cooling
were generally successful when a selective surface collector was
employed. The results obtained with the use of black absorber surface

collectors were mixed. The relatively poor success of the NBS experiment
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There is some question whether the experiment should be classified a

"demcnstration" in the same sense as the others discussed above. However,
the ‘results of this experiment are included in Table III-1 since the unit
was incorporated into a solar system and was used to partially cool a
test house.

Because of low collection efficiencies (a maximum collection
temperature of only 145°F was achieved) the COP was only about 0.11,
compared to a theoretical value of about 0.56 at an inlet temperature
of 180°F. IBecause of the low COP and significant electrical power
requirements for the water and solution pumps, the EER (cooling output
to electrical power dissipation) was only about 4.5. At design conditioms,
an EER .of 14.2 is predicted-—a value not large compared to conventional
electrically driven vapor compression units.

b. Desiccant Systems

A solar activated liquid desiccant system was planned for imnstallation
and test in a large office building. It was intended for use as a
supplement to a conventional chiller and was expected to meet roughly
5% of the building air conditioning load. The project was ultimately
abandoned when other (more cost effective) energy conservation measures
were applied to the conventional HVAC system design.

Demonstrations of the cooling performance of the IGT Munter's
dessicant system are reported to be currently underway in small buildings
owned by local gas companies in three North American cities* (Reference 43).
The demonstration units are reported to provide three tons of cooling.

No performance data is at present available to the public.

B. CONCLUSIONS FROM DEMONSTRATIONS

The demonstrations have shown that solar cooling can be achieved by
at least several alternative approaches. The goals of these experiments
were essentially technical in nature with little emphasis placed upon
the cost effectiveness of the various approaches.

Of the cooling devices demonstrated, only the lithium-bromide

continuous absorption units can truly be said to be a proven technology.

*City of Industry (California), Dallas, Chicago.
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From the fraction of the monthly loads displaced by the solar
system and the auxiliary electrical energy expenditures, estimates
were made for the energy cost savings achieved by the solar system.
The present value of these savings was determined over the defined
lifetime of the'system (10 years) by taking into account the
appropriate discount factors, inflation rates, energy escalation
rates and maintenance. From the present value of the savings and
the initial cost of the solar equipment, the savings-to-investment
ratio was computed.

1. Building Types and Climatic Conditions .

TaBle IV-1 summarizes climatic and energy cost data for the
seven selected cities. The climatic data listed are the annual
insolation on a horizontal surface and the annual heating and
cooling degree-days. The insolation and degree-day data were
provided by the Civil Engineering Laboratory. The estimated annual
insolation values for collector surfaces tilted at the latitude
angle are also tabulated. September, 1976 energy cost data, obtained
from the U.S. Bureau of Labor Statistics, are listed in the table
for electrical enmergy, oil and gas. Data are provided in the table
for the expected real escalation in energy costs, in units of percent
per year. These nominal values were provided by the Civil Engineering
Laboratory and were used for subsequent economic evaluations. From
these nominal energy cost escalations, the ten year inflation-
discount factors were calculated.

The table reveals a significant variation in climatic conditions
between the seven cities selected for analysis. Bremerton and
Chicago have low annual solar fluxes and high heating degree-days.

At the other extreme, Key West has a high annual insolation and
high cooling degree-days. Figure IV-2 shows monthly heatiﬂg and
cboling loads for both a single~family residence in Boston and

Miami, and for a typical office building in Boston and Miami.* The

*A computer program was used to calculate the monthly loads in Boston
and Miami using weather tapes which were available to us for these two
cities.
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City

Bremerton, WA
]

Chicago, IL

New London, CT

Norfolk, VA

San Diego, CA

Corpus Christi,

Key West, FL

TABLE 1V-1

CLIMATE AND ENERGY COST DATA

Real 10 Year
Insolation at Annual Insolation September, 1976 Energy Costs? Energy Cost Infl-Disc.
Surface (Avg. on Tilted Surface Nominal Deg-Days Electricity 011 Gas Escal. (%/Yr) Factors®
Langleys/Day) (10°Btu/ft?-vear)! Weating Cooling (¢/kWh)3  ($/10%Btu)" ($/10%Btu)® Elec. Fuel Elec. Fuel
273 477 4,727 183 1.4 3.2 2.4 7.3 8 8.86 9.14
273 437 6,127 925 4.5 2.8 2.0 5.6 8 8.21 9.14
339 .532 5,700 633 4.3 2.9 2.1 6.9 8 8.70 9.14
382 .573 3,488 1,441 4.7 3.0 2.8 5.8 8 8.29 9.14
407 .590 1,507 727 4.4 2.7 2.1 7.3 8 8.86 9.14
TX 436 .610 930 3,474 5.8 - 2.0 7.5 8 8.94 9.14
452 .624 64 4,888 4.1 2.9 1.8 5.8 8 8.29 9.14

lEstimated, collector tilted at latitude angle
25ource: U.S. Bureau of Labor Statistics
3Based on 500 kWh/month

Y12 fuel oil; #6 fuel oll costs about 80% of figure shown

5Based on 100 therins/month
€107 real discount rate

NOTE: 10°Btu = 10 therms = 1,000 cubic feet of gas
= 7 gallons #2 fuel oil
= 80 1lbs. coal

293 kWhs





















that can be used to convert the annual solar flux on the horizontai
surface, given in units of average langley's per day, to the annual
solar flux on the tilted surface, in units of 106Btu/ft2—yr. The
.conversion factor is shown as a function of latitude angle. TFigure
IV-6 was used to convert the annual insolation data provided by the
Civil Engineering Laboratory to the data shown in Table IV-1 for

a surface tilted at the latitude angle.

From estimated values for the monthly buildings loads and the
monthly solar flux incident on the solar collector, approximate
values for the fraction of the load met by the éolar system were
obtained. Figure IV-7 illustrates values for the percent solar--—
the fraction of the load met by the system--as a function of a
correlating parameter: SLR COP, where the term COP represents the
coefficient of performance of the system and SLR,‘called the Solar

Load Ratio, is defined by:

Solar Load Ratio (SLR)

- Solar Flux on Tilted Collector
Load

_ (Flux/Area)(Collector Area)
Load

where:

Load thermal energy which must be supplied by HVAC

system to satisfy building's comfort requirements
The load is always defined in terms of the energy which must be
either added to the building for heating purposes or removed from the

building for cooling purposes. The presence of the COP in the correlation

*Note: For tracking collectors multiply SLR by 1.5.
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DF = inflation - discount factor for heating energy displaced

DFC = inflation - discount factor for cooling energy displaced
DFe = inflation - discount factor for electrical energy

DFm = inflation - discount facgor for maintenance

th = golar heat delivered, 10 Btz

ch = golar cooling delivered, 10 Btu

COPC = conventional cooling system coefficient of performance
COPS = golar cooling system coefficient of perfdrm%nce

(V/Q)h = dollar value of heat energy displaced, $/10 Btz

(V/Q)c = dollar value of cooling energy displaced, $/10 Btu
(V/Q)e = dollar value of electrical energy, $/106Btu

n = efficiency of conventional heating system

o) = annual maintenance as a function of equipment costs, %/year
I = incremental capital cost for HVAC equipment, $

The equations are almost identical except for the presence of
an additional term relating to the boiler efficiency in the equation
for the heat actuated conventional cooling system. The first term
in the equations relates to the discounted energy cost savings
achieved during the heating season. The second term relates to the
discounted energy cost savings during the cooling season. The
third term accounts for the additional electrical energies expended
for the solar collector pump and other pumps that are a part of the
solar system. Finally, the fourth term in each equation relates to
the costs of equipment maintenance. The additional term for boiler
efficiency in Equation IV-1lb arises because fuel energy must be
burned in a boiler in order to create steam or hot water to drive
the heat actuated air conditioner.

Thé equations contain all of the terms that are required in order
to evaluate the present value of savings over the equipment lifetime.
The basic assumptions that wereused when carrying out the economic
analyses are summarized in Table IV-2. The pump energies have been
factored into the equations for present value of savings given above.
It is assumed that the remaining electrical energy expenditures are

the same for the solar system and the conventional system. For the
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the Rankine system achieves a COP of 0.65--the value assumed for the
absorption unit--at an inlet temperature to the boiler of 175°F,
cooling water temperature of 85°F and an evaporator (chilled water)
temperature of 45°F. (It should be noted that significgnt development
efforts on the Rankine system are required to achieve such a high
COP, while the COP assumed for the absorption unit is based on
current technology. Some of the same design features applied to

the Rankine system to achieve the assumed COP--e.g., large heat
exchanger surfaces--could be applied to the current technology
absorption units to achieve higher operating COP's, as discussed in
Section II-B.)

The results in Table IV-3 highlight the importance of using
highly efficient solar collectors when solar cooling is to be
accomplished. Use of an evacuated solar collector will yield about
twice the solar cooling as accomplished when an unevacuated flat
plate collector is used. (Other approaches to achieving high
efficiency collection at high temperatures are discussed in Appendix
A.) Tracking by the solar collector can yield further significant
advantages (compare the two results shown for a Rankine cooling
system). Tracking increases the solar flux incident on the collector,
and increases the collector efficiency at a given solar flux, by
reducing the glancing angle reflection losses.

The average COP's shown for the model Rankine cooling system are
higher than those for current technology absorption machines. Accord-
ing to the model for the Rankine system, the COP increases with inlet
temperature, whereas COP is relatively insensitive to inlet temperature
with an absorption device. Because of this variation in COP with
inlet temperature, the average COP of the Rankine cooling system
driven by a tracking collector wasabout 0.9. (As discussed in
Section II-B, the COP of a double-effect absorption machine will be
in the range of 1.0-1.1 at inlet temperatures near 300°F.) Combination
of high COP and increased solar flux on the tracking collector results

in a substantial increase (about 407%) in the fraction of the cooling
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load met by the solar system.
2. Savings-to-Investment Ratios

a. Example of Water Heater

The savings-to-investment ratio achieved by the solar system is
dependent not only on the cost of the energy displaced énd the capital
cost of the solar system but also on the character 6f the load
displaced. As an example, we first consider the case of a solar
water heating system located in New London, Connecticut. A solar
water heating system ehjoys the advantage of displacing a relatively
constant load thereby utilizing the solar equipment throughout the
year.

Table IV-4 defines the case analyzed. The example solar water
heating system contains a 50 square foot, l-pane selective surface
solar collector, and 1s used to displace electricial energy. The
installed cost of the solar system would be about $1,000 under the
assumption that the solar industry is well developed. With an
annual water heating load of 20 x 106Btu, the system will displace
approximately 49% of the electrical energy expended to meet the
annual load. Assuming a ten year life and a 10% per year (real)
discount rate, the present value of savings is $1,195, yielding
a savings-to-investment ratio of 1.2. If we had assumed that the
conventional energy displaced were oil costing 52.90 per million
Btu's, with a heating efficiency of 60%, the savings-to-investment
ratio would be about 0.29. This case example serves to illustrate
several important points. First the savings-to-investment ratio
is highly sensitive to the cost of the conventional energy displaced.
Secondly, the order of magnitude of savings-to-investment ratio is
approximateiy 1. This 1is an ihportant finding and should be kept
in mind when reviewing the subsequent results for solar heating and
space cooling equipment.

b. Performance Results for Cooling Systems v

e

Using the methodology described earlief, calculations were made
for the fractions of the héating and cooliﬁg loads met in a single

family residence and in an office building in each of the seven cities.
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The analyses were carried out assuming the use of a stationary,
evacuated selective surface collector sized to meet roughly 50%
of the annual space conditioning load. The cooling unit used for
these analyses was assumed to be a single stage lithium'bromide
absorption system.* '

Analyses were carried out for two types of conventional systems,
one containing an electrically driven vapor compression cooling
system, and the other containing an absorption type cooling system.
For the single family residence the system was sized at 200 square
feet of collector area, with an investment cost of $6,100. It was
assumed that the conventional cooling unit was an electrically
driven compression unit. For the office bullding the solar system
was sized at 5,000 square feet of collector area, with an investment
cost of $72,500 when the convention cooling system was an absorption
unit and a cost of $97,500 when the conventional cooling system was
an electric chiller ($25,000 higher cost because of the requirement
for an absorption machine as part of the solar system.

Table IV-5 summarizes the calculated savings-to-investment ratios
in the seven cities. For the single family residence the calculations
were carried out only for systems containing a conventional electric
vapor compression unit. SIR's are shown both for systems meeting a
space heating and cooling load and for systems which are used only
to meet the cooling part of the load. Using the base case economic
assumptions (defined in Table IV-2) the savings-to-investment ratios
for a single family residence are of the order of 0.1. For the
office building the calculated savings-to-investment ratios range
from about 0.2 to 1 depending on the type of cooling system
conventionally used in the building. The highest savings-to-investment
ratios are found when the conventional system uses an absorption

*Performance predictions were not carried out for the Rankine or
desiccant systems because of large uncertainties in COP and capital
costs for these devices.
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unit, because the cost of the absorption unit it not considered

part of the investment cost of the solar system, and because the
operating economics of a fuel fired absorption unit are frequently
poorer than that of an electric chiller.* (The absorption machine

has a lower coefficient of performance and requires the expenditure
of fuel energies in a boiler, which itself, has an efficiency of less
than 100%.)

When comparing savings-to-investment ratios for buildings in the
various cities, it was found that the highest ratios are obtained for
those cities having the highest conventional energy costs (Table IV-1).
Other factors favoring high savings-to-investment ratio are high
annual solar flux and high annual space conditioning loads.

Table IV-6 illustrates the results of a sensitivity analysis to
determine the influence of various economic parameters on the
calculated savings—-to-investment ratio. The analyses were carried
out for an office building in Key West. The parameters varied were
the system lifetime, discount rate, energy escalation rate, annual
maintenance costs, and base year energy costs. The most sensitive
parameters are the system lifetime and the base year energy cost.
With a lifetime of 20 years, the savings-to-investment ratios nearly
double over those found for a system with a 10 year life. Using
1985 as the base year for energy costs (equivalent to installing
the system in 1985) the savings-to-investment ratio is more than
doubled, and is approximately 2 when the conventional cooling system
is an absorption machine. (The energy cost data for 1985 were
astablished from the 1976 energy cost data and escalation factors
given in Table IV-1.) Another significant influence on the savings-
to-investment ratio is the assumed discount rate. Use of only a 5%
discount rate (expressed in real terms) yields an increase in the
SIR of about 30%. Ordinarily, life-cycle cost analyses carried out
for solar systems are based on a real discount rate of less than
SZ/year and a system lifetime of 15-20 years. While the base case
economic assumptions lend conservatism to the analysis, ﬁhey appear

to be somewhat restrictive in terms of weighing the potential cost

*Savings-to-investment ratio is determined relative to the conventional
system, in this case a fuel-fired absorption unit.
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