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FINAL REPORT - TECHNICAL

This report documents the technical results achieved under contract
EY-76-5S-02-2858 during the period 1 February 1976 through 30 September 1978.
The bulk of the technical effort was devoted to the evaluation of a resi-
dential solar heating and cooling system utilizing an array of evacuated
tube solar collectors. In May 1978, the evacuated tube collectors were
removed and replaced with a state-of-the-art liquid-heating flat-plate
solar colleclur array. Because ot the distinct nature of the evaluations
of the two collector systems, this report will consider each unit separately.

The first section of this report will deal exclusively with the instal-
lation, performance, and operating experience of the Owens-I11inois (0-1)
evacuated tube solar collector integrated with the CSU Solar House III resi-
“dential sized solar heating and cooling system. The second, smaller section
of this report will discuss the four months of installation, operation, and
evaluation of the Chamberlain flat-plate collectors installed on CSU Solar
House III.

PERFORMANCE EVALUATION - ONENS-ILLINOISA

1.0 BACKGROUND

The use of a vacuum such that the pressure is kept below 103 torr
- virtually eliminates conduction and convection heat transfer and limits
any heat transport to radiation only [1]. The use of a vacuum between the
absorber surface and the cover of a solar cb]lector, therefore, has the
advantage of greatly reducing the heat losses from the collector. This is
seen by noting that the heat loss rate from an evacuated solar collector
(QL) can be written as:

Q = & o(T4-TY) (1)

where o 1is the Stefan-Boltzman constant, T 1is the absolute temperature

of the absorber surface (Tg) and glass cover (Tg), and e is the effective
emissivity of the absorber. - depends on the geometry of the absorber;
for a cylindrical absorber within an only slightly larger concentric glass
cylinder, the areas of the two surfaces are approximately equal and can be
described by the same area, A. Thus from [2] we obtain:



A
€” = ‘ (2)
]/es + 1/5g -1

where ¢ is the emissivity of the absorber surface (es) and glass surface

(e.).
° Using equations (1) and (2), we obtain the heat loss coefficient (UL)

of the evacuated solar collector. Calculated values are typically

U_ =~ e(8.44 W/m?-°C). For absorber emittances of eg = 0.07 to 0.10, U

varies from 0.6 to 0.8 W/m2-°C. Because of the support structure of the

absorber surface within the evacuated glass tube and the associated conduc-

tion losses, experimental values of U_ are typically 0.85 to 1.15 W/m2-°C.

Transmissivity-absorptivity products (ta) for tubular glass collectors
are equivalent to two glass covers with normal incidence, i.e., (ta) = 0.80,
but the use of anti-reflection coatings and low absorptance glass allows for
values of (ta) to 0.85 to 0.92. Values of (Fp), the collector heat removal
factor, vary considerably with the design of the evacuated tube solar col-
lector and the heat transfer fluid utilized, but for liquid-heating collectors
are generally high. .

In'general, the combination of very low UL and high (m)FR values allow
for exceptionally high daily solar collector efficiencies. This is due to
the fact that the evacuated tubular collector is able to collect useful solar
energy under conditions of limited solar availability. For example, the
"Solar Threshold" (the minimum solar radiation required for the dsefu] col-
lTection of solar energy) for a typical flat-plate collector operating at a
temperature 50°C above ambient is 0.25 to 0.30 kw/mz. For the evacuated
tubular collectors, this same solar threshold is only 0.13 to 0.15 kW/mZ.

The importance of this lower so]af threshold is that the solar collector can -
collect useful energy earlier in the mornings and later in the evenings and
under less favorable solar conditions (thus extending each day's operating
period, as well as extending the operation of the collector to more days per

year). This latter aspect provides for very substantial improvements in
average daily collector efficiencies in climatic regions of marginal solar
availability.

The increase in the solar operating period enjoyed by the evacuated
tubular solar collectors also improves the overall performance of é solar
cooling system, which requires high temperatures for operating absorption
cooling machines. State-of-the-art lithium bromide absorption units typically
require generator input temperatures of 70 to 90°C, while ammonia absorption
units requife temperatures of 90 to 180°C, depending upon the type of heat



rejection equipment. The integration of evacuated tubular collectors with
absorption cooling then allows for high efficiencies and higher percentage
of cooling by solarper unit area of solar collector installed.

2.0 SUMMARY

Performance and pertinent operating experience with the Owens-I11inois
evacuated tube Tiquid-heating solar collector integrated with the CSU Solar
House ITT heating and cooling system has been acquired and evaluated over a
20-month period. The solar collector shown in Figs. 1 and 2 demonstrated
excellent performance, achieving 50 percent daily collector efficiencies under
relatively adverse weather conditions and Tow solar insolation. However,
electrical parasitic power requirements were excessive and overnight heat
Tosses from the solar collector and associated piping constituted approxi-
mately 33 percent of the useful heat delivered during the winter heating
‘months. .

Because of the numerous operational difficulties inherent in the design
of the collector and experienced over the 20-month evaluation of the collec-
tor, the project staff has determined that the 0-I liquid-heating evacuated
tube solar collector cannot be considered practical for residential solar
heating and cooling applications. However, the superior performance of this
evacuated tube collector indicates an excellent potential for use as an
air-heating solar collector.

3.0 TECHNICAL ACCOMPLISHMENTS

@ The 0-1 evacuated tube solar collector array was installed on the
roof of CSU Solar House III and integrated with the specially
designed solar heating and cooling system. The des1gn integration

- of .the solar collector with the system has been reported pre-
viously [3,4,5,6,7] (see section on "Publications/References")

° Performance and pertinent operating experience was acquired over
a 20-month period. During this time numerous operational diffi-
culties were encountered and evaluated. These problems include:
(1) Excessive leakage of the collector Tiquid
(2) Consistent breakage of the evacuated glass tubes
(3) Considerable difficulty in obtaining adequate flow through

| the collector following a boiling episode
(4) Difficulty inserting and maintaining control and data
sensors within the liquid flow volume of the evacuated glass
tubes
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(5) Control problems associated with long response times
(6) No possibility of draining the collector without disassembly
(7) Freezing in the evacuated glass tubes and the solar collector
module manifolds
~ (8) Frequent boiling resulting in additional 1iquid loss and
evacuated glass tube breakage
(9) Large heat capacity resulting in large overnight heat loss.
The problems have been discussed in detail in references [6], [8],
and [9].
. Specific performance characteristics of the solar collector and
the system have been evaluated and reported in the literature.
These characteristics include:
(1) Low solar collection thresholds
(2) No significant advantage in the use of specular reflectors
(3) High electrical usage in pumping the collector liquid
through the collector
(4) Excellent stability of the absorber tube selective surface
(5) High equilibrium, no flow (i.e., stagnation) collector temperatures
(6) High daily collector efficiencies
Specific results are reported in reference [8] and [9].
° Monthly summaries of continuous data for two specifi¢ and operdling
periods have been acquired and reported (reference [8] and [9]).
[ The 0-1 solar collector array has been integrated with the Direct
Contact Liquid-Liquid Heat Exchanger (DCLLHE) for a month-long
test. The results are reported in that project's. final report.

4.0 DESIGN

CSU Solar House III utilizes the Owens-I11linois evacuated tubular solar
collector, the Yazaki 1ithium bromide absorption chiller (WFC-6003), and the
integrated solar heating and cooling system design shown schematically in
Fig. 3. .Two cool storage tanks are utilized to operate the absorption
chiller. As the chiller provides chilled water, "Cool Stcrage II" is filled
and "Cool Storage I" is drained, thus the output water temperature from the
chiller can be kept as low as possib]e'and not mixed with the warmer water
in "Cool Storage I". The cool storage tanks provide a temperature difference
of about 5°C (9°F) which is sufficient to chill the recirculated room air.
In addition to improving the operating characteristics of the absorption
chiller, the use of cool storage in SH III permits a smaller capacity chiller.
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Instead of requiring the air conditioner to be large enough to provide the
required cooling under a heavy load condition, the cool storage can be
used together with the chiller to provide a larger cooling capacity than
the chiller alone. Also, with a smaller chiller capacity and storage

the unit operates nearly continuously, which results in maximum operating
efficiency. Where normally a 3-ton chiller is required, a 2-ton chiller
can be used instead (1 ton = 3.5 kW). This is better than a 33 percent
reduction in chiller capacity.

The solar collector array on Solar House III consists of 16 modules of
evacuated tube collectors arranged in two rows and each module contains 24
evacuated tubes. Each tube has an outer diameter of 5.7 cm (2.25 in.) and
a length of 1.15 m (3.8 ft) and are spaced as shown in Fig. 2, so that each
collector module covers an area of about 3 m2 (32 ftz). The effective
collection area, however, is only 2.55 m2 (27.4 ft2) with an absorber area
of 1.05 m2 (11.3 ft2).

The flow pattern of the water through the collector module is indi-
cated in Fig. 2. Each of the 24 evacuated tube collectors is in series so
that water passes through all 24 tubes in sequence before returning to
storage. It takes about 10 to 15 minutes for water to travel from the inlet
of the module manifold to the outlet.

While the tubes in a module are arranged in series, the modules in
the array are arranged -in parallel. Space between the tubes is important
because reflection from the area between and behind the tubes can be
directed toward the collector tubes.

4.1 Evacuated Tube Collector Array Installation
4.1.1 On-Site Assembly
Figure 4 shows the components of a single 4 ft by 8 ft collector

module of the 0-1 design. The actual assembly of all the components on-
site (generally a steeply sloping roof) is time consuming and requires
careful attention to detail. The parts list for a single module consisted
of about 300 separate pieces, thus the Solar House III 16 module array
consists of about 4800 pieces. whi1e'many of these components can be
assembled on the ground (e.g., 12 grommets, 24 O-rings, and 24 end seals
can be installed in the manifold), others require individual attention.

_For example, the tube support cup assemblies consist of five pieces which

can be preassembled, but have a tendency to fall apart prior to actual in-
Stallatien. Such features slow the installation process considerably.
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If reflectors are added to the above 1ist, this constitutes 24 reflectors

and 96 wire clips per module. The wire clips are particularly hard to work
with and require workmen to work without gloves (eVen in cold weather). The
effect of this multitude of pieces (about 6700 total) is to greatly increase .
the cost of installation and would suggest that a self-contained modular
design that could be lowered into place as a single unit would be much pre-
ferable. 4

In this regard it should be noted that the dimensions are critical and
must be laid out on the roof with great care. For example, the distance
between the center 1ine of the manifold and the end bracket must be exactly
44.25 inches, in order for the evacuated tubes to be able to fit in the
space. But, in addition to the difficulty of laying out this dimension
and maintaining a perfect square, one must also contend with the tendency
of the manifolds and end brackets to lean toward the down slope of the roof
(a factor more noteworthy whenever an installer inadvertently uses the
manifold as a foothold).

Finally, the collector module requires an additional 15 cm (6 in.) for
an overall length of 259 cm (8'ft 6 in.) in order to provide sufficient
clearance for end cup removal. In reality even more area between collector
arrays is needed in order to provide working space during the actual assembly
(and avoid putting weight on the manifolds or end brackets). This additional
area must then be charged to the total collector area; the required area for
two arrays of 8 modules each might then be a space of 9.75 m by 5.49 m (32 ft
by 18 ft), or 53.5 m? (576 ft2) instead of 47.6 m2 (512 ft2) of which 40.7 m2
(438 ft2) is reflector, 21.75 m2 (234 ftz) is tube, and 16.8 m2 (181 ft2) is
absorber tube area.

4.1.2 Leakage Problems

A principal difficulty with an on-site assembly of the solar collector
modules is the inability fo check for potential leaks until the entire col-
lector has been installed. Once a Teak is discovered, a large por-
tion of the complete array of tubes must be removed in order to repair the
-Teak. And, in the process of removing tubes, this can damage other compo-
rents. For example, because the collector usually sits in a no flow dry
condition prior to initial start-up, the rubber connectors for the feeder
tubes are effectively baked on the feeder tube. In the process of removing
the collector tubes to repair a leak, these rubber connectors must be cut
and fheh replaced with new ones upon reassembly. The collector manufacturer
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has recognized this problem and is now considering alternative materials for
the feeder tube connectors.

Substantial leaks have occurred in the connections between the mani-
folds and at the junction of the evacuated tubes and the manifold. The
latter source of leaking is relatively easy to correct and usually requires
only an adjustment of the tube in the manifold cup. The only difficulty
arises when an upper tube must be adjusted. In this case it is easy to’
dump the collector 1liquid during the adjustment and thus introduce a large
air pocket into the module. This is not self-correcting and it may be
necessary to drain the entire collector array in order to correct the situa-
tion. (The dra1n1ng of the collector array is discussed below.)

Significant leaks in the manifold connections are generally more diffi-
cult to correct and, in the case of the first 0-1 design, were more common.
The first design required soldering of 2.5 cm (1 in.) copper pipes (two per
interface between manifolds). Normally two manifolds are soldered together
on the ground and then placed on the roof as a unit. This proved completely
unsatisfactory, as the subsequent movement stressed the solder joint to the
extent that five out of eight connections made in this way developed leaks.
Ironically, no soldering work performed on the roof to connect. the manifolds
had any leaks at all. O0-I has since replaced the requirement of copper pipe
soldering with specially adapted fittings. These fittings enormously '
simplify the installation on a roof and are a decided improvement. In the
CSU installation, the lower array utilized the improved fittings while the
upper array used the earlier soldering technique.

The difficulties associated with being able to check for leaks in the
collector manifold assembly and the related piping, prior to the completion
of the érray's installation, are compounded by the inability to easily drain
the collector to an extent which would allow repairs to be made and to sub-
sequently recommence operations. On the other hand, the upper tube on either
side of each collector module would self-drain unless specific precautions
were taken to prevent this. (In fact, it was necessary in the CSU installa-
tion to incorporate a piping loop on the outlet of the collector -which could
provide back pressure greater than the water head to prevent an unwanted
drain-down.) Unfortunately, the self-draining is a very slow and 1engthy
process. In one case where a copper solder joint on the inlet side of the
collector (the piping leading to the collector) developed a leak, it was
necessary to drain the collector inlet in order to repair it. (It is
extremely difficult to repair a solder leak when there is any water in
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the pipe as the heat goes toward boiling the water rather than heating the
copper pipe.) Because of the slow self-draining, it took three days for
the tubes to drain to the extent that repair was possible.

It is, of course, possible to drain the system in a more positiVe
manner. One method is to pull all upper tubes out of the manifold, thereby
dumping the collector liquid onto the roof. This is a difficulty, lengthy and
somewhat hazardous procedure due to the normally high temperatures of the
collector liquid (note that, once the collector flow rate was shut off, the
time to empty all tubes in an array could easily allow the last tubes to
be boiling by the time they were attended to). While the lower tubes would
not have to be emptied in order to repair the leak, they will have to be
emptied in order to assure proper refilling (with no air pockets) and sub-
sequent normal operation. Thus this method of draining is time consuming
and quite laborious.

AR simpler method is to allow the collector tubes to boil the collector
liquid until dry. One disadvantage is the loss of any collector liquid or
additive other than water (e.g., ethylene glycol). Another disadvantage is
the time (again, several days) to complete the process. There is also the
disadvantage of possible damage to the collector due to boil off. In addi-
tion, the collector manufacturer no Tonger considers such intentional boil
off an acceptable procedure.

The difficulties encountered in draining'a collector module and in
other aspects of the operation of the collector would suggest a modified
design. Either of two alternatives is a possibility. One is to design
the manifold such that all tubes are below the manifold (the dimensions of
the module would then be approximately 1.2 by 1.2 m (4 x 4 ft). This has
the advantages of no self-draining, ease in removal with minimum loss of
collector liquid, and a simpler design. Alternatively, the tubes could be
placed above the manifold (again, 1.2 x 1.2mor 4 x 4 ft). This could
allow for an automatic drain-down system and would simplify the problem of

air bubbles trapped in the collector tubes. The essential problem with the
present design is the combination of tubes above and below the manifold.
Such a combination nullifies many of the advantages of either case and
increases the possible disadvantages of both cases. This design recommenda-
tion has been communicated to the manufacturer and is now commercially
available.



4.1.3 Presshre Drops

The pressure drop across an 0-1 collector module is dependent upon the
flow rate and has been given by 0-1 in the form:

Flow Rate Flow Rate. Pressure Drop
(gpm) (1bs/hr-ft2) (psi)
0.1 2.0 1.0
0.22 4.0 3.5
0.33 6.0 7.0
0.44 - 8.0 13.0

The CSU .installation has a flow rate for 16 modul es (in two parallel arrays
of eight modules each) of 953 kg/hr (4.2 gpm, 0.26 gpm/module), which would
correspend to a pressure drop of about 4.8 psi. The collector pump. is a Bell
and Gossett Series 60, one-half horsepower pump, designed for a flow rate of
908 kg/hr (4.0 gpm) against a total pressure drop in the collector loop of
15.1 psi. This large pressure drop is due primarily to the pressure drops .
across the heat exchanger between the collector loop and storage and the

0-1 collector array. For only one array in the collector loop, the same
pump provides for a flow rate of 590 kg/hr (2.6 gpm) (indicating a pressure
drop across the eight collector modules of 7.0 psi). Addition of ethylene
glycol increases the pressure drops.

These high pressure drops constitute a severe disadvantage of the
evacuated tube solar collector because of the potentially high pumping power
required and the resulting 1imit on flow rates of the collector fluid through
the collector array. The Tow flow rates have the disadvantage of potentially
increasing the collector operating temperature.

' For -example, the low heat loss coefficient, UL’ of the 0-1 evacuated

tubular solar collector extends the operating temperature range significantly.

It is possible to observe very high stagnation temperatures (the stagnation
temperature is the temperature of the absorber under an équilibrium no flow
condition of the collector heat transfer fluid). In tests of the 0-I col-
lector, a stagnation temperature of 280°C (540°F) was observed for a solar
intensity.of'769 W/m2 (272 Btu/hr-ft2). Under even higher solar condi-
tions, temperatures as high as 350°C (662°F) can be expected. Such condi-
tions emphasize the need for careful design of the solar heating and cooling
operating and control systems to prevent boiling of the collector fluid,
destruction of the control loop, degradation or destruction of the solar
collector or its components,'and avoidance of the safety hazards of high
pressure steam discharge. .
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The potential for collector fluid boiling is increased by the control
time lag inherent in the CSU Solar House III Owens-I11linois collector.

Because of the high pressure drops and low flow rates associated with the

0-1 collector mentioned above (e.g., the pressure drop per module for water
as the collector fluid can be related to the mass flow rate by Ap =
(0.278)(m)1-83 where ap is the pressure drop per module {psi) and h is

the mass flow rate (1b/hr-ft2)), it takes about 8 to 15 minutes for the
collector liquid entering the first tube of a module until it exits from
the last tube of the same module. During this time lag, collector tempera-
ture increases as much as 20°C have been observed. During the cooling sea-
son when the storage temperature might be 80°C (but still below the minimum
operating temperature of an absorption cooling machine), the collector pump,
if turned on at the storage temperature plus 2°C, could not prevent boiling
of the collector liquid. It has, in fact, been necessary to install a
special control instrumentation circuit to activate the collector pump when-
ever the collector temperature exceeds 75°C regardless of the storage
temperature.

In addition, the pressure drop across the 0-1 collector has been ob-
served to be slightly higher when filling the system. In fact, the one-
half horsepower pump described above was unable to fill the system without
the back pressure of a head of water from the collector outlet to the pumb
of about 6 m'(20.ft) of water head. While the domestic hot water pressurized
water main has been suggested as a simple means of filling the collector,
such a tactic is severely limited if it is desired to add ethylene glycol
for freeze protection or utilize some other liquid as the collector fluid.
It should be noted that 0-I has the option of installing enlarged feeder

‘tubes, which significantly reduce the pressure drops across a collector

module.

4.1.4 Freeze Protection

It might be anticipated that the very low heat loss characteristic of
the evacuated tube might prevent freezing of the collector fluid. This is
true to some extent, since the evacuated tube may resist freezing for ‘
several days even under cold weather conditions and minimal solar input.
However, the collector piping and manifolds are not similarly protected
and a water/g]yéo] mixture must be used. This mixture must be sufficient
to prevent freezing under all reasonably expected winter conditions. The
fact that glycol concentrations of 25 percent by volume inwater will yield
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a slush condition (which will not expand sufficienly to burst a pipe)
lTimits the ability of the collector pump to pump through the collector.

It is, in fact, possible that pipe freeze conditions in the collector loop
not exposed to the sun could occur when the solar collector itself is being
heated by the sun. Under these conditions, the collector will boil, an
event already experienced in Solar House III. It is noteworthy that, when
the 1iquid in one tube in an evacuated tubular collector module boils, the
resul tant vapor lock stops the collector liquid flow and causes eventual
boiling in all of the tubes of that modula.

4.1.5 Reflectors

The initial design of the 0-1 evacuated tubular solar collector module
required a white reflective surface (as part of the roof or collector sup-
port structure) to be located directly behind the evacuated tubes. A
modification to this design is the use of a shaped, specular reflector
directly behind and attached to the evacuated tubes. This modification
was expected to yield 25 percent more energy than a similar module without
the specular reflector.

It should be pointed out that the 0-1 collector must be installed in
a north-south orientation at a selected tilt angle of 20 to 90 degrees.
This is due to the inability of the glass absorber tube to withstand the
thermal stresses imposed on a horizontal tube when partially filled with a
liquid. However, while the 0-1 collectors appear to gain little from the
use of reflectors, this is not necessarily true for the use of a reflector
on a horizontal tube, since the optical losses on a north-south oriented
tube during the course of one day are radically different from those of an
east-west oriented tube.

4.1.6 Control Instrumentation
The collector pump is controlled by a differential thermostat between

the collector and the thermal storage unit. However, the 0-I design of
the evacuated tube collector module does not allow for the insertion of a
sensor which can measure directly the collector fluid temperature. Whi1e
the outlet of the collector array could be used, this gives a substantially
different reading when there is no flow in the collector itself (in many
cases exceeding a difference of 30°C). Thus, unless the collector fluid
temperature is directly measured, the ability of the control system to
optimally control the collector pump is severely degraded.

In the CSU installation, a control sensor was placed in the last tube

of one module and the wiring was run through the manifold piping to a
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connection on the collector outlet pipe. This was a difficult procedure
and, ideally, §hou1d not be necessary. In addition, because of numerous
boil offs and exceptionally high stagnation temperatures, the sensor re-
quired periodic replacement. Such rep]acemént could be greatly facilitated
by a specific design feature to allow for easy insertion of control or
monitoring instrumentation. (It should be noted that most control sensors
require a larger voltage output than is available from thermocouples.)

The provision for the insertion of a temperature sensor in one tube of
each module would also allow for a check of adequate flow to all modules
piped in parallel flow. On several occasions at CSU when the collector had
been operating it was necessary to shut down to prevent boil off and possible
damage to the collector tubes and the tubes were manually removed and emptied.
In this process, six tubes in the upper array were found to be dry inside,
indicating no flow prior to the shut down of the collector pump. A check
of the data indicated no detectable change in the flow rate previous to
that time. Therefore temperature sensors are deemed essentialy in order to
adequately check out the initial operation of the system and for later’
maintenance checks.

During the heating season of 1977-1978, a photoelectric cell was in-
stalled to start the collector and heat exchanger pumps at sunrise and stop
them at sunset. Operation of a solar collector in this fashion results in
« number of disadvantages but there appeared to be no alternative if inter-
ruptions in operation due to frequent boiling were to be reduced to a toler-
able level. In addition, the frequent loss of control sensors in the boiling
collector provided added impetus for this control modification. The dis-
edvantages of the photocell type of operation are reduced to some extent
because of the lower rate of heat loss of an evacuated glass tube solar
collector are compared to conventional flat-plate solar collectors. The
effects of the photocell control strategy are discussed later under "System
Performance".

4.2 Solar Heating and Cooling System Installation
4.2.1 Equipment

The installation of the remaining components of the solar heating and

cooling system was accomplished without major difficulty. However, the
fact that the house was completed and occupied complicated the installation
and the effort became essentially that of a retrofit although the collector
#+ea had already been provided. The major difficulty was in the small area
.lotted the solar equipment, which included a 4550 & (1200 gallon)
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horizontal cylindrical storage tank, two 1890 g (500 gallon) cooI:storagei
tanks, one 310 ¢ (82 gallon) and one 159 ¢ (42 gallon) hot water tanks, an
absorption ch1IIer, an auxiliary boiler, and numerous pumps, heat exchangers,
and associated piping. o
One particularly difficult area was in the small space between the

return air duct and supply air plenum chamber. It was necessary to pIacel
two Iarge liquid-to-air heat exchangers plus a house d1str1but1on blower 1n
a space measuring less than 16.4 m (5 ft) anng the air flow path. This
caused the probIem of placing the blower too near the bu1]d1ng S return }7
air inlet and, consequently, producing an unacceptable noise IeveI This -

was eventua]]y corrected by the rélocation of the building' S return air
inlet.

4.2.2 Control Instrumentation

The control instrumentation system was developed by a member of the
project staff and utilizes a completely solid-state contro! design. This |
system has proven to be reliable, relatively inexpensive, and highly versai
tile in the incorporation of design changes and in providing additional

data information on the status of the system. '

5.0 COLLECTOR OPERATING EXPERIENCE
5.1 Summary , v
During the 20 months of evaluation of the 0-I so]ér collector installed
on CSU Solar House III, ‘several problems have been observed . These include:
(1) Excessive Ieakage of the collector 1liquid (
(2) Consistent breakage of the evacuated glass tubes _
(3) Considerable difficulty in obtaining adequate flow through the
collector following a boiling episode ‘
(4) Difficulty ihsertinq and maintéining control and data sensors
within the Tiquid flow volume of the evacuated gIass tubes '
(5) Control problems associated with long response times
(6) No possibility of draining the collector without disassembly
(7) Freezing in the evacuated glass tubes and the solar collector
module manifolds
(8) Frequent boiling resulting in additional Tiquid loss and
evacuated glass tube breakage
(9) Large heat capecity resulting in large overnight heat loss
Based on this experience it is the opinion of the authors that this
“riar =ollector can be expected to periodically lose most of its contained
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1iquid due to intermittent glass breakage and leakage. Because of the rela-
tively large quantity of liquid contained in this collector (the capacity of
the collector alone on CSU Solar House III is about 570 Titers), this loss
of collector liquid becomes prohibitively expensive unless the liquid is
water. Unfortunately, if the Tiquid used is water, freezing will be exper-
ienced. Because of this and other reasons to be discussed, this collector
cannot be considered as a viable alternative for residential applications
at the present time. It should be pointed out,however, that the use of this
collector as an air-heating solar collector could eliminate most of the pro-
blems enumerated above and thus constitute a much more practical design.
While CSU Solar House III experienced frequent electric power failures,
many of which caused boiling episodes, there were still other boiling episodes
which could not be attributed to power failures. Some cf these episodes were
due to the long response time involved in starting the collector pump in the
morning. The recurrent boiling of the collector liquid caused significant
losses of collector liquid and also caused sufficient vapor locking in' the
flow distribution to significantly degrade the overall performance of the
system.

5.2 Freezing
In the CSU installation freezing in the piping leading to and from the

collector array occured on two separate occasions in November 1976. In
January'1977, the Tower collector array manifold froze and burst the lower
manifold pipe in five places. In this case the collector tubes were not in
place and the lower manifold pipe failed to drain. Because of these exper-
iences, the collector 1iquid was changed to a 24 percent ethylene glycol

{by volume) aqueous solution. In reference to the original project work
plan, it was anticipated that this concentration would be replaced during
the cooling season for an all-water system in an effort to evaluate the ef-
fects on the performance of the system due to using an ethylene glycol solu-
tion rather than water. This plan, however, was never initiated due to the
replacement of the 0-1 collectors with the Chamberlain flat-plate collectors
in June 1978.

5.3 Boiling

In the initial installation of the 0-I collectors on CSU Solar House
-III, numerous leaks between the evacuated tubes and the collector manifolds
required a shut down of the filling process.> It was subsequently decided
16 allow the collector to boil off any remaining liquid, with plans to refill
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the system at a later date. On the same day, two tubes destroyed themselves
due to what is now believed to have been thermal shock. On the fo]]ow1ng
day, approximately 18 additional tubes were destroyed before the entire
collector array was covered with protective black plastic.
The destruction of the tubes took two forms. The first occdrred at
the juncture of the absorber tube and the outer tube, i.e., the "neck".
The second type of breakage was at the opposite end of the absorber tube
and was caused either by the inner feeder tube or the coiled spring separat-
ing the absorber tube from the outer tube. While the absorber tube was des-
troyed or broken in every case, the outer tube was broken in about half the
cases, with no correlation as to how the absorber tube was destroyed.
Similar breakages were also observed during filling of the collector.
For example, in November 1976, project staff began filling the collector at
9:00 am. Because the low flow rate implies a total filling time of about
20 minutes, the last tubes in each module (there are 24 tubes in‘series for
each module) continued to heat up until, at 9:15 am, several tubes near the
outlet of each manifold had developed significant]y higher temperatures and,
when the cool water entered the hot tube, the absorber tubes destroyed them-
selves.

5.4 Glass Durability , ‘ ,
It should be stressed that, while the initial collector installation

had numerous and continuing glass breakage problems, the replacement evacuated

tubes supplied by 0-I, at no additional cost to the project, showed marked
improvement. In a test of the ability of the tubes to withstand a boil off
condition, all tubes, with the exception of one, were apparently undamaged.
The single exception developed a leak between the tube and manifold and re-
quired subsequent replacement. At a later date in the operation of the
system, a failure of a flow meter interrupted the normal flow and caused
“an inadvertent boil off condition. In this case the pressure relief valves
Were automatically actuated and the entire collector array suffered no ‘
apparent damage.

The replacement evacuated tubes appeared to be a substantial improve-
ment. During the initial filling of the new tubes ‘virtually no leaks
developed between the tubes and manifolds, which was a decided improvément
over the earlier tube design. In addition the new support between the
absorber and outer tubes was a much more positive support and indications
were that the design change was particularly useful. The new tubes also
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had a getter, which provided for direct indication of a loss of vacuum in
the evacuated portion of the tube. Unfortunately, once the tube was in-
stalled, the getter was covered by the end cap and hidden from view, thus
eliminating an easy check of the collector tubes for vacuum.

Finally, the apparent improvement in the consistency of the absorber's
selective surface was noted during the installation of the replacement tubes
because the older tubes appeared to have a wide variation in coloring,
approaching the appearance of a rainbow. However, after the installation
of the replacement tubes, some variation of the collector surface was ob-
served but it was later determined that this discoloration does not affect
the thermal performance of the collector even though there had been a slight
change in the optical properties of each tube (i.e., a slight shift in the
absorption versus wavelength curve).

5.5 Time Lag
Because of the high pressure drops and subsequent low flow rates

through the solar collector array, there was a time lag between the time the
collector liquid entered the first tube of a module until it exited from the
last tube of the same module. In normal operation this time lag had a dura-
tion of about 8 to 10 minutes, although during filling operation of one
collector at a time, the time lag varied from 15 to 20 minutes. Table 1
gives the temperatures of the collector and thermal storage, as well as the
collector flow rate with respect to time for one typical start-up. (The
collector pump was first energized at 0844 MST, 16 March 1977 data).

It is noteworthy that the collector temperature rose tor about eight
minutes until the cooler inlet water reached the temperature sensor in the
outlet tube. The temperature rise over this time period (early in the morning)

was 14.4°C. At higher initial temperatures the rise was slightly less (e.q.,
76.9°C to 89.8°C for a rise of 12.9°C). Obviously, such a AT raises ques-
tions as to the validity of such a control system for the collector pump.
While the temperature of the collector did return to the region of the
initial temperature in each case, there was the distinct possibility of
boiling the collector before the temperature rise could be halted.

As an example, the boiling point of water in the Fort Collins area is
- 95°C and the absorption chiller was designed for temperauratures of 80°C.
Thus-storage on a summer morning could be expected to be no lower than 80°C,
less any heat losses overnight (about a 2°C drop). If the collector/storage
temperature differential to turn on the collector pump was 7°C, then the
“collector pump would turn on when the temperature of the collector reached 85°C.
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Table 1. Collector Start-Up Temperatures

Storage Collector '

Time Temperature Qutlet - Collector

Temperature Flow Rate

(°C) (°c) - (gpm) -
0844 60.5 68.0 --
0845 60.8 68.5 3.9
0846 61.2 69.0 3.5
0847 61.6 69.3 3.5
0848 62.4 69.9 3.4
0849 62.6 74.9 3.4
0850 62.3 77.5 3.1
0851 62.5 81.8 3.3
0852 62.3 82.4 3.7
0853 62.1 78.7 3.9
0854 62.1 74.8 3.8
0855 62.0 72.2 4.0
0856 62.2 70.7 3.9
0857 . 61.9 69.9 4.0
0858 61.7 69.2 4.1
0859 61.5 68.9 4,2
0900 61.4 68.6 4.3

If the expected temperature rise is 11 or 12°C, the collector temperature
will then reach the boiling temperature before the cooler in]ef water is
available at the last few tubes of each module. Thus the collector begins
to boil.

The collector/storage differential could be lowered and the absorption
chiller operated at temperatures as low as 75°C so that, in prihcip]e, this
problem could be reduced. The addition of ethylene glycol would also raise
the boiling point at this location (a 25 percent solution has a boi]ing
point of 102°C in the Fort Collins area), which would ease the difficulty
~even more.. Nevertheless, the problem is Tikely to persist when storage
temperature is high, reflecting an abundance of solar radiation’and'a .
light cooling load. Because of this potential difficulty, the control
instrumentation was modified to brovide boil protection by turning on the
collector pump whenever the collector tempeféture reached a preset value
(e.g., 75°C), irrespective of the temperature in storage; The modification
eliminated a similar freeze protection mode which, with a glycol/water
mixture for collector fluid, was no longer needed. Unfortunate1y this
modification was exbected to degrade any optimal control strategy.

5.6 Collector Fluid Considerations ) .
The 1977 winter heating season was comparatively mild (about. 20 per;ent

feWer heating degree days than normal). The combination of lower heating
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Toads and high collector temperatures, easily obtained by the 0-1 evacuated
tube collectors, provided for a high degree of probability that some boiling
would occur over the course of a year. This was particularly true in the
spring and fall, when heating/cooling loads are minimal and solar radiation
on a 45 degree tilt is at a maximum.

Several alternatives exist to counter the undesirable boiling conditions
in liquid-heating evacuated tubular collector systems. The collector array
can be undersized for the particular building load and storage can be over-
sized to account for the spring and fall excess energy. However, any over-
sizing of storage would have to consider the effects on its ability to meet
the temperature requirements of the absorption chiller. A multiple storage
tank facility could also be utilized to avoid this problem, but only at a
cost of greater system complexity.

Another alternative would be the use of covers for the collector to
prevent boil off. This again would mean higher costs and greater complexity
without any significant improvement in the performance of the solar system.

A simpler and more desirable alternative is to eliminate the problem
altogether by eliminating water as a constituent of the collector fluid.

This can be done by the use of a low freezing point/high boiling point heat
transfer liquid or by redesigning the evacuated tube solar collector to use
air as the heat transfer fluid. Liquids exhibiting the necessary charac-
teristics have been detailed in reference 10 and might include butyl benzyl
phthalata (freeze -35°C, -31°F; boil 365°C, 689°F) or diethyl o-phthalate
(freeze -41°C, -41°F; boil 289°C, 568°F).

Modification of the evacuated tube solar collectors to utilize air as
the heat transfer fluid would have numerous advantages. Difficulties of
freezing, boiling, corrosion, and costs of exotic liquids would be eliminated.
In addition the thermal performance of solar air-heating systems has been
shown to be slightly better than water-heating systems using flat-plate col-
lectors. The only potential disadvantage of a solar air-heating collector has
been the inability to obtain temperatures high enough to operate solar cool-
ing machines, but this argument is no longer justified for an evacuated tube
air-heating collector (see reference 11). It should be pointed out that
both Owens-Iilinois and General ETectric are presently developing commercial
~ solar air-heating evacuated tube solar collectors.

In summary, the use of an air-heating evacuated tube solar collector
instead of a 1iquid-heating design would:
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(1) Eliminate freezing problems

(2) Eliminate boiling problems (which are particularly prevalent
in evacuated tube collectors)

(3) Eliminate corrosion problems

(4) Reduce damage to building and system due to leakage problems
(although air leaks in an air system would degrade performance
of the snlar system) »

- (5) Eliminate costs of antifreeze mixtures, corrosion inhibitors,

and/or exotic 1iquids used as the collector heat transfer fluid

(6) Greatly reduce significant storage heat losses without a heavy
cost penalty of greatly improved insulation

(7) Greatly reduce the problem of insertion of control and/or data
sensors in the evacuated tubes

(8) Eliminate concern for air pockets occurring in the filling and
operation of the collector array, thus eliminating the use of
cbmplete modules for collection of solar energy .

(9) Reduce large pressure drops in the collector array and associated
collector/storage heat exchangers.

5.7 Reflectors

The initial design of the 0-1 evacuated tube solar collector module
called for a white reflective surface (as part of the roof structure) to be
lTocated directly behind the evacuated tubes. A modification to this design
is the use of a'shaped specular reflector directly behind and attached to
the evacuated tubes. 0-1 expected the collector module equipped with the
reflectors to yield over 25 percent more energy than a similar module using
a diffuse .reflector. .

The installation at CSU Solar House I!II had the specu]éf'reflectors ,
installed with the solar collector upper array but utilized the diffuse
white background reflector on the lower array. Results indicated a 16wer
percentage improvement of the specular reflectors over the diffuse surface
over the period of one day. Figures 5,6, and 7 show initial raw data plots.
on 16 March 1977 (Fig. 5), the array with specular reflectors (upper array
denoted by the temperature, To u) showed approximately 17 percent improve-
ment. Note, however, that from 1200 to 1500 the percent improvement was
about 40. On 19 March 1977 (Fig. 6), we see v1rtua]1y nc improvement due
to the reflectors.
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5.8 Collector Threshold

According to Owens-I1linois, their evacuated tube soiar collector had
a threshold of 71.8 W/m (25.4 Btu/hr-ft2) beam (i.e., the minimum insoléation
required to operate the solar collector). This corresponds to a total radia- .
tion (beam and diffuse) threshold of about 116 W/m? (41 Btu/hr-ft2). Experi-
~mental data at CSU Solar House III during 1977 indicated a slightly higher
_threshold of 140 W/m? (50 Btu/hr-ft2). More detailed results are described
below.

5.9 Stagnation Temperature

The highest stagnat1on temperature recorded to date was 280°C (540°F)
at a solar intensity of 769 W/m2 (272 Btu/hr—ftz)

6.0 SYSTEM PERFORMANCE

Table 2 shows the overall system performance during March 1977. Note-
worthy results include a high daily average solar collector efficiency, a
high fraction of the heat load carried by solar, a Tow operating threshold
for the collector, and a significant heat loss from the thermal storage and
domestic hot water units as well as piping, etc.

The solar collector efficiency shown in row 17 is the average daily

collector efficiency over the entire month and is obtained by dividing the
useful collected solar heat (row 4) by the total monthly solar radiation
during collector operations (row 3). Even when the total monthly solar
radiation (i.e., sunrise to sunset) is considered. (row 2), the collector
still collects and delivers to storage 41 percent of the available energy.

One of the reasons for this excellent performance is the low operating
threshold, i.e., the minimum solar radiation intensity necessary for useful
heat collection. A comparison of rows 2 and 3 indicates that the collector
was operating a substantial portion of the time and collected solar energy
during the time that 85 percent of the total monthly radiation was available.

The large fraction of the load carried by solar (row 18) can be attri-
buted to a somewhat milder winter (about 20'percent fewer heating degree
days) and the excellent performance of the collector. However it should be
noted that heat losses from thermal storage and other system components
(row 5) constituted over 30 percent of the useful heat (row 4). And, while
the bulk of these heat losses were to the conditioned space, thus helping
to meet ‘the heating load, they were uncontrolled heat Tosses.

Table III shows a comparison of the performance of House III with the
L8f house data. The L8f house utilizes an obsolete, but still effective,
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Table 2. Energy Balances on CSU Solar House III

as useful heat by solar system (percent)

Row Description Value -
1 |Month/year March 77
’2 Total monthly solar radiation (106 kd/month)|-23.52 '
3 | contector operations) oo TS (10° ka/month | 19.
4 |Useful collected solar heat (106 kJ/month)| 9.68
5 |Heat losses (storage, DHW, piping, etc.)(JO6 kd/month)| 2.97
6 [Total useful heat delivered by solar (106 kJ/month)| 6.71
7 |Total useful heat delivered by auxiliary (106 kJ/mon) 2.46
8 [Total heating 1oad (10° kd/month)| 12.14
9 |Electrical | Collector/exchanger pumps 0.56
10 {Energy Circulating pump 0.28
11 {Used .| Total solar system pumping power 0.91
12 {(parasitic)| Blower 0.90
13 {Electrical | Air conditioned space (lights) 3.96 .
{ 14 [Heat Added | Garage 1.01
15 {To: Utitlity room 1.62
'16 Tota]velectricity used in house 15.50 .
17 |Solar collection efficiency (percent)| 48.6
18 [Monthly fraction of load furnished by solar (percent)| 79.7
19 Monthly fraction of total solar radiation delivered 41.1
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Table 3. Comparison of CSU Solar House IT1 and L8f House

Row : | Description House III|LYf House
1 [Month/year - A March 77 {March 77
2 [Total monthly solar radiation 1 23.52 24 .53*

Total monthly solar radiation (during A
3 collector opcrations) - 19.91 18.19%
4 {Useful collected solar heat ' 9.68 7.91*
5 |Heat losses (storage, DHW, piping, etc.) 2.97 -

6 |Total useful heat delivered by solar 6.71 6.79%
7 Tota{ useful heat delivered by auxiliary . 2.46 10.79%*
8 |Total heating load ' 12.14 17.96**
9 {Total solar system power ' 0.91 1.68*
10 {Solar collecter efficiency | 48.6% 43.45%

Monthly fraction of total solar radiation o

N delivered as useful heat by solar system 4.1% 32f2%

Notes: A1l energy units are in million kilojbu]es per month

* Corrected for same collector area
** Different building heating loads
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air-heating flat-plate solar collector. The data for the same period with
similar radiation levels provide for useful comparisons.

Table 4 shows the system performance for February 1978. These data are
distinct from the March 1977 data because of the use of a photocell instead
of a collector/storage temperature differential to turn the collector pump
on and off. The upper collector array was not used during February because
of excessive collector liquid leakage problems. Therefore only half of the
installed solar collector area (20.35 m2) was used in February 1978.

This was the coldest February since 1960 (the average air temperature
was -2.6°C). While precipitation was only 63 percent of normal, there were
an above normal number of days with precipitation. The frequent periods of
"upslope" weather conditions which began in mid-January continued during
February with a large number of cloudy days, fog days and light wind days.
Snow cover was continuous from January 15, but the long period of snow on
the ground ended February 23. The heating degree days (base 18.3°C) totaled
581 °C-days. Total precipitation for the month was 0.69 cm (including 12.4
cm of snow). During February there were only four clear days, five partly
" cloudy days, and 19 cloudy days. Average wind speed was 6.9 kilometers per
hour. _ |

From rows 1 and 2 of Table 4 it is clear that the solar collector
operated from sunrise to sunset. Because of this, parasitic power require-
ments were excessive (row 13). The large electric power requirements were
due in part to the sizing of the collector and exchanger pumps on the basis
of 40.7 m2 of collector area. Because only half the collector area was
utilized, it might be considered appropriate to reduce the electrical power
used in collecting solar energy to approximately one-half the value given in
row 6 of Table 4. However, even with this increased flow rate (approxi-
mately 135 percent of the manufacturer's specified design value), some
boiling episodes were still experienced. The greéter flow rate is therefore
desirable, from an operational viewpoint, in reducing the boiling of the
collector Tiquid. The collector pump started operating about two hours
. earlier and continued to operate about one hour later than it should have.
Total hours of useful heat varied from as little as five hours per day up
to nine hours per day with an average of eight hours per day. Once the
useful heat co]]ectibn began in the morning, it continued throughout the day.
On the average, the collector pump (and heat exchanger pump) ran 11 hours
per day, or three hours per day more than they should, so that the electrical
power consumption reporfed in Table 4 was about 27 percent greater than
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Table 4. System Performance, February 1978

L MegajouTes
Row Description ——gjl——Tr—
1 |Total solar radiation on col- 361
2 |lector area during February When collector operated 357
3 |Useful collected solar heat 180
4 |Heat delivered by auxiliary for house heating 835
5 |Total heating ]oaa.(so]ar plus auxiliary) B 1,015
6 |Electrical Collector and heat exchanger pumps 29
7 |Energy Circulating pump 23
8 |Used ‘ Air blower 44
9 Electrical heat added to air conditioned space by ‘
lights, etc. 190
10 |Total electricity used (row 4 + row 6 + row 7 + 1.121
row 8 + row 9) : ’
Row Description Percentage
11 [Solar collector efficiency (row 3 : row 2) ' 50.4
12 Percent of total solar radiation de11vered as useful - 49.9
solar heat (row 3 ¢ row 1)
13 |Parasitic power requirement (row 6 : row 3) 16.1

Megajoules per square meter of solar collector used (20.35 m2)

necessary for useful heat collection. Considering this latter factor, a more
realistic value for the parasitic power requirements listed in row 6 of Table
4 would be 23 MJ/mZ-month.

Assuming an overall average efficiency for electrical generating power
plants (including distribution) of 25 percent and a 60 percent average
conventional furnace efficiency, it is clear that the parasitic power require-
ment in terms of fossil fuel consumption is about 50 percent of the useful
collected solar heat. With the recommended sizing'of collector and heat
exchanger pumps, this parasitic power requirement could be reduced but boil-
ing episodes would be more frequent. Thus, if the collector had not been
operated with a photocell, the electrical parasitic power requirement would
have been 15 percent or, in terms of fossil fuel consumption, -about 36 percent
of the useful collected solar heat (see equétion (7)).

7.0 THERMAL STORAGE PERFORMANCE ,
During the month of February the average temperature of the thermal

storage was 43 t 5°C, that of the domestic hot water solar preheat tank was




39 * 6°C, and that of the domestic hot water auxiliary (electrically heated)
tank was 67 * 3°C. The corresponding heat loss coefficients of the three
water tanks (determined experimentally) were 51.5, 8.15, and 6.97 kd/hr-°C,
respectively. With an average house temperature of 21°C, the total heat
lost to the house from these three tanks was 38,400 kJ/day.

Because the storage was designed for a collector area double that used
in February, the storage water temperature never exceeded 52°C during the
month and averaged only 43°C. Consequently, a maximum of 42 percent of the
available storage was used and the average utilization was only 30 percent.

8.0 SOLAR COLLECTOR PERFORMANCE
8.1 Collector Array Overnight Heat Loss

Because of the 0-1 solar collector module design, it could not be drained
at night. Therefore the 1iquid in the collector cooled overnight and the heat
lost had to be replaced each morning either by solar energy and/or by heat
. from storage. As mentioned earlier, the 0-1 solar collector contains a rela-
tively large volume of liquid so that the overnight heat loss is significant.
The average overnight heat loss was 2099 kJ/mZ or 58,772 kJ/m2 for the month
of February. This represents approximately 33 percent of the useful collected
solar heat. Because the collector was operated from sunrise to sunset, almost
all of this heat loss came from storage.

8.2 Flow Rate Through the Solar Collector
The flow rate through the solar collector was related to the outlet

1iquid temperature as follows {correlation coefficient = 0.950):

q = 0.399 + 0.00403 T, (3)
where:
g = Flow rate through the 0-1 solar collector array, m3/hr
T0 = Qutlet liquid temperature from the collector array, °C

Equation (3) explains 90 percent of the observed variance in flow rate. If
25-to 100°C is considered the practical solar collector outlet temperature
operating range, it is clear that the flow rate through this solar collector
will vary from 0.5 up to 0.8 m3/hr or by a factor of 1.6. For the month of
February, the average flow rate through the solar collector was 0.585 m3/hr
or 0.0287 m3/hr-mZ of solar collector.

8.3 Collector Efficiency and Heat Capacity
The 0-1I solar collector has a significant heat capacity which directly

affects the apparent collector efficiency. It has been shown [5] that:
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where
Qu = Useful heat de]ivered by the solar collector, kJ/hr

S = Solar insolation rate on a tilted surface, kd/hr-m

= Solar collector array area, m2

= Instantaneous solar collector efficiency when T T = AT =0,
dimensionless

UL = Solar collector heat loss coefficient, kJd/hr-mé-°C

To = Solar collector liquid outlet temperature, °C
‘Ta = Ambient (outdoor) air temperature, °C
¢ = Weighted average specific heat of the solar collector
materials when the collector is filled with water, kJd/
kg-°C (for the 0-I collector, ¢ = 2.27 kd/kg-°C)
W = Mass of the solar co%lector per unit area (with water in
the collector), kg/m (for the 0-1 collector, W = 34.1 kg/m2)
AT = TO-Ta

Qu/SAc = Apparent solar collector efficiency, dimensionless
AT = Change in solar collector outlet liquid temperature during
©  the time interval At, °C
At = Time interval, hour

From equation (4) it is clear that, while the solar collector is warming
up during the first part of the day, AT, will be positive and consequently
the apparent solar collector efficiency will be less than the true collector
efficiency for the same value of aT/S. Conversely, during the latter part
of the day when the solar collector is cooling off, AT will be negative and
therefore the apparent solar collector efficiency will be greater than the
true collector efficiency for the same value of AT/S. A

In order to demonstrate this behavior, average values and standard
deviations of both Q /SA and AT/S were determined for each hour of the day
for several days dur1ng the middlie of February. These results are given in
Table 5. The data in Table 5 are plotted in Fig. 8, where each point is
labeled with the hour of the day. ATo appears to be positive for the hours
8:00 am through 2:00 pm and negative for the hours 2:00 pm through 5:00 pm.
The equations for the two straight lines in Figure 8 are for the hours 8:00
am through 2:00 pm (correlation coefficient = -0.972).



Table 5. Average Values and Standard Deviations of Qu/SAc and
AT/S for Several Days during the Middle of February 1977

Begiﬂz?:g At oc.méT;i/kJ Qu/SAc

8 ' 0.071 + 0.038 0.347 + 0.169
9 0.045 + 0.023 0.459 + 0.08]
10 0.032 + 0.012 0.499 + 0.030
11 0.023 + 0.010 0.495 + 0.024
12 0.024 1 0.012 0.529 + 0.036
13 0.029 + 0.020 0.496 + 0.044
14 0.035 + 0.012 0.549 + 0.078
15 0.074  0.034 0.480 + 0.065
16 0.182 + 0.098 0.297 + 0.082

Qu AT 2 o

§K€ = 0.599 - 3.43 < kd/hr-m=-°C- (5)

and for the hours 2:00 pm through 5:00 pm (correlation coefficient = 0.99996):

. AV N 6 )
# = 0.608 - 1.71 TT kd/hr-m2-°C (6)

The intercept in both cases is about the same (0.6 * .04) and corresponds
well with the theoretical values, reported by Moan [12] and Beekley [13], of
0.64. It should be noted that this experimental value was obtained under
operating conditions which included the effects of dust, snow and ice on the
collector tubes.

Between the hours of 9:00 am and 4:00 pm, the apparent collector effi-

ciency was > 0.459. This is clearly important because at this time of year
at this location, the vast bulk of the total daily solar radiation on a
slope of 45 degrees falls during this time period and this is reflected
by thé fact that the average collector efficiency for the month was about
50 percent and that about 50 pefcent of the incident solar radiation was
de]ivered as useful heat by this solar collector.

Perhaps a better measure of the true solar collector efficiency is
obtained by subtracting the parasitic power requirements in terms of fossil
fuel consumption (i.e., the thermal equivalent of the electrical power

used).
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- This consideration leads to:

Q E E
" s @) S

where

n = Solar collector efficiency corrected for parasitic electri-
cal power consumption, dimensionless

E_ = Natural gas furnace efficiency, dimensionless

E_ = Generation, transportation and distribution efficiency of a
thermal power plant, dimensionless

E = Parasitic electrical power requirements for the collection
of solar energy, kdJ/hr

For the 0-I collector installed on CSU Solar House III:

AT 0.504 £ - 0.077
sa_ O sa_ O

If, for example, Eg = 60% and Ee = 25%, the ratio of Eg/Ee = 2.4, which
interestingly enough is roughly the same value of a seasonally averaged
coefficient of performance of a heat pump. In other words, a heat pump
utilizing electricity from a hydroelectric plant contains the thermal equi-
valent of 2.4 kd/hr of 1 kd/hr(electric).

Utilizing these values in equation (7) we obtain:

n = 0.504 - (2.4)(.0777) = 0.32

8.4 Conditions for Useful Solar Heat Collection

The 0-1 solar collector started collecting useful solar heat (i.e.,
Qu > 0) at solar radiation intensities as low as 291 kd/m2-hr and continued
collecting useful solar heat until the solar radiation intensity dropped to
as low as 70 kJ/m2-hr. On the average, the 0-1 solar collector started
collecting useful solar heat at solar radiation intensities of 694 kJ/mz-hr
and continued to collect useful solar heat until the solar radiation inten-
sity had dropped to 339 kJ/hr-mZ.

We may also consider the operdting threshold of the collector based on
the ratio (To—Ta)/S = AT/S where:

Solar collector outlet liquid temperature, °C

To

Ta

Qutdoor ambient air temperature, °C

Solar radiation intensity on a tilted surface (45°),
kd/mé=hr
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The 0-I solar collector started colTecting useful solar heat when the ratio
AT/S was as high as 0.137 °C-m2-hr/kJ. About the middle of February the 0-I
solar collector started useful heat collection between 8:00 and 9:00 am and
continued until sometime between 4:00 and 5:00 pm.

In considering a realistic operating threshold of the collector (i.e.,
the Towest solar insolation rate at which the collector will collect useful
heat), it is important to consider the additiona] energy usage expended 1in
operating the co]1ect¢r'by the collector pump (i.e., Lhe electrical energy
input). Normally such thresholds are computed by assuming zero useful
enekgy collected. For example, equations (5) and (6) may be used to calcu-
late the morning and evening thresholds by setting Q, equal to zero:

0 =0.509 - 3.43 8L (k3/hr-m2-°)
m
0=0.608 - 1.71 & (kd/hr-m2-°C) o (8)
e
where ‘
Sm = Morning start-up operating threshold
Se = Evening shut down operating threshold

For a typical AT = 50°C, Sm = 287 kJ/hr-m2 and Se = 140 kJ/hr-m2. This
provides a rough estimate of the solar thresholds. '

However, if we require our definition of the operat1ng thresholds S
and S to include a useful heat gain which will account for the e]ectr1ca]
energy usage, Qu can no longer be negative. In fact we may write:

Q E E
s—X; > (E‘?(W) | (9)

For the 0-I solar collector on CSU Solar House III this implies that:

. .
= 5 0.19
SA.

for collection of useful heat.
We can also rewrite equations (8) as:

0 = 0.599 - 3.43 g‘—T (kd/hr-m2-°C) - 2.4 (ﬁ—)
m mcC

0=0.608 - 1.71 41 (Kd/hr-m2-°C) - 2.4 (et—)
5 S A
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or
s = 01E 4 5 9347 KI/hr-m2-°C
m o
S = 2% + 2,81 4T kd/hr-n2-o¢ (10)
. .

For E/A. = 28 MJ/m2-month and AT = 50°C, we obtain (for a rough approxima-
tion:

Sm

Se

(167 + 287) kd/hr-m2 = 454 kJ/hr-m2

n

(165 + 140) kd/hr-m? = 305 kd/hr-m2
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SUMMARY OF TECHNICAL RESULTS - CHAMBERLAIN FLAT-PLATE COLLECTOR

1.0 CONCEPT

CSU Solar House III is an integrated solar energy system supplying useful
heat from a solar collector to a residential-style building for purposes of
space and domestic hot water (DHW) heating and space cooling. Water, or a
mixture of water and ethylene glycol, is used as the heat transfer fluid
which delivers heat collected by single glazed, selective surface, liquid-
heating, state-of-the-art flat-plate solar collectors to a thermal storage
tank (approximately 4500 liters; 1200 gallons of water). The heated water
from the thermal storage is then pumped (1) through a water-to-air heat
exchanger to be utilized for space heating, (2) through a double-walled
. water-to-water heat exchanger to be utilized for DHW heating, and/or (3) to
the generator of a 25,320 kdJ/hr (2-ton) lithium bromide absorption chiller
which in turn provides for space cooling. The LiBr chiller utilizes the
solar heat to operate the unit and accomplishes the cooling by removing heat
from water in an evaporator and discharging the heat to the ambient. The
resulting chilled water is placed in "cool storage" tanks and is pumped
through a water-to-air heat exchanger to effect space cooling. An automatic
control system provides for all functions of the system operation without
requiring any manual manipulation.

CSU Solar House III is fully instrumented for the purpose of unambi-
guous evaluation of the performance.of the integrated solar heating and
cooling system. The intent of the project is to integrate various compo-
nents (collector, absorption chiller, thermal storage, etc.) with specific,
known operating characteristics and then determine the system operational
performance. Variations in performance due to different control strategies,
degradation in component performance, maintenance and installation practices,
etc. can also be investigated.

2.0 SUMMARY

The present phase of the project commenced on 1 May 1978. Accomplish-
ments to date include a redesign of the solar heating and cooling system,
replacement of the previous solar collector array (Owens-I1linois evacuated
tube so]ar'col1ector) with a state-of-the-art flat-plate solar collector
(manufactured.by Chamberlain Corporation), system modifications for improved
operations with the new collector, and approximately 3.5 months of continuous
data on the opération of the new system.

L
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Preliminary performance and pertinent operating experience with the
Chamberlain solar collector integrated with the CSU Solar House III heating
and cooling system have been acquired and a preliminary analysis accomplished.
The initial analysis utilized primarily data from the months of July and
August (1978) in addition to an analysis of the operation of the solar cool-
ing system which utilizes the Yazaki 25,300 kJ/hr (2-ton) 1ithium bromide
absorption chiller and a cool storage subsystem.

Results of the analysis provide clear indications of the critical impor-
tance of temperature differentials between the collector outlet and the
absorption chiller generator inlet, the effects of alternative control
strategies, the marginal feasibility of cool storage, the devastating effect
on system performance of the heat losses from the thermal storage unit, and
the importance of parasitic power requirements on the ultimate feasibility
of solar absorption cooling.

3.0 TECHNICAL ACCOMPLISHMENTS

(] The 0-1 evacuated tube solar collector array was removed in May
1978 and replaced with a Chamberlain single cover, selective
surface 1iquid-heating flat-plate solar collector array with a
gross collector area of approximately 71.1 m2 (765 ft2; 30 each,

3 ft by 7 ft modules plus manifolding). The installation of the
Chamberlain collector was coordinated with another DOE-sponsored
project, "Cost-Effective Ways for Improving the Fabrication and
Installation of Solar Energy Heating and Cooling Systems for
Residences". Figure 9 shows CSU Solar House III with the Chamber-
lain solar collector array.

() The existing solar heating and cooling system has been redesigned
in order to incorporate the flat-plate solar collector array on
CSU Solar House III. Integration of the Chamberlain collector
required higher collector flow rates, redesign of the collector
loop piping, and several modifications to the control strategy.

[} The existing system (including the control instrumentation) was
modified for improved integration with the new solar collector
array.

(] Three months of continuous data (July through September) on the
system's performance have been acquired and a preliminary analysis
accomplished on two-thirds of these data as part of this report.
Two-week summaries of the acquired data, corresponding to different



Fig. 9. CSU Solar House III with Chamberlain Solar Collectors

control strategies, are shown in Table 6. A brief analysis of
these data is outlined under "System Performance".

® Initial performance data for the Chamberlain collector inte-
grated with the solar cooling system has been reported at the
Conference on Solar Heating and Cooling Operational Results
(Ref [2]). A summary of this report is included below under
"System Performance".

® Operating experience and system performance of both the 0-I
and Chamberlain collectors have led to generalizations in the
utility of operational results of solar heating and cooling sys-
tems. These efforts have also been reported at the Solar Heating
and Cooling Systems Operational Results Conference (Ref. [3]) and
are included in this report as Appendix A. Additional information
is included in references [4] and [5] and Appendix B.

4.0 TECHNICAL DEVELOPMENTS

The importance of the results of CSU Solar House III during the summer
of 1978 is to illustrate the critical importance of minimizing parasitic
electrical power requirements in the solar system design, in reducing the
minimum temperature to the absorption chiller, and in demonstrating the
overriding importance of solar system efficiency as opposed to collector
efficiencv.



Table 6. Performance of the Solar Coo]ing.System

Energy Flow

Time Periods

o miTTon k) Yy [g 1)
1 [Total solar radiation on col]ector* 13.56114.54(14.64(15.75
2 | otector pump 12 sperating e | 73| 913 5.30] .98
3 [Total useful heat collected * 2.21| 4.36| 5.00| 4.78
4 Thennai‘storage heat losses 1.03| 0.96] 0.96] 0.81
5 |Piping heat losses ** 0.17) 0.33} 0.38| 0.38
6 |Total solar heat delivered to load 1.00| 3.07| 3.66{ 3.59
7 |Total auxiliary heat delivered to load 9.19 6.82‘ 6.41{13.06
8 |Total heat delivered to chiller 10.19( 9.89(10.07 16.65
9 |Heat removed from chilled water . 4.69| 4.60| 5.17| 7.14
10 [{5an gejected to cooTing Tower 14.88(14.4915.24(23.79
11 |Heat rejected to cooling tower (measured) 113.75/14.97(16.36/23.45
12 [Heat gained by cool storage 0.16| 0.16] 0.19{ 0.16

*Based on a total absorber area of 53.3m2.

The total solar

collector area is 58.6 m2. It should be noted that the gross
collector area, including manifolds and interconnections
between individual modules, is approximately 70 m2.

** Based on energy balances




In design terms this implies:

(1) A minimum of solar collector loop piping and minimal pressufe drop
through the collector and associated piping (i.e., sufficiently
large diameter piping)

(2) Elimination of the heat exchanger between collector and storage
(and the heat exchanger pump) which implies a drain-down system or
the use of a Direct Contact Liquid-Liquid Heat Exchanger

(3) The use of an exterior hot thermal storage (essentiall)

(4) Minimal piping and pressure drops in the circulating loop, which
implies a minimal distance between the exterior storage and the
absorption chiller

(5) Minimal piping and pressure drops in the cooling tower loop, imply-
ing a minimal distance between the exterior cooling tower and the
absorption chiller

(6) Elimination of cool storage

(7) The desirability of an air instead of water chilier

(8) The absolutely essential consideration of system efficiency in
selecting control strategies, flow rates, etc.

5.0 SYSTEM PERFORMANCE

Table 6 is a summary of the system performance during the period 1 Ju]y
to 31 August 1978. The data are presented for four 15-day periods when con-
trol strategy and temperature set points were varied: _

During the first two-week period (July 1-15), the control strategy
required a minimum temperature for input to the generator of the absorption
chiller of 80°C. On 15 July this set point was reduced to 75°C. During the

“first two-week period the collector boiled frequently, thus rgducfng the
useful heat collection to about half of the useful heat collection of the
second two-week period (July 16-31).

During both periods the temperature rise through the collector at the
'design flow rate was 8°C. Therefore, in order to avoid boiling in the col-
lector when using water, the maximum water storage tank temperature was 87°C
(the local boiling point of water at the CSU Solar House III elevation is
95°C). During the first two-week period this limitation allowed a useful
operating temperature range of the thermal storage unit of 80 to 87°C, or
7°C. During the second two-week period, however, the effective temperature
was increased to 13°C (87-74°C) so that the heat storage capacity was
effectively doubled.
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Table 7 shows the effects of these storage capacity limitations on the
operation of the system for each of the two-week periods. The table is
based on hourly data for July 1978, which indicated an average heat collec-
tion rate of:

' (1) 36,900 kd/hr for the period 0800-0930
(2) 52,800 kd/hr for the period 0930-1030
(3) 95,000 kd/hr for the period 1030-1400
(4) 52,800 kJ/hr for the period 1400-1530
During this same period the average rate of heat input to the chiller was
42,200 kd/hr, the average heat loss rate from thermal storage was 2740 kJ/hr
(corresponding to an overnight temperature decrease in storage of about
1.7°C), and piping heat losses (between the collector and storage) averaged
7.5 percent of the gross heat collection. The collector delivered useful
heat from 0800 to 1530 hours. The cooling load was negligible from about
0800 to 0930. | |
In constructing Table 7, columns 2 and 3 were assumed to be zero after

1230 for the period 1-15 July because of boiling, however heat continued to

‘be supplied to the chiller until 1430. In addition, the numbers in columns
6 and 7 apply to the 1-15 July period only until 1230.

' It is evident from column 5 of Table 7 that the doubling of the thermal
storage capacity, discussed above, has the effect of doubling the amount of
solar energy supplied to the chiller load. Additionally, if a Direct

Contact Liquid-Liquid Heat Exchanger [1] were used,_the storage temperature
could be raised another 8°C because the collector liquid would not boil at

95°C and the maximum storage temperature would be the boiling point of water.

This would increase the thermal storage capacity by a factor of 1.6.
At the beginning of the third two-week period (August 1-15), a routine
maintenance of the chiller was conducted (a slight loss of vacuum was

detected and corrected)-and the cooling tower flow-rate to the chiller was ----

increased. No changes in control strategy were made during the period
August 16-31, but the load increased significantly (see Table 6, row 9).

6.0 ANALYSIS ‘

Table 8 summarizes a portion of the data analysis. The effect ofothe
change in control strategy on 15 July is evident in the increases in col-
lector efficiencies (rows 13 and 14) and fractions of solar furnished to
load (rows 23 and 25). There is no corresponding decrease in the coeffi-.
cient of performance of the chiller due to the lower input temperature to
the generator.




Table 7.

Effect of Collector Boiling on Solar Heat Supplied to Cooling Load

(1} (2) T 1(3) (4) (5) (6) (7). 8) [ (9) (8) [ (9
Time Storage [Piping|Storage[SoTar Heat e?‘HEat Chqnge
Dg; Co??gztion ES:: .ES:: tguggl;?gg Ga;gtby Stggage Stggzge Cgl{?gzor Stgggge Cgllf;gor
* Load Storage | Tank Temp Temp Temp Tem
Temp *k Al
KJ KJ KJ KJ KJ °C °C °C °C °C
At 0800 _ 78.3 86.1 72.2 80.0
0800-0930 55,400 |4,160 | 4,100 0 47,120 2.5 80.8 88.6 74.7 82.5
0930-1030 52,800 {3,960 | 2,740 42,000 3,850 0.2 81.0 88.8 74.9 82.7
1030-1130 95,000 |7,120| 2,740 42,000 42,890 2.2 85.2 91.0 771 84.9
1130-1230 95,000 |7,120{ 2,740 42,000 !42,890 | 2.2 85.4 93.2 79.3 87.1
| 1230-1330 95,000 {7,120 | 2,740 42,000 | 42,890 2.2 83.2 Boiling | 81.6 89.4
11330-1400 47,500 {3,560 | 1,370 31,000 {21,444 | 1.1 82.1 82.7 90.5
1400-1530 79,000 15,930 | 4,110 63,000 5,776 0.3 81.0 82.9 90.7
1530-1700 4,110 63,000 }67,418 |-3.6 80.5 Collecton 79.3 Collector
1700-1915 6,170 95,000 +101,130 | -5.3 80.0 Cooling | 74.1 Cooling
1915-0800 34,980 -34,975 | -1.2 78.3 + 72.4 +
7/1-7/15 298,100 [22,360|65,800 | - 220,000 } 1,150 + +
7/16-7/31 519,600 |38,970{65,800 | 410,000 3,334 ¥ v
* (0.075 x column 2) ** (column 8 + 7.8°C)

9¢
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Table 8. Evaluation of the Solar Cooling System

Time Period
Row Component Description July [July TAug TJAug
_ 1-15 [16-31{1-15 [16-31
13 |Solar collector efficiency (row 3 :row 2)|29.4%|47.8%|51.0%|53.4%
14 1Daily collector efficiency (row 3 :row 1) 16.3% 30.0%134.1%|30.3%
15 |System efficiency (row 6 : row 2) 13.3%{33.6%|37.4%|40.1%
16 |Daily system efficiency (row 6 : row 1) 7.4%121.1%(25.0%(22.8%
Additional solar for cooling heat
17 losses (million KJ) * 2.91 |2.61 .2‘5] 2.19
Fraction of useful solar heat Tost in .
18 storage (row 4 :row 3) 46.9%|22.0%{19.2%{17.0%
Fraction of cooling by cool storage
19 heat gain (row 12 : row 9) 3.4%| 3.3%| 3.7%) 2.2%
20 |[Average COP of chiller (row 9 : row 8) 0.46 :0.47 {0.51 {0.43
21 |Average COP of chiller (solar) 0.55 {0.58 {0.62 |0.59
22 |Average COP of chiller (auxiliary) 0.40 |0.41 [0.45 {0.38
Fraction of chiller Toad provided by 0 o ‘
23 solar (row 6 :row 8) 9.8%(31.1%36.3%|21.5%
24 iUseful cooling by solar ** (million KJ) [-0.48| 0.82] 1.31]| 1.3
25 Eg?;:igg*of useful cooling provided by Neg [22.75%31.20%20.86%

* Storage heat losses (row 4) multiplied by (1 + 1/COP) where
COP is the chiller coefficient of performance (row 21). See

Ref. [2].

** Row 24 = (row 6)(row 21) - (row 4)
*** Row 25 - (row 24)/[(row 24) + (row 7)(row 22)]
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Rows 15 and 16 give values of two different system efficiencies. These
are based on the same logic as the collector efficiencies, i.e., useful heat
delivered to load divided by solar radiation during collector operation only
and during the full day.

Rows 23 and 25 give two values of the fraction of the load carried by
solar. Row 23 is the fraction of solar heat delivered to the chiller divided
by the total heat delivered to the chiller. Row 24 calculates the useful
cooling by solar but considers as useful cooling only the heat removed by
the chiller (when solar heat is being supplied) over and above the cooling
necessary to account for thermal storage heat losses into the conditioned
space. This is due to the fact that not only do the heat losses to the
interior of the conditioned space reduce the availability of solar heat to
operate the chiller, they add to the cooling load so that useful heat must
be provided at the COP of the chiller just to break even. The effect of the
heat losses from thermal storage (and also from collector piping which is
exterior to the conditioned space) is to reduce the actual useful cooling by
solar to a negative value during the period July 1-15. 1In the following
two-week periods, the actual useful cooling by solar represented only 18. 9
26.2 and 27.4 percent of the useful heat collected (row 24 divided by row 3).
Row 25 takes into account these thermal storage heat losses, as well as the
Tower COP of the auxiliary operation, in ca1cu1at1ng the fraction of useful
cooling by solar.

It is noteworthy that the amount of heat gain by cool storage is rela-
tively minor in comparison to heat loss by the hot storage. This would
suggest that it is better to store "cool" instead of heat. In the four
two-week periods, the actual useful solar heat delivered to the chiller
represents 45, 70, 73 and 75 percent of the useful heat collected (row 6
divided by row 3). In addition, cool storage heat gains actually reduce
the cooling Toad somewhat, whereas hot storage heat losses contribute to
the cooling load. For the periods as a whole, thermal storage heat losses
represented 17 percent of the cooling load.

- The average COP of the chiller listed in Table 7 does not reflect
adequately the operation of the Yazaki chiller. Because of the small heat
capacity of the electric auxiliary boiler and the relatively high heat
capacity of the generator of the absorption chiller, considerable cycling
was observed which greatly reduced the auxiliary/chiller COP. When solar
heat from storage was used to operate the chiller (thus eliminating the
cycling), typical COP's were 0.52 to 0.65.




6.1 Electrical Consumption

Table 9 presents data on the electrical consumption of the solar and
auxiliary systems in providing solar cooling to the building. Table 10
presents certain important ratios of enefgy flows. It should be noted that
frequent cycling by the auxiliary boiler caused additiona] electricity usage
(i.e., circulating pump, row 28, and cooling unit power, row 30) during the
month of August. The larger power use for collection (vow 27) for the period
1-15 July is larger due to frequent boiling of the solar collector. The
auxiliary electric use (row 26) is based on the electric meter readings,

. whereas row 7 of Table 6 is based on flow and temperature measurements
(electric meter readings are made weekly). Row 34 considers only that por-
tion of the circulating pump and cooling unit power usage whén solar heat is
being supplied to the chiller. '

In Table 10, row 35 is the ratio of electrical power required to col-
Tect useful heat to the total useful heat collected. Row 36 is the ratio
of the electric power required to deliver heat to the load (in this case,
the absorption chiller) to the total heat delivered to load. Each of these
two ratios should ideally be less than 2 percent and, in any tase, not
greater than 3 percent. The larger values observed are due to a combination’
of less efficient pumps and high pressure drops in the solar collector.

Row 37 is the ratio of electrical power to operate the cooling unit
divided by the actual cooling accomplished. It should be noted that the
cooling tower pump was replaced on 1 August, in order to obtain a higher
flow rate and thus improve the chiller's performance. The observed resul t-
ing chiller improvement, however, héd the effect of reducfng the overall
performance of the cooling subsystem because of the substantially higher
parasitic electrical power usage. The inverse of row 37 is an effective
COP of the chiller based on codling achieved and electrical power inputs,
i.e., we define (COP)eff by: '

(COP) - Jotal useful controlled solar cooling
eff  Total electrical parasitic power required
“to operate the solar cooling subsystem

These COPs range from 3.33 to 6.12, which cannot be considered competitive
with vapor compression systems. .

Row 38 is the total cooling (solar and auxiliary) divided by the elec-
trical power usage by the system. When the additional cooling load, caused
by solar storage heat loss, is taken into account'and the effects of the
auxiliary cycling are removed, we obtain the values shown in Row 39 for the



Table 9. Electrical Consumption Data

| fsiriel ot oy Tty e s
26 |Auxiliary (electric) boiler (electric meter)l 9.27| 7.]7. 7.23|13.67
27 |Collector and heat exchanger pumps 0.18410.15410.121(0.113
28 |Circulating pump 0.351)0.248(0.352|0.359
29 |Total system power * 6.56] 0.426(0.495/0.483
30 Chi]]ed water, cooling tower pumps/fans 0.83710.751|1.554{1.724
31 |Load pump (from cool storage) 0.244)0.219(0.230(0.292
32 | (oo 1000 Ty Sy tem pover 1.080[0.971{1.7842.016
33 |Space distribution system blower 0.588{0.550(0.702{0.708
3 | 0% zgjlaﬁksﬁgxe'gzpz;’f; . 0.269|0.428(0.690|0.452

* Row 27 + row 28 + control power usage
** (s) implies portion of electrical power for solar only

Table 10. Electrical Consumption Analysis

Time Period
Row Ratio July [July [Aug [Aug
1-15_116-3111-15 {16-31

35 |Solar heat collection (row 27 : row 3) %| 8.33] 3.54| 2.43| 2.36

36 |Heat delivery tochiller (row 28 : row 8) %| 3.45( 2.51| 3.5} 2']5.

37 [Cooling (row 30 : row 9) %117.82{16.33130.06(24.14

38 [System COP * | 2.86| 3.29| 2.27| 2.86

39 |Solar system COP ** . Neg 1.924 1.90| 2.90
* Row 38 = row 9/(row 29 + row 32)

** Row 39 = row 24/row 34
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solar system COP (without auxiliary). The COPs are clearly not competitive
with conventional cooling equipment, either.

To emphasize this point, we can evaluate the energy flows in the solar
portion of the system during the period 16-31 July (without any use of
auxiliary). A total of 4.36 mkJ (million kilojoules) was collected by the
solar collector at an energy expense of 0.154 mkJ(electric). Of the useful
energy collected, 0.33mkJ was lost in the collector piping, which is about
7.5 percent and is a fairly conservative value. An additional heat loss by
the thermal storage reduced the useful heat total by another 0.96 mkdJ so
that only 3.07mkJ was available for solar cooling, which is about 70 percent
of the useful heat collected. The circulating pump used an additional 0.056
mkd(electric) to deliver the solar heat to the absorption chiller (the
electrical power used by the circulating pump and chiller subsystem attri-
buted to the auxiliary have been subtracted from the value shown in rows 28
and 32). The chilled water pump and cooling tower pump and fan utilized
another 0.169 mkJ(electric) in order to provide 1.78 mkJ of cooling and the
solar average COP was 0.58. The load pump used 0.050 mkJ(electric) in
cooling the space air with chilled water from solar storage. Thus the
solar cooling system provided 1.78 mkJ of space cooling at an energy cost
of 0.428 mkJ(electric). However, the thermal storage heat loss of 0.96 mkJ
to the conditioned space required 1.66 mkJ of useful solar heat delivered
to the chiller in order to remove the additional cooling load. Thus only
0.82mkJ (1.78-0.96) of useful cooling was accomplished at a cost of 0.428
mkJ of electricity, yielding a system COP of 1.92 (0.82 : 0.428).

Locating the thermal storage exterior to the conditioned space eliminates
the additional cooling load penalty of 1.66 mkJ. In addition, the heat
losses from an exterior storage would be reduced because the ambient air
around the storage would be 3 to 17°C warmer. In the CSU Solar House III
system, this would constitute a reduction in thermal storage heat losses
of 0.16 mkJ. The result is a solar contribution to the space cooling of
1.87 mkd. For the electrical requirements of 0.428 mkJ, the effective COP
(i.e., cooling divided by electrical usage) is 4.37. Comparing this per-
formance to conventional systems indicates marginal feasibility for the
solar system.

Alternatively, a reduction in the electrical power requirements of
the solar system could be achieved. Several alternatives exist, including:

(1) Eliminate load pump (and indirectly the cool storage subsystem)

and have the chilled water pump deliver cooling direét]y'to the
air distribution system
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(2) Eliminate the chilled water pump (and load pump) by using an

absorption air chiller instead of a water chiller

(3)  Reduce circulating power use by optimization of piping

(4) Reduce cooling tower pumping by optimization of piping

(5) Reduce collector pump power by optimization of collector piping

(6) Eliminate exchanger pump (and heat exchanger) by use of a Direct

Contact Liquid-Liquid Heat Exchanger [1]
These optiohs are listed with potential energy savings in Table 11. The
potential electrical power savings listed in column 3 are based on potential
reductions in pump horsepower at CSU Solar House III for each option.during
the period 16-31 July.

Clearly the installation of an interior hot thermal storage greatly
reduces the feasibility of a solar absorption cooling system. With an
exterior storage, the selection of a single option provides for COP's in
the range of 4 to 18. Because of the greater cost of absorption systems
over conventional cooling units, only the case where all options are con-
sidered can be viewed as realistic. The significant result is that solar
absorption cooling can be considered feasible only if extreme care is taken
in the design of the complete solar system (i.e., an absolute minimum of
parasitic electrical power is utiTized) and the hot thermal storage is
Tocated exterior to the conditioned space. Coefficients of performance less
than 10 cannot be considered feasible.

6.2 System Effects on Collector Efficiency

From 1-7 September, the solar collector flow rate was maintained at
1.5 m3/hr and from 8-15 September, the flow rate was increased to 2.8 m3/hr.
Four days were selected for analysis (two in each period) for which the

daily total solar radiation (per day) on the collector surface was 25,000
kd/m3.

It was found that not only was there a saving in parasitic power due
to the lower flow rate (power is related to flow rate by Pa(m)3), but also
the efficiency of collection for the lower flow rate was slightly h1gher
(about 3 percent in daily collector efficiency).

This is explained in Fig. 10, which is plotted from data obtained.
During the cooling season, the majority of the load occurs during the day
and thus most of the heat supplied to the chiller from storage is during
the collection period. At the lTower flow rate the heat collected by storage
is supplied directly to the chiller by what constitutes an effective short
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Table 11. Potential Electrical Energy Savings

or | o | e [T errective cor
(Tist) Savings After Interior | Exterior
mkJ(elect) Savings Storage | Storage .
1 1 0.07 0.36 2.3 5.2
2 2 (incl. 1) 0.12. -0.32 2.6 5.9
3 3 0.04 0.39 2.1 4.8
4 4 0.09 0.3 2.4 5.8
5 5 0.04 0.39 2.1 - 4.8
6 6 0.04 0.39. 2.1 4.8
7 3,4 0.14 0.30 2.8 6.3
8 3,4,5 0.17 0.26 3.1 7.1
9 1,6 0.1 0.33 2.5 5.7
10 1 thru 6 0.33 0.1 7.8 17.7
*Effective COP = 0.82/electric consumption (for internal storage)
Effective COP = storage)

1.87/electric consumption (for external

?
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Fig. 10. Collector Efficiency as a Function of Collector Loop

Flow Rate
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circuit across the top of the storage unit. The return from storage also
"short circuits" across the bottom of the tank and a.temperature stratifica-
tion of about 12°C from the top of storage to the bottom is achieved.

At the 1.5 m3/hr flow rate, 6 to 8 hours of collection is taking place
in ‘the region indicated in Fig. 10 as (A). However, at the 2.8 m3/hr flow
- rate, very little stratification is obtained (approximately 4°C) so that
most of the collection is taking place in the region indicated by (B) in the
figure. This explains the slightly higher efficiencies obtained at the lower
flow rate. However, it should be noted that, if this "stratification" were
not possible due to constraints of system design such as variation: in circu-
lating pump flow rate, the efficiency of collection would reduce to operating
in the (B) region of the curve.

A major advantage of operating at Tower flow rafes (higher collector
outlet temperatures) is that the solar supply to chiller can start earlier
in the day than with the higher flow rate.. This is due to the constraint
of the minimum temperature of water that can be supplied tc the chiller.
Lower flow rates clearly 1mp]y a reduction in collector efficiency, but
the results of CSU Solar House III clearly indicate substantial improvements
in system efficiency, total solar cooling accomplished, and higher COP's
(solar cooling divided by electrical parasitic power input) with the lower
solar collector flow rate.

The importance of these results lie in the demonstration that system
performance (rather than collector efficiency) must be the criterion for
selecting flow rates, control strategies, etc. Collector efficiencies are
of importance only to the extent of their effect on the efficienéy of the
overall system.

7.0 CONCLUSIONS . .

The importance of the results of CSU Solar House III during the summer
of 1978 is to illustrate the critical importance of minimizing parasitic
electrical power requirements in the solaf.system design, of reducing the
minimum temperature to the absorption chiller, and of demonstrating the
overriding Importance of solar system eff1c1ency (as opposed to collector
efficiency).

In design terms this implies:

(1) A minimum of solar collector loop piping and minimal pressure

drop through the collector and associated piping (i.e., suffi-
ciently large diameter piping)
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(2) Elimination of the heat exchanger between collector and storage
(and the heat exchanger pump), which implies a drain-down system
or the use of a Direct Contact Liquid-Liquid Heat Exchanger

(3) The use of an exterior hot thermal storage (essential!)

(4) Minimal piping and pressure drops in the circulating loop (imply-
ing a minimal distance between the exterior storage and the
absorpticn chiller)

(5) Minimal piping and pressure drops in the cooling tower loop .
(implying a minimal distance between the exterior cooling tower
and the absorption chiller)

(6) Elimination of cool storage

(7) The desirability of an air instead of water chiller

(8) The absolutely essential consideration of system efficiency in
selecting control strategies, flow rates, etc.

The results of the performance of the CSU Solar House III system have
provided the essential performance data for the generalization of important
solar system design considerations. These generalizations have been
published in three principal papers [3,4,5] and additional papers are now
in preparation (see Appendix D). Because of the extreme importance of the
systems design concept, references 3, 4, and 5 are reprinted as Appendices
A, B and C.

8.0 PUBLICATIONS/REFERENCES - CHAMBERLAIN COLLECTOR
Publications resulting from work under the Chamberlain portion of this
contract include:

1. Ward, D.S., "Evaluation of a Residential Solar Heating and Cboling
System - CSU Solar House III". Presented at DOE Contractors'
Workshop, Washington, D.C., September (1978)

2. Ward, D.S., Ward, J.C. and Oberoi, H.S., "Solar Cooling Perfor-
mance in CSU Solar House III". Proc. Conf. on Solar Heating and
Cooling Systems Oper. Results, Colorado Springs, November (1978)

3. Ward, D.S., "Utilization of Operational Results". Proc. Conf.
on Solar Heating and Cooling Systems Oper. Results, Colorado
Springs, November (1978}

4. Ward, D.S., "Solar Heating and Cooling System Efficiency as a
Function of Design and Installation". Submitted to ASME Journal,
September (1978)

5. Ward, D.S., "Operating Thresholds of Solar Collection Systems".
‘Submitted to ASME Journal, September (1978)




57

A key reference in the 1iterature is:

6.

Ward, J.C. and Loss, W.M., "Direct Contact Liqﬁid—Liquid Heat
Exchanger: Pilot Plant Results". Proc. 1978 ISES Conf., Solar
Diversification, Denver, August (1978) ‘

References pertaining to the Solar House III contract include:

10.

11.

12.

13.

14.

Ward, D.S. and LY8f, G.0.G., "Design and Construction of a Resi-
dential Solar Heating and Cooling System". Solar Energy, 17,

“No. 1 (1975)

Ward, D.S. and L8f, G.0.G., "Design, Construction and Testing
of a Residential ‘Solar Heating and Cooling System". Report to
ERDA Committee on the Challenges of Modern Society, July (1976)

Ward, D.S., "Design Aspects of CSU Solar House III". Progress
report to ERDA, presented at Contractors' Workshop, Silver Spring,
July (1976)

Ward, D.S., Karaki, S., L8f, G.0.G., and Winn, C.B., "Sizing,
Installation and Operation of Systems". (Washington; Superintendent
?f Do§uments, Government Printing Office), S/N 003-011-0085-2

1977

Ward, D.S., L8f, G.0.G. and Uesaki, T., "Cooling Subsystem Desigh
in CSU Solar House III". Solar Energy, 20, No. 2 (1978)

Ward, D.S., "Solar Absorption Cooling Feasibility". Proc. 1978
ISES Conf., Solar Diversification, Denver, August (1978)

Ward, D.S., "Solar Air Heating and Cooling Systems for Residential
and Light Commercial Applications". Proc. 1978 ISES Conf., Solar
Diversification, Denver, August (1978)

Ward, D.S., "Realistic Sizing of Residential Soiar Heating and
Cooling Systems". Proc. 1978 ISES Conf., Solar Diversification,
Denver, August (1978)




APPENDIX A

UTILIZATION OF OPERATIONAL RESULTS

DAN S. WARD
ASSOCIATE DIRECTOR

PRESENTED AT THE
SOLAR HEATING AND COOLING SYSTEMS
OPERATIONAL RESULTS CONFERENCE

COLORADO SPRINGS, - COLORADO

NOVEMBER 1978

Solar Energy Applications Laboratory
Colorado State University

58



59

UTILIZATION OF OPERATIONAL RESULTS . T

Dan’ S, Ward
Associate Director
Solar Energy Applications Laboratory
Colorado State University

Fort Collins.

ABSTRACT

To be of any value the operational resylts of solar
space leating and cooling systems must be viewed as
a means of improving the technical and economic
advantages of this class of solar energy system,
Individual installations should not be viewed as
successes or failures, but to the degree that prac—
titioners can learn from them, and ultimately im-
srove their designs, methods, and practices.

Specific attention must be directed toward the con-
cept of daily efficiencies of solar collectors and
overall system efficlency before practical conclu-
sions can be reached. 1In addition, the effects of
piping and/or ducting and thermal storage heat
losses, installation procedures, choice of control
strategies, solar operating thresholds, parasitic
power requirements, etc., must also be considered
in order to adequately judge the performance of a
solar system.

INTRODUCT ION

The proper utilization of the operational results
of solar heating and cooling systems, experiments,
and demonstrations can provide the essential learn~
ing experience necessary for its early, large-scale
commercialization. In turn, the increased rate of
solar heating and cooling systems commercialization
can significantly reduce the deleterious effects of
the rapidly decreasing resources of conventional
energy.

To be effective, however, the operational results
of solar systems must be viewed as a means of im-
proving the technical and economic advantages of
solar energy. No reasonable person can question
the ability of well-engineered, properly installed
solar heating and cooling systems to provide conven-
tional energy savings. It is for the purpose of
improving and optimizing the engineering and instal-
lation of solar systems that operational results of
existing solar installations are presented and dis-
cussed. Individual systems should not be viewed as
successes or failures, but to the degree that prac-
titioners can learn from them, and ultimately
improve their designs and installation procedures.

The purpose of this brief paper is to emphasize the
criteria for constructive evaluation of the opera-
tional results of solar heating and cooling systems.

Colorado 80523

These criteria include:

1. The thermal performunce of complete solar sys-

- tems as opposed to individual components within
the system;

2. The effects on the system thermal performance
due to: Heat losses from thermal storage and
piping (and/or ductling), installation practices
and procedure, and control strategles and sen-
sors; and

3. The effects of the usage of clectrical parasitic
power to operate and control the solar gystem.

The cconomic feasibility of thermal performance
improvements as a function of the cost of the im-
provement and the ultimate economic cost per unit
energy usefully provided by the solar system are
additional considerations of paramount importance.
However, only energy saving potential will be con-
sidered in this paper. .

SYSTEM THERMAL PERFORMANCE

Collector Efficiency

The thermal performance of a solar collector is
often based on, its efficiency as a function of
operating and ambient temperature and the intensity
of solar radiation. Typically the collector effi-
clency is determined by (1]:

Ti_Ta

n = Fp(ta) - Fpup (—E;__) 1)

where

n = Solar collector instantaneous efficiency,
dimensionless .
FR = Solar collector heat recovery factor, dimen-
sionless ) .
(ta) = Collector transmissivity-absorptivity product,
dimensionless .
U = Collector heat loss coefficient,
Btu/hr-ft2.°F
= Collector fluid inlet temperature, °F

= Ambient air temperature, °F

HT = Solar insolation on tilted surface of collec~
tor, Btu/hr-ft2 of collector




Experimental data on solar collector efficiency
provides values for the collector's characteristics,
Fp(ta) and FRUL. These two experimentally derived
numbers are sufficient to completely  characterize:«
the specific collector design and allow for unambi-
puous comparisons of different collectors when
utilized in otherwise identical solar systems.

Unfortunately, the performance of a solar collector
(as described by equation 1) does not describe the
performance of the collector when integrated with a
solar system. Experimental values of collector ef-
ficiencies are obtained under idealized conditions,
e.g., collector efficiency is normally evaluated
within one hour of solar noon (because of heat capa-
city effects). However, as has previously been
noted, solar noon occurs only once a day. Beyond
that, it's all downhill for collector efficiency.

System performance testing is therefore essential
in evaluating the collector's performance under
actual operating conditions. The relevant collec-
tor efficiency, which is useful from a practical
viewpoint, is the daily collector efficiency. Typi-
cally a solar collector with an optimlized noontime
efficicency (instantaneous efficiency) of 45 to 50
percent will have a daily collector efficiency of
25 to 30 percent. The fact that the collector effi-
ciency is significantly degraded from the value
normally quoted is the essential justification for
measurement and reporting of system performance.

It should be noted that daily collector efficiency

is oft :imes quoted in two forms. One is given by:
n° _ Useful heat delivered by solar collector
daily Total radiation incident on the solar

collector (during the collector operation)

Thus the radiation incident on the colleciur plur
to the collector pump or blower turningonand later
after the pump or blower is turned off, is neglec-
ted.

A more teasonable and more useful delinition of
fidaily is:

_ bseful heat delivered by solar collector
Total radiation incident on collector

Tdaily
(2)

Soiar Threshold

fquation (2) provides for a wore realistic evalua-
zicn of a collector performance because it incor-
porates the effects of the operating threshold of
the collector, i.e., the minimum value of solar
radiation which is necessary before the solar col-
lector can collect useful heat. This operating
threshold can be defined by setting (n) in equation
(1) equal to zero. The result is:

F .U
7 = ,______-.R L -
Mdge = () (T, Ta) (3
where
(H”)OT = operating threshold of a collector,
* Btu/hr-ft2
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(HT)OT is clearly dependent upon the operating
temperature of the system (as well as the ambient
alr temperature), but in effect it is also depen-
dent upon the effect of hecat losses In the collec-
tor lcop piping and/or ducting, on the eonrrel
strategy, and on the electrical power requirements
used in the collection of solar energy.

Such effects on (HT)OT have bcen considered by
Ward [2] and can be written as:

F U Q
R°L I E
M) or = 570 ((T,-T ) + AT + —= + —— ]
T’0T F a F
R(tu) i "a c AchUL AcFRUL
(4)
where
ATc = Increase in collector operating inlet
*  temperature due to control strategy, °F
QL = Heat losses in collector lnop piping and/or
ducting during collector operations, Btu/hr
Ac = Collector area, fr2
E = Thermal equivalent of electrical encrgy

used In operating solar collector, Btu/hr

The importance of a solar operating threshold as
described in equation (4) %s that it defines the
conditions under which the solar system can collcct
useful solar cnergy. ‘the effect of control strate-
gles, collector loop heat losses, and electrical
power requirements Is to liwmit the periods ol useful
heat collection and ultimately to reduce the over-~
all system efficiency.

System Efficiency

In an analogous manner, heat losses and electrical
power usage also reduce the overall system effi-

clency. Ward [3) has shown that:
Q4 Q, .
L sL E
n,.=n (1 -—=-—>=-=1 (5
s daily Qu Qu Qu
where

= Oycerall solar system efficiency, dimension-
less

'Qu = Useful heat collection by solar collector
array, Btu/day
QSL = Heat losses from thermal storage, Btu/day
6L = Daily heat losses in collector and system
_ luoopu piping and/or ducting, Btu/day
E = fhermal equlvalent of daily clectrical

energy used in all solar system operations,
Btu/day

Equation (5) 1is based on the same reasoning as
equation (4) but in calculating system efficiency,
we must also consider the heat losses from the .
thermal storage unlt over a 24 hour period. In
addition we should note that there are heat losses
from the collector aud system loops, both during
the operation of the collector and at other times
as well; and that electrical power will be required
for system operation as well as collector operation.

Sample Results

We' can better see the significance of equations (4,
and. (5). by..performing.a.few sample .equations.—Let.




us assume a rather typical solar installation which
uses a liquid-hedting solar collector with the
characteristics:

Fr(ta) = 0.75 FRUL = 0.825 Btu/tr-ft2.°F
These are rather excellent values for a flat-plate
solar collector but they will serve to illustrate
our point.

Using equation (3) we would expect a solar operating
threshold of (Hp)gr = 1.1 Btu/hr.ft2.°F (T4~T

For January we may assume conditions of Ty = 30°F
(average daytime temperature) and a thermal storage
temperature of 115°F. With a heat exchanger be-
tween storage and the collector (with a correspond-
ing temperature difference of 5°F), we obtain

Ti-Tq = 90°F. Thus (Hplor is just less than 100
Btu/hr-fr°.

If, however, we utilize equation (4), we obtain a
significant variation. The control strategy would
typically turn the collector on when the collector,
storage temperaturc differential exceeded 20°F and
turn the collector off when it dropped below S5°F.
On the average, therefore, we might expect
Teollector-Tstorage = 10°F, average, or AT = 5°F
(the heat exchanger AT having already been accounted
for).

With two inch fiberglass insnlation on the cnllector
loop piping, we can except a heat loss of about
2,000 Btu/hr (see Ref. [3]), which is relatively
independent of the solar collector area. For the
collector and exchanger pumps, the electrical cnergy
usage would be about 1/2 hp, or about 1,270 Btu
(electric)/hr for a 500 square foot collector. The
thermal equivalent of this energy is obtained by
dividing the efficiency of a conventional fuel-fired
furnace (e.g., 60 percent) by the efficiency of con-
verting the fuel to electricity in a power plant and
distributing this energy to the svstem (i.e., about
25 percent). Thus:

E (2.4)(1,270 Btu (electric)/hr)

E 3,048 Btu (thermal)/hr

Under these conditions cquation (4) bLecomes:

/ = Ty ° °
‘HT)OT 1.1 Btu/hr-£ft¢ { 90°F + 5°F +
2,000 Btu/hr + 3,048 Btu/hr }
(500 f£t2) (0.825 Btu/hr.£ft2.°F)
or
(Hp)gp = 1.1 Btu/hr-ft2-°F { 90°F + S°F + 4.9°F

+ 7.4°F )} =118 Btu/hr.ft? (6)
This represents an 18 percent increase in the solar
operating threshold from the simplified equation

(3).

The effects of heat losses and power usage on the
system efficiency is even more pronounced. Here
the heat loss from the collector loop includes not
only the heat loss during collector operations but
the heat loss at other times. If we assume that
the collector operates only once a day and that all
heat in the collector loop (from shut down in the
evening until start-up the next morning) is lost
overnight, then this additional heat loss is just

the heat capacity of the collector loop. For a 500
square foot solar collector array, we would expect
a typical installation to have about 250 feet of
1.5 inch pipe in the collector loop and perhaps 100
feet in the system loops. These heat capacities
would then approximate 20,000 Btu and 10,000 Btu in
the two major solar loops.

It 1s noteworthy that the collector loop may be ex-
terior to the heated space and that the system
loops may be interior. The rclative temperature
differentials would be ATexe = T4~T, = 125°F - 30°F
= 95°F and ATint = thoragc Troom = 115 F - 70 F

= 45°F. For a collector array operating six hours
per day and the solar storage delivering heat to
load for eight hours per day, piping heat losses
Are:

Q, = 32,000 Btu/day + 616,000 Btu/day

where (6) indicates interior heat losses.

Storage and domestic hot water preheat tank heat
losses are simpler to calculate. For example,
R-30 insulation would typically result in a heat
loss of 500 Btu/hr from these water tanks or a
daily heat loss of Qg = 612,000 Btu/day.

Becausc of the use of electricity in the system
loops (delivering solar heat to load), the elec-
trical energy requirements are larger than the 1/2
bp for the collector pumps.  We will assume a value
of about 1/4 hp for the system, so that the total
power requirements are E = 30,000 Bru (thermal)/day,

Finally we consider Qu, the useful heat collection.
Q, 1s given by:

Q, = A, [H Fp(ra) - FRU (T,-T)) ] (7
Recognizing that our opcrating threshold (from
cquation 6) 1s 118 Btu/hr-fr<, we might consider
two values of the average daily solar radiation

during the operation of the collector. If Hp =
150 Bru/hr.fr2:

q, = 500 £e2 [ 150 Bru/hr-£e2 (0.75) -
(0.825 Btu/hr-ft2.°F) (95°F) ]

Q 102,500 Btu/day

L = 17,060 Btu/hr or qQ, =

Using these values in equation (5), we obtain:
32,000 +616,000 $12,000 30,000

-

Ns ® Ndaily 102,500 ~ 102,500 102,500
s = Ngatly {1-.312 - 6.156 - 6.117 - .293)
ng = “daily {.395 - .2736}) _ (8a)

‘This implies that 39.5 percent of the daily collec-
tor output is actually delivered as useful heat to
the heating load and 27.3 percent of the collector
output or 69 percent of the useful heat is delivered
to the heating load as uncontrolled heat losses
from the system. Had the storage and solar system
been entirely exterior to the building, the heat
losses from storage and the system would have been
greater because of a greater AT and the useful heat



to load would have constituted a negative 18 per-
cent ot the solar collector's output; i.e., the
solar system utilized more energy than it provided.

At higher solar insolation levels (e.g., Hf = 250
Btu/hr-ft2), Qu becomes 330,000 Btu/day and we
obtain:

n {0.812 - -.0856}

s ndaily (8b)
The effect of heat losses and electrical power
usage on system performance is thus evident, parti-
cularly for lower average solar insolation rates.

INSTALLATION EFFECTS

It is noteworthy that specific installation pro-
cedures and other factors can further degrade the
system efficiency. For example, an improper set-
ting on the control system, such that the tempera-
ture differential between the collector and storage
was 5°F greater than anticlpated in the design
would increase ihe solar operating threshold from
118 Btu/hr-ft2 to 124 Btu/hr-ft2 and decrease the
system efficiency (equation 8a) from:

ns/ndaily = .395 - .2738

to

= 311 - .3116

ns/ndaily
Thus the control "error' constitutes an additional
8 to 12 percent loss of the collector output at the
lower insolation rate and the uncontrolled heat
losses to the building equal 10C percent of the
useful heat collected!

Even more important is the effect of minimal or
zero piping insulation on the collector/system
loops and/or thermal storage. For example, if R-19
insulation is used on the thermal storage (lastead
of R-30), QL =
and

= .395-.3326  [(L) =150

n_/n

s daily Btu/hr'ft2]
or an additional increase 1n uncontrolled heat
losses of about six percent of the useful collector
output. -

No insulation on the collector loop pilping in-
creases the operating heat loss from 2,000 to 6,000
Btu/hr, such that Q) is increased from 32,000 Btu/
day to 96,000 Btu/day. The system efficiency/daily
collector efficiency ratio is reduced to:

= - - 1
ns/ndaily .229 - .2738 !

This devastating effect on the rystem efficiency
implies that a negative 23 percent of the useful

" collected heat is delivered to load and that more
conventional energy will.be used with a solar sys-
tem than without.

CONCLUSIONS

These numbers and similar calculations provide a

18,000 Btu/day (50 percent increase)
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clear indication that the results of operating
experience of solar heating and cooling systems
are heavily dependent upon installation procedures,
choice of control strategies, collector solar
operating thresholds, and parasitic power require-
ments. The design of systems must therc¢fore con-
sider these factors. In addition, operating re-
sults from existing solar systems must be cvaluated
with these factors in mind if the analyses are to
be of practical value.

The previous lack of appreciation by designers on
the effects of these factors on system performance
indicates that definitive conclusions on the exist-
ing systems may require reevaluation. Earlier
failures of certain systems designs may, in fact,
be due to a lack of optimization of specific fac-
tors which are correctable. It is Imperative that
operational results of solar systems be utilized
to improve and optimize the designs of solar heat-
ing and cooling systems, and not as a tool to
demonstrate or not demonstrate solar feasibillity.
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SOLAR HEATING AND COOLING SYSTEM EFFICIENCY AS A
FUNCTION OF DESIGN AND INSTALLATION

by

Dan S. Ward, Associate Director
Solar Energy Applications Laboratory
Colorado State University
Fort Collins, Colorado 80823

ABSTRACT

The effects of design and installation features on the
overall efficiency of solar heating and cooling systems are
evaluated. Solar system piping and thermal storage heat
losses and parasitic power requirements are quantitatively
evaluated by considering different degrees of insulation
and design configurations.

It is demonstrated that these system variables have a
very strong effect on the technical feasibility of solar
heating and/or cooling systems.
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INTRODUCTION

The prediction of system performance on the basis of collector effi-
ciencies does not take into account the very real désign and HnSta]lation
variables encountered in the field. Such féctors as quality of instaliaﬁ,
tion, adequacy of thermal insulation on pipes and storage units, and the
adherence of control instrumentation performance to design sbecifications
have enormous effects on the operating performance of a solar system.

In general the effects of these variables and other factors encoun£ered
in the field result in degrading the system's performance. In a simple resi-
dential solar space heéting system, many of the problems are forgiven, For
examgle, any thermal storage heat lossas to the interior of the conditioned
space help to meet the heat{ng demand, and thus constitute "useful heat
delivered to load". An alternative is to simply ignore féatdres such as
parasitic power requirements. (

Unfortunately, such simplistic viewpoints can no Tonger be tolerated.
In a solar cooling syétem, the prob]eﬁs threaten the very feasibility of the
solar system. Even in heating systems the performance is subsfantial]y
mod1ified in many cases. The purpose of this paper is to investigate. the
effects of certain common design and installation features whfch degrade

the solar system's performance.

SYSTEM EFFICIENCY

The daily efficiency of a solar coIlector,‘nday, is given by Dgffie
and Beckman [1], i.e., o
ZQU
"day = ATHR - (1)
The summations are for the different energy f]owirates and the different
periods of time for solar cbl]ectioﬁ and solar availability. More explicity,

we can write:
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QuAt

"day = _K;Eﬁfzz' . (2)

Equations (1) and (2), unfortunately, do not account for the effects
of the system on the operation of the collector. These effects include:
Heat losses from the thermal storage unit and domestic hot water (DHW) pre-
heat tank, heat losses from the collector/storage loops and other piping
and/or ducting particular to the solar system (both exterior and interior
to the conditioned space), and the parasitic electrical power requirements
of collecting and distributing to load the solar energy. T§ account for
these losses, we must rewrite equation (2) in the form:

1 — ~ _ = .

ng =

Three of the terms in brackets in equation (3) require further elaboration.
The daily average values of heat loss from the piping and/or ducting

of the solar system, QLAtL’ must account for heat losses to the exterior and

interior of the conditioned (heated and/or cooled) space as well as the leak-

age of the heat transfer fluid from the pipes and/or ducts. That is:

Q = Q' +0Q."s(1+1/C0P) (4)

The kronecker delta, &, is zero for space heating applications because
the interior heat losses can be considered as useful heat to the conditioned
space. For cooling applications, § = 1; interior heat losses not only
reduce the availability of solar heat for cooling purposes, but also add
to the cooling load. The factor (1 + 1/COP) accounts for this fact by re-
quiring useful heat collection delivered to the cooling machine to result
in an amount of space cooling to offset the conditioned space's heat gain.

Both 6L' and ﬁL"can be further detailed, in terms of heat losses
during collector and/or system operation, heat losses during periods when

the system and collector are not operating, and physical leakage of the




heat transfer fluid from the pipes or ducts, during collector operation and

otherwise. For simplicity, this is detailed below and under Results.

The third term in the brackets of equation (3), fhte; is the thermal
equivalent of the parasitic electrical power'fequirements of tﬁe solar sys-
tem. These power requirements are essentially thelpower used by blowers

“and/or pumps"(wé cah ignore the‘small electrical usage by the control

instrumentation). Therefore:
E= (nf/ne) Ee _ (5)

(ﬁ}/ﬁé) is the ratio of conventional fossil fuel furnace efficiency to
the electr%ca] generation and distribution efficiency, and converts the elec-
trical power usage, fé, to its thermal equivalent. In this way the solar
energy requirements to offset the energy to operate the solar system are
compared in the same units as the auxiliary fuel. Alternatively we may
replace (Ef/;é) with the seasonal average COP of a conventioné] cooling unit
and/or heat pump heating and cooling system.

The last term in brackets in equation (3) isrthe fherma] storage and
DHW preheat tank heat losses. Using reasoning similar to that employed in

deriving equation (4), we obtain:
Q5 = Q' + 05" 6 (1 + 1/C0P) | (6)

With the use of equations (4), (5), and (6), we can quantitatively
evaluate equation (3). It is, however, preferable to rewrite equation (3)

in the form:

Qs li] Qe Eatg i tjSL‘”‘d:I 7
n TR — ' - = ~ n
3 Ac|4R at QuAt QuAt QuAt

The term on the right hand side of equation (7), outside the brackets,

is just the daily collector efficiency, ”day' The heat loss and parasitic
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power terms thus represent percentage degradations of the daily collector
efficiency.

The importance of equation (7) cannot be overemphasized. The degrada-
tions in performance of a solar system by particular design and installation
practices directly affect the potential operating efficiency and, in many
cases, directly threaten the technical feasibility of a system design, i.e.,
ns/nday < 0. To illustrate this fact it is useful to consider several
examples. For completeness we will choose three systems; a liquid heating
system, an air heéting‘system, and a liquid heating and cooling system.

Details of the three systems are described in Appendix A.

RESULTS

Liquid Space and DHW Heating System

The application of Space heating causes & in equations (4) and (6) to

be zero, so that:

Assuming that there is no physical leakage of the collector of system
liquid, Q ' includes heat losses from the collector loop during periods of
solar co]%ection, as well as periods when the collector is not operating
and, in some cases, losses from the collector/storage heat exchanger when
the thermal storage is located exterior to the conditioned space. We will
assume that the remainder of the solar system is inside the conditioned
space. Thus:

6L'AtL = (UA)LCA TLCA t o+ (UA)LSA TLSA t £

Heat losses from each loop occur during operation of the collector

(during time At) and when the solar collector is not operating, (Atd-At),

where we have assumed Atd.= 24 hours. If the collector operates continuously




69

from start-ﬁp in the mornfng until shut down in tﬁe evening, and we assume
that all heat in the cd]]ector loop is Tost to the ambient overnight, then
the heat loss durin§ the period, Atd- At, is just the heat capacity of the
collector loop. The same app{ies for the storage side of the exterior

(6 = 1) heat exchanger loop. Thus:

Q ‘ot = (UA)Lc ATL(;_ ot + (UA)LS ATLS At £+ (d’_')cATL

c

* (cH) £ T, | (9)

It is advantageous to evaluate equation (9) under three conditions.
We will assume the collector and exchanger loops have: (1) 5.08 cm (2 in.)
fiberglass insulation; (2) 1.27 cm (1/2 in.) fiberglass ihsu]ation; and (3)
no insulation. Utilizing the data in Appendix A, we obtain the heat loss

values given in Table 1.

Table 1. Liquid Heating System Piping Heat Losses

(UAY BT . TUAY, AT

(kd/hr-°c)  (°c)  l(kd/hr-°¢)|  (°C)

2" insulation | 30.4 56 | 15.4° 48
1/2" insulation| 43.4 56 22.5 48
0 insulation 95.7 56 50.6 48

It is noteworthy that the heavier pipe insulation substantially increases
the surface area of the pipe as well as the resistance to heat flow. In
addition, (cW)c AT

= 31,200 kJ and (CN)SAT = 14,900 kJ.

L L
c s
The appearance of the heat capacity terms in equation(9) must be given

special consideration. For example it can be argued that the solar heating
of the collector in the morning will heat the collector prior to the active
operation of the system. Unfortunately, the heating of the collector does

not correspond to heating the collector lnop. In fact, experience [2] has

indicated that 60 to 75 percent of the initial heatingof a collector Toop comes
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directly from the thermal storage. With appropriate control methods (the
exchanger pﬁmp remains off when the collector first turns on), the heating
of the collector loop frqm storage will be greatly reduced. Of course,
electrical power is used during this period and no useful heat is delivered
to storage. The unavoidable fact is that the overnight heat loss from the
collector loop (not including the collector array itself), must be made up
by active collection of solar he;t.

Using equations (8) and (9) and Table 1, we can now calculate values
for ﬁLAtL. Then knowing QhAt (see below), we can calculate the percentage
degradation, i.e., QLAtL/DﬁAt' These latter values are listed in Table 2.

In considering the parasitic power requirements, we note that Eé = 0.25

[3]. If ;% = 0.60, then
Rp/mg = 2.4 (10)

which, coincidentally, is approximately the seasonal average COP of a com-
mercial heat puﬁp (which might be used as an auxiliary to the solar system).

The e]ectrical'energy requirements listed in Appendix A must be con-
sidered minimal. A more conservative (and possibly more likely) value would
include & slight increase in sizing for each pump. For the two cases,

Eé = 1,675 kd(electric)/hr (5/8 hp) to 2,685 kJ/hr (1.0 kp). And, while
the collector and exchanger pumps run only a period, At, during the day the
circulating and DHW pumps run for longer periods. These time factors are
included in the results in Table 2.

For the thermal storage and DHW preheat tank heat losses, we calculate
the heat loss coefficient times tank surface area, (UA)L, and then calculate
the heat Toss on the basis of the temperature difference between the storage
medium and the surrounding temperature. In addition we note that storage

losses occur 24 hours per day, i.e., Atd = 24 hrs. .
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For a thermal storage interior to the building (we assume that the DHW
preheat tank is always inside the conditioned space),ﬁ'sL = Qgﬁ = 0. Two
other cases of interest are an exterior tank with R-30 insulation
(]/U==1.47 hr-m2-°C/kJ; 30 hr-ft2.°F/Btu) and one with R-19 insulation.

A fourth alternativg is a buried storage tank with R-19 insu]ation."The

results for the four cases are:

7 0 (interior thermal storage)

_ j476.6 kJ/hr (exterior R-30 insulation)

QSL‘:* 752.7 kd/hr (exterior R-19 insulation) )
| 602.1 kd/hr (buried R-19 insulation)

A noteworthy aspect of these results is the effect of a buried storage
unit. Clearly improVed insulation is preferred over the cost and difficulty
of a buried thermal storage unit. 1In addition, it should also be noted
that Jaccbsen [4], San Martin [5] and Ward [2] have reported heat losses
where observed values were 150 percent of the calculated values.

In order to complete our evaluation of equation (7), it is necessary
to ca]cuiate the useful energy collected by a solar collector, 5@, using

the relationship:

0, = A [ARF (xa) - FRU (T7T)] (12)

L

We will assume two solar radiation levels, HR = 2,300 kJ/hr-m¢ and
HR = 1,700 kJ/hr-mZ. For the collectors and system described in Appendix
A, the corresponding Gﬁ values are: ‘40,700 kd/hr and 14,650 kJ/hr, respec-
tively. Note that Qh is the average solar collection over a day, when the
collector is actively collecting heat. We will assume the average time of
collection is At = 6 hrs.

Table 2 Tists the results for the liquid space heating system. Dis-

cussion is contained in the section on Conclusions (below).
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Table 2. Design and Installation Effects on Solar System
Efficiencies (Liquid System - Space and DHW Heating)

Condition’ Wt Eﬁfﬁ %512t n /n
gt GhAt QhAt s’ 'day
Row |HR (kJ/hr-m2)= [2300 {1700 |2300 [1700 {2300 (1700 |2300 { 1700
1 1-A-a .170 {.471 |.138 |.384 [.000 |.000 |.692 | .145
2 2-A-a .187 |.521 |.138 |.384 |.000 |.000 |.675 | .095
3 3-A-o .259 1,721 |.138 |.384 |{.000 |.000 |.603 |-.105
4 1-A-g * [.249 |.691 [.138 |.384 |.047 |.130 |.566 |-.205
5 2-A-y  * 1.275 |.764 |.138 [.384 [.074 |.206 |.513 |-.354
6 3-A-¢ * 1.380 [1.056].138 |.384 |.059 |.164 |.423 |-.604
7 1-B-o .170 |.471 |.218 |.605 |.000 |.000 |.612 |-.076
8 2-B-a .187 {.521 |.218 |.605 |.000 |{.000 |.595 |-.126
9 3-B-a .259 |.721 |.212 |.605 |.000 |.000 |.523 |-.326
10 2-B-8 * |.275 |.764 |.218 |.605 |.047 |.130 |.460 |-.499
n 2-B-y  * 1.275 |.764 |.218 |.605 |.074 |.206 |.433 |-.575
12 3-B-¢  * {.380 [1.056|.218 {.605 |.059 |.164 |.343 |-.825
13 3-B-y * [.380 [1.056(.218 |.605 |.074 |.206 |.328 [-.867
i Conditions: * ro= ]

1. 5.08 cm (2") insulation on all system piping

1.27 cm (1/2") insulation on all system piping

No insulation on all system piping

Minimal power requirements (1,675 kJ(electric)/hr, 5/8 hp)

T > w N

Conservative power requirements (2,685 kJ (2lectric)/hr, 1 hp)
Internal thermal storage
External thermal storage with R-30 insulation

< ™

External thermal storage with R-19 insulation
e. Buried thermal storage with R-19 insulation
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ATR SPACE AND DHW HEATING SYSTEM

- For heating purposes, equation (4) reduces to:
Q=9

where QL' includes heat loss from ducting as well as the physical 1655 of
collector fluild along the ducts. The air leakage in and out of the air
heating solar collectors and associated ductwork is an important feature
of an air system. One the one hand, auctwork can be sealed to the extent
that air leakage from the entire system cOnstituteé less than four percent
- of the useful heat collected [6].

On the other hand, air leakage in and out of a solar collector array
is a major factor (e.g., air flow Eates to the collector of 600 CFM may
resuit in an air flow rate from the collector of 1000 CFM). Close and
Yusoff [7] have shown in detail the effects of air leakage in and out of
the solar collector array. Rather than repeat this excellent discussion,
we will not consider this particular aspect, other.than to note the results
of C]oge and Yusoff, that air leaks into the collector (in 'so much as they
provide necessary ventilation to the conditioned space) 1ncreaseAthé collec-
tor efficiency. For our purposes this increased efficiency is already
incorporated into the collector characteristics, FR(Ta) and FRUL'

In addition to the four percent éir leakage in the ducts, we have the
heat losses during collector operation and the heat capacity los§ discussed
above. “hus:

QL AtL = (UA)LCATLCAt + (UA)LSATLSAt £+ (cw)CATLc

+ (cw)SATL £+ .04 ﬁhAt
s

Air ducts have a poorer heat transfer coefficient and thus higher
resistance to heat loss, but have a larger heat transfer area. When both

factors are taken into account, the heat loss coefficient times the area



for two cases of insulation on the ducts (2.54 cm, 1 in. fiberglass and

zero insulation), we obtain Table 3.

Table 3. Air Heating System Ducting Heat Losses
(UA)Lc ATLc (UA)LS ATLS
(kd.hr-°C)|  (°C) (kJ/hr-°C)l (°C)
1" insulation 200 30 85.4 30
No insulation | 1,281 30 546.0 30

In addition, (cw)CATL
c

The parasitic power requirements are limited to one blower and one pump,

= 177 kJ and (cN)SATL = 84 kJ.

S

which operate only during collector operations (the auxiliary blower is

considered part of the conventional system -- just as in the liquid system).

Minimal power requirements total 2,350 kJ/hr (7/8 hp), while the conserva-

tive power requirements are 3,350 kJ/hr [1-1/4 hp).

For the thermal storage (exterior), we note the experimental value of

Karaki, 2t al [8], which yields a value of (UA)L for the pebble-bed storage

of 10.2 kJd/hr-°C.

If we consider three storage modes, i.e., interior, .

exterior, and buried (all with R-11 insulation), we obtain:

0 interior

GSL= (UA)L(TS- Ta)= 460 kJ/hr exterior

The useful heat delivered, Gu’ is calculated as before. The result for
the system in Appendix A is Gu at AR = 2,300 kj/hr-m¢ is 55,200 kJ/hr and at
AR = 1,700 kJ/hr-m? is 35,050 kJ/hr.

360 kJ/hr buried

The various calculated values of the

components of equation (7) are shown in Table 4.
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Table 4. Design-and Installation Effects on Solar System Effi-
ciencies (Air System - Space and DHW Heating)

Condition @ ! " Ot
ﬁhat Uhat g at _‘”s/“day
Row | HR (kJ/hr-m2)=|2300 1700 |2300 |1700 12300 {1700 |2300 1700
1 1-A-a .149 |.212 |.102 {.161 |.000 .000 |.749 .627
' 2 1-A-g * -196 |.285 [.102 |.161 [.033 |.052 .669 .502
3 1-A-y * .196 |.285 |.102 |.161 |.026 |.041 |.676 .513
4 2-A-q .737 |1.137/.102 -|.161 |.000 |.000 .161 |-.298
5 2-A-g * 1.034(1.605[.102 [.161 {.033 |.052 -.169{-.818
6 1-B-a 149 |.212 |.146 |.230 |.000 ,000 }.705 .559
4 7 1-B-g  * 196 |.285 |.146 |.230 |.033 |.052 .625 .434
8 2-B-qa 737 [1.137].146 [.230 |.000 |.000 17 |-.366
9 2-B-y * 1.034]|1.605|.146 |.230 |.026 |.04] -.2061-.875
10 2-B-g * 1.034)1.605|.146 |.230 |.033 |.052 -.213{-.886
11+ 1-A-« .309 |.372 |.102 |{.161 |.000 |.000 .589 .536
12+ 2-B-8 1.194[1.765|.146 |.230 {.033 |.052 -.373(-1.046
t(plus 20% leakage of air from ducts)
@ Condition: *r o= ]

1. 2.54 cm (1") fiberglass duct insulation on all ducts

2 No duct insulation 4

A.  Minimal power requirements (2,350 kJ (electric)/hr, 7/8 hp)

B Conservative power requirements (3,350 kj(electric)/hr, 1-1/4 hp)
Interior pebble-bed storage (R-11 insulation)

[

Exterior pebble-bed storage (R-11 insulation)

w

Y. Buried pebble-bed storége (R-11 insulation)
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LIQUID SYSTEM - SPACE COOLING AND DHW HEATING

For the cooling season we must account for the interior heat losses and
the different operating and ambient temperatures. We again consider three
types of piping insulation: No insulation, 1.27 cm (1/2 in.) insulation,

and 5.08 cm (2 in.) insulation. Equation (4) is:

O =0Q"'+Q" (1 +1/c0P)
where the first term is again given by equation (9), i.e.,
GL'AtL = (UA)L ATL at + (UA)L ATL ot €+ (cW)CATL + (cW)SEATL
c cC s s C 3
GL“ is the same type of equation but considers the interior piping instead,
i.e.:

QL AtL = (UA)L AT

I : AtI-+(cw)IATLI+(UA)LSATL at(1-g) +(cW)SATL (1-¢)

LI S S
Again, £ = 1 for exterior storage and 0 for interior storage. The results
for the design in Appendix A are given in Table 5, where we have assumed that

At = 8 hrs and At(system) = 12 hrs.

Table 5. Liquid Cooling System Piping Heat Losses

N n " {
‘AtLQL (kJ) QL at, (kJ)
2" insulation 52,813 + £23,386 {12,732 + (1-¢)27,418

1/2" insulation [59,677 + £26,680 |14,791 + (1-£)31,280
No insulation 87,292 + £39,718 |23,005 + (1-£)46,566

The cooling system requires two additonal pumps, one for the cooling
tower and a chilled water pump, if a water chiller is used. The "minimal"
and "conservative" parasitic power requirement are now 2,014 kJ/hr (3/4 hp)

and 4,028 kd/hr (1.5 hp), respectively. The times of operation are again

different, so that we obtain the results:
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(13)

{20,140 kJ minimal power requirements
E At ¥

40,280 kJ conservative power requirements

For the thermal storage we will consider four cases: Interior with
R-30 insulation and R-19 insulation and exterior with R-20 insulation and
R-19 insulation. In all cases we assume an interior DHW preheat tank with

heat losses of about 200 kJ/hr. The results are:

g 572 kd/hr R-30 insulation
Qg =

£ 903 kJ/hr "R-19 insulation
(14)

_ [200 + (1-£)620]) kd/hr R-30 insuiation
Qg " = |

[200 + (1-£)979] kJ/hr R-19 insulation

To complete our evaluation, we again use equation (12) to calculate
2

Qu. For the cooling season, we will assume HR values of 3,500 kJ/hr-m
(308 Btu/hr-ft2) and 2,800 kJ/hr-m2 (246 Btu/hr-ftz). The results are
Gu = 81,200 kJ/hr and 50,800 kJ/hr, respectively. .

Using equations (4), (5), (6), (7), (10), (13), and (14), and Table 5,

we obtain the results shown in Table 6.

CONCLUSIONS

A brief analysis of Tables 2, 4, and 6 leads to several important
conclusions. For example, from Table 2, we note that a simple lack of
collector piﬁing insulation reduces the useful heat coliection by 8.9
percent and 25 percent for the two assumed values of insolation (rows 1
and 3). When this loss is combined with the larger parasitic power require-
ments, the combined reductions of useful heat collection are 16.9 percent
and 47.1 percent, respectively (rows 1 and 9). The additional parasitic
power requirement (3/8'hp) alone reduces the useful heat collection by

eight percent for the higher insolation rate (rows 1 and 7). Burying the
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Table 6. Design and Installation Effects on Solar System Effi-
ciencies (Liquid System - Space Cooling and DHW Heating)

Condition @ Wt Fate %1t

. g, ot Qt g, at ns/Mgay
Row | HR (kJ/hr-m2)= 3500 (2800 3500 |2800 |3500 [2800 |3500 | 2800
1 1-A-a * 1170 |.271 |.074 1.119 |.04) |.065 |.715 .545
2 2-A-q * 1,194 |.310 |.074 |.119 |.041 |.065 |.691 .506
3 3-A-a * .300 {.463 {.074 [.119 |.041 [.065 |[.585 .353
4 1-A-8 * 170 1.271 [.074 |.119 |.053 |.085 {.703 .525
5 2-A-v .281 [.449 [.074 |.119 |.081 [.129 |.564 .303
6 3-A-¢ .420 |.671 |.074 |.119 |.116 |.186 |.390 .024
7 1-B-a’ * J170 |.271 |.154 |.246 |.041 [.065 |.635 .418
8 2-B-a * .194 [.310 |.154 |.246 |.041 |.065 |.611 .379
9 3-B-a * .300 |.463 1.154 |.246 [.041 |.065 |.505 .226
10 2-B-g * .194 |1.310 |.154 |.246 |.053 |.085 |.599 . 359
11 1-B-vy .246 [.393 |.154 |.246 |.081 |.129 |.519 .232
12 3-B-v '.420 .671 |.154 |.246 {.081 {.129 |.345 |-.046
13 3-B-¢ 420 |.671 1.154 |.246 {.116 |.186 |.310 {-.103

@ Conditions: *e o= ]

1. 5.08 cm (2") insulation of all system piping

2. 1.27 ecm (1/2") insulation of all system piping

3. No insulation on system piping

A.  Minimal power requirements (2,014 kJ(electric)/hr, 3/4 hp)

B. Conservative power requirements (4,028 kJ(electric)/hr, 1.5 hp)

a. Exterior storage with R-30 insulation
.  Exterior storage with R-19 insulation
Y. Interior storage with R-30 insulation
- Interior storage with R-19 insulation




79

thermal storage tank results in reductions of useful heat collections of
5.9 percent and 16.4 percent (respectively), from that of an interior tank
(rows 1 and 6). Note also the extra losses (rows 1 and 4) when the storage
is taken out of the conditioned space (with R-30 insulation). This factor -
becomes important when a space cooling capability is added to the solar
sys;em.

It is particularly noteworthy that it is not possible to collect useful
heat at a solar insolation of HR = 1,700 kJ/hr-m¢ (150 Btu/hr-ft2) average
daily solar radiation for almost all variations of the liquid solar system.
The calculation of the minimum solar insolation rate on an instantaneous
basis for the various configurations is discussed in more detail by Ward
[9].

From Table 4, it is readily apparent that the lack of duct insulation
is much more disastrous than for the liquid heating system. From rows 1
and 4 and ;ows 2 and 5, we see percentage decreases of useful éo]]ected
energy of 58.8 percent and 83.8 percent, respectively, at the higher inso-
Tation rate. On the other hand, additional paraéitic power requirements
cause only 4.4 percent and 6.9 percent reductions in the useful heat cd]]ec-
tions for the two insolation rates.

Another feature of the air system is the substantial 16 percent reduc-
tion in useful heat collection dﬁe to poorly installed and leaky ducts.
While the air system has the advaﬁtage of very low collector loop heat
capacity losses, poor installation and design practices help to nullify
this advantage. Finally, the location of the pebble-bed storage causes
relatively small reductions in useful heat collection.

A comparison.of Tables 2 and 4 suggest that the air and 1iquid systems
have comparable efficiencies at the higher insolation level for the condi-
tions of good design and -installation. However, at the lower insolation

rates the air system is substantially better. Even with leaky ducts the air
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system performs better at lower insolation rates, but rapidly approaches
the point where the system is only marginally feasible.

Because of the disappointing results of the 1iquid system, it is worth
consideriﬁg what improvements could be obtained from substantial design
changes. For example, if the daily average insolation rate (during collec-
tor operations of 6 hours/day) is 1,700 kJ/hr'mZ, our 1-A-a design indicates
that the system losses account for 85.5 percent of the useful heat collected.
We can consider two ways of reducing these losses.

First, let us use the collectory array as the south wall (sloped at
the same angle), where the manifolds and all system piping heat losses go
toward meeting the heating load. In this case our only iosses are due to
parasitic power requirements. Thus our system losses are only 38.4 percent
of the useful heat collected. It is noteworthy, however, that 62.2 percen;
of the useful heat collected is delivered to the load as uncontrolled heat
losses. Thus the system effectively delivers 37.8 percent of the useful
heat collected in the form of an active heating system and 62.2 percent as
a passive system. Because of the parasitic power, the active system barely
breaks even and it would be preferable to use a totally passive system.

To reduce the effects of the collector loop's heat capacity heat loss,
the liquid system could utilize a drain down system. This would eliminate
the exchanger pump, but the additional power required by the collector to
1ift the collector liquid to the top of the collector wog]d offset this
gain. However, the reduction of the collector loop's heat capacity heat
losses would be on the order of 12.8 percent and 35.5 percent, respectively,
for thé two solar insolation rates. This gives new values of ns/nday of
.820 and 0.50, respectively. Provided that the system drains down properly
and corrosion is not a factor, this would appear to be a better design and

is clearly more competitive with the air system.
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Another possibility of redhcing the collector loop heat losses is to
reduce the size of the piping. This reduces the heat loss during co]]eétor
operations, due to smaller surface area, as well as the overnight heat ]ossés
(due to smaller volume). Unfortunately, it increases the parasitic power re-
quiréments. An optimum pipe sizing therefore should take intd account both
" considerations.

| In Tab]eAG we see again the importance of good ihsu}ation on the piping
and, to a lesser extent, on the storage unit. In addition we can compare
Tables 2 and 6 for the case of an integrated solar heating and cooling sys-
tem. It is risky to make absolute comparisons from this data because of
the dependence on the assumed solar insolation rate. However, the location
of the thermal storage unit may be critical. For a well insulated (R-30)
tank, an interior tank enjoys a five to thirteen percent improvement during
the winter heating season, but suffers during the summer cooling season and
causes a reduétion in performance of four‘to six and one-half percent.
Again, the optimization for a particular case must consider both aspects.

[t tecomes apparent that insulation and parasitic power are critical
factors in the liquid system, and that tight and well insulated ducts are
equally important in air systems.This basic assessment is hot entirely new.,
but the quantitative basis and the extent to which these factors are impor-
tant has not been previously addressed in an adequate fashion. Equation (7)
and the supporting criterion, therefore, assume substantial importance in
the design and installation of solar heating and coolfng systems. In addi-
tion, any adequate assessment of operating systehs must consider the equa-'
tion as well if the assessment is to be of any value.

Finally, when the heat losses and parasitic power requirements are
taken into consideration, we note that "s/”day is relatively sensitivé to
the collector efficiency. For the same flow rates, pipe sizes, and thermal

storage size, the effect of an improved collector is fo increase Qh without
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any changes in the loss terms. Thus the percentage losses are reduced. For
example, if the collector had the characteristics FR(ra) = 0.80 and FR L=
16.35 kJ/hr-m2-°C (0.80 Btu/hr-ft2.°F), the 1-A-a design of the liquid
collector (at a dai]y average solar insolation rate of 1,700 kJ/hr-m2)

would result in a value of ns/nday = .603; a substantial improvement over
.145. Collector efficiency therefore becomes very important, a significant

result of the use of equation (7).
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APPENDIX A -- EXAMPLE SYSTEM DESIGNS

Liquid System (Figures 1 and 2)

Solar collector

2 (645.6 ft2)

Ac =60m
FR(Ta) = 0.724
FRU, = 19.35 ka/hr-n®-°C  (0.947 Btu/hr-ft°-°F)
Flow rate = 50 - 65 kg/hr-m? of collector (0.02-0.025 gpm/ft?)
h = 3,640 kg/hr (15 gpm)
¢, (water-glycol) = 3.77 kJ/kg-°C (.9 Btu/1b-°F)
o (water-glycol) = 1070'kg/m3 (8.92 1bs/gal)
Exchanger'(collector/storage)
e.g., Young [10], Tube-in-shell, Model 603-DY
ap (collector side) = 46,200 nt/m2 (6.7 psi)
ap {storage side) = 2,800_nt/m2 (0.4 psi)
LMTD = 6°C (10.8°F)
h (storage side of exchanger) = 6,810 kg/hr (30 gpm)
Cp (storage liquid-water) = 4.19 kJ/hr-°C (1 Btu/1b-°F)
o (storage 1iquid) = 1,000 kg/m> (8.34 1bs/gal)
Storage Capacity
60 - 80 liters of water/m2 of collector (1.47-1.96 ga]/ftz)
4,000 liters (1,057 gallons)
4,000 kilograms of water (8,820 1bs)
Chiller - Lithium bromide absorption cooling unit
Capacity = 38,000 kd/hr (3-tons)
COP = 0.60

Minimum temperature to generator = 80°C (176°F)
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Other Temperatures
Minimum temperature to heating load = 40°C (104°F)
Average storage temperature - heating = 50°C (122°F)

Average storage temperature - cooling = 85°C (185°F)

Average 24 hour ambient temperature - heating = 0°C (32°F)

Average 24 hour ambient temperature - cooling = 25°C (77°F)

Average daytime ambient temperature 5°C (41°F)

heating

Average ‘daytime ambient temperature - cooling = 30°C (86°F)

Pumps
Collector 670 kd/hr  (1/4 hr)
Exchanger 335 kd/hr  (1/8 hp)
Circulating 335 kd/hr (1/8 hp)
DHW (2) 335 kJ/hr  (1/8 hp)
4C6011ng tower 335 kJ/hr  (1/8 hp)
~ Chilled water 670 kd/hr (1/4 hp)

Piping Lengths
Collector loop (heat loss purposes)
10 meter of 5.08 cm (2") manifolds
10 meter of 1.91 cm (3/4") interconnections

10 meter of 3.81 cm (1-1/2") run (exterior to conditioned
space)

10 meter of 3.81 cm (1-1/2") run (interior ¢ to conditioned
space)

Exchanger loop (interior ¢)
5 meter of 3.81 cm (1-1/2") run
Circulating loop (interior)

10 meter of 2.54 cm (1") run
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Figure 1. Schematic of Liduid System
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Air System (Figure 3)
Solar Collector
A. = 60 n’ (645.6 ft?)
FR(ra) = 0.567
FRU_ = 12.26 kd/hr-m2-°C  (0.60 Btu/hr- ft2. °F)
Flow rate = 44 - 55 kj/hr-m2 of collector (2- 2.5 CFM/t2)
Cp(air) = 1.006 kd/kg-°C (0.24 Btu/1b- °F)
o(air) = 1.202 kg/m®> (0.075 1b/ft3)
h = 2,982 kg/hr '
mcb = 3,000 kd/hr-°C
Storage
| -.75 to 1.5 inch pebble-bed
2m (high) x 2 m (wide) x 4 m (long), V = 16 m’
Heat capacity = 21,500 kJ/°C (11,300 Btu/°F)
Temperatures '
Minimum temperature to heating load = 40°C (104°F)
Average inlet temperature to collector = 20°C (68°F)
0°C (41°F)°
5°C (50°F) .

Average 24 hour ambient temperature - heating

Average daytime ambient temperature -~heating
Blower | '

Flow rate = 2,481 m/hr (1460 CFM)

Rated at 2,014 kJd/hr (3/4 hp)

DHH pump = 672 kd(electric)/hr (1/8 hp)
Ducting

Collector Toop (exterior) 20 m of manifolding (2' x 1')
5mof run (2' x 15")

Collector Toop (interior) 10 m of run (?' x 15")

Circulating lobp (interior) 10 m of run (2' x 15")
(does not include air distribution system ducting)




Figure 3.

Air System Schematic
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NOMENCLATURE

Gross area of solar collector array, m2
Specific heat of collector fluid, kJ/hr-m2
Coefficient of performance, dimensionless

Heat capacity of collector Toop (exterior), kJ/°C

"Heat capacity of interior circulating loop, kJ/°C

Heat capacity of collector and exchanger loop (exterior or
interior), kJ/°C _

The thermal equivalent of averagé daily electrical usage in the
collection and circulation to load of solar energy, kJ?therma])/hr

The average daily electrical usage by the sclar system,
kd(electric)/hr

Collector heat recovery factor, dimensionless
Solar insolation on a tilted surface, kJ/hr-m2
Daily average value of HR

Log mean temperature difference, °C

Mass flow rate through collector, kg/hr

Average daily heat losses from the solar system piping and/or
ducting, kJ/hr

‘Piping and/or ducting heat losses to the exterior of the

conditioned space, kd/hr

Piping and/or ducting heat losses to the interior of the
conditioned space, kJ/hr

Useful energy obtained from a collector, kJ/hr (Qu = meAT)
Daily average value of Qu

Average daily heat losses from the‘thermql storage and DHW
preheat, kd/hr S ‘ :

Thermal storage and DHW preheat tank heat losses to the exterior
of the conditioned space, kJ/hr

Thermal storage and DHW preheat tank heat losses to the interior
of the conditioned space, kJ/hr

Resistance to heat flow (commonly used in English units of
hr-ft2.°F/Btu)




ap
At
at'

Atd
At

AtI
At

AT
AT,
AT

AT

Nday
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Ambient temperature, °C

Average temperature difference between collector inlet and
ambient,°C

Temperature of thermal storage, °C

2,00

Heat loss coefficient of insulation, kd/hr-m
Heat loss rate from thermal storage, kJ/hr-°C

Heat loss rate from collector loop, kd/hr-°C

Heat loss rate from DHW preheat tank, kJ/hr->C

Heat loss rate from circulating loop of system, kJd/hr-°C
Heat loss rate from storage side of exchanger loop, kJ/hr-°C

Collector heat loss coefficient, kJ/hr-m2-°C

Knonecker delta, _ ( 1 for space cooling applications, dimensionless
0 for space heating applications, dimensionless

Pressure drop, nt/m2
Average number of hours of collector operation per day, hours
Average number of hours of solar availability per day, hours

Average number of hours of effective heat losses from
thermal storage and DHW preheat tanks per day, hours

Average number of hours of parasitic power requirements per day,
hours

Average number of hours of circulation to loaé per day, hours

Average number of hours of effective heat losses from piping/
ducting per day, hours

Outlet temperature of collector minus inlet temperature of
collector, °C

Temperature difference between collector fluid and ambient
during collector operations, °C

Temperature difference between circulating fluid and conditioned
space, °C

Temperature difference between storage/exchange loop fluid and
ambient during collector operations, °C

Daily efficiency of a solar collector array, dimensionless
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Efficiency of the electric power plant generation and distribution,
dimensionless

Average operating efficiency of a conventional fossil fuel fired
furnace, dimensionless

Daily efficiency of a solar collector array taking into account
heat losses and parasitic power usage, dimensionless

Kronecker delta, _ . 1 exterior thermal storage

0 interior thermal storage

Density of fluid, kg/m>

Effective transmissivity-absorptivity product, dimensionless
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OPERATING THRESHOLDS OF SOLAR COLLECTION SYSTEMS

by

Dan S. Ward, Associate Director
Solar Energy Applications Laboratory
Colorado State University
Fort Collins, Colorado 80523

ABSTRACT

A solar collector subsystem operating threshold is defined as
the minimum solar insolation rate at which useful heat can be col-
lected when collecting loop piping heat losses and parasitic power
requirements are considered. This paper discusses the quantitative
effect of these energy flows on the operating threshold of the solar
subsystem (and thus on the overall system efficiency), and briefly
considers the effects of different installation and design procedures.

This paper should be considered a companion to the paper en-
titled, "Solar Heating and Cooling System Efficiency as a Function
of Design and Installation", by the same author.
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INTRODUCTION

Increasing importance is being placed on the operating threshold of
solar collectors, i.e., the required conditions for collection of useful
solar energy. Normally an operating threshold refers to the minimum solar
radiation intensity, which is necessary before a solar collector can absorb
'more'energy'than is lost‘from the co]]ecio; through fadiation, conduction,
and convection.

Such a condition can be illustrated by the use of the relationship [1]:
Q = A (HRFp(xa) - FRu (T, - T,)} (1)

Using equation (1), we can define the operating threshold, i.e., the mini-
mum solar insolation rate necessary to allow for the collection of useful

solar energy, by setting Qu = 0. Thus equation (1) becomes:

Ry, = AL (T,-T.) (2)
HR)e = FleaT (Ti-Ta) -

where (HR)C = Solar insolation operating threshold for a solar
collector to collect useful solar energy
The operating threshold in equation (2) can no longer be considered
practical, because of the effects of a solar system on the operation of
the solar collector. This paper will discuss a revised definition of the
solar insolation operating thresho]d,,whicﬁ accounts more realistically’
for the practical operation of a solar space and domestic hot water (DHW)

heating and space cooling system. ‘Particular emphasis will be directed

toward solar space cocling systems.

OPERATING THRESHOLD

The efficiency of a'solar collector can be written as:
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where
ne = solar collector efficiency, (dimensionless)
and

Qy = MC(Ty = T3) = MC AT, (4)

P

The collector's efficiency when operating in conjunction with a com-
plete system, however, must take into account the solar energy which is
actually delivered to the thermal storage or directly to the load and the
parasitic power requirements necessary to collect and transfer the collected
heat. For this purpose, we define a solar collector's operating efficiency

within a solar system as:

Q- "¢,
ng = - (=) (5)
S HRAC, e Hﬁﬂc

The disadvantage of equation (5) is that observed efficiencies (ns)
from one solar installation are not readily transferred to a second installa-
tion. In other words, QL and E are functions of a particular design or

installation and variations in n_ between the two different types of solar

s
collectors in different installations are not readily comparable. The
practical reality of operating solar heating and cdo1ing systems, however,
requires the concept of a solar collector operating efficiency if realistic
technical and economic feasibilities are to be considered. It is meaning-
less to quote collector efficiencies of N T 30% when the system's collector
efficiency is ng = 10%. And such variations in efficiency are not uncommon.

ng can also be used for particular solar collector module designs and
basic system layouts, as a comparison point for different installations,
i.e., the engineering design can attempt to optimize the thermal perfor-
mance by reducing QL and E as much as possible, consistent with the thermal
performance and economic practicality.

A word is appropriate here concerning the term, nf/ne. This represents

the ratio of the combustion efficiency of a fossil fuel furnace to the
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electrical generating efficiency of the parasitic power used to operate the
solar collection subsystem. The intent of the usage of this term in equa-
'tion (5) is to convert the electrical power usage, E, to a thermal energy
equivalent. Thus ("f/”e) is the ratio of the useful thermal enefgy delivered
by a conventional fossil fuel unit in a non-solar system, to the thermal
energy expended in providing the electrical power, E.

If we take the average combustion efficiency of'a fossil fuel unit
under typical operating conditions, we find that ne = 60%. The electrical
generating efficiency of a fossil fuel (or nu;lear) power plant combined
with the efficiencies of transportaiton and distribution of the electricity

to the user imply that e = 25% [2]. The ratio of these efficiencies is then:
nf/ne = 2.4 (6)

It is noteworthy that the average coefficient of performance of state-of-the-
art heat pumps is on the order of 2.4. Had the electrical power been derived
from a hydroelectric plant, the thermal equivalent or potential useful heat
delivery is still about 2.4. With substantial %mprovements in seasonally
average COP's of heat pumps, it may be necessary to increase the value of
ne/ng- ‘

Another view of understanding the use of hf/ne in equations (5) and
(6) is to recognize thg greater usefulness of electrical energy to thermal
energy and thus penalize the solar system accordingly. '

The heat losses in the solar system derive from heat losses in the
pipes (or ducts) and should differentiéfe between heat losses exterior to
and inside tﬁe heated/cooled space. In addition, QL may include leakage
of the collector heat transfer fluid (e.g., some air 1eakage from ducts is

fairly common). Thus:

Q= Q' +Q "6 (1 +1/cOP) (7)
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The Knonecker Delta, &, is utilized because heat losses to the interior
of the heated/cool space still contribute to meeting the load in a heating
application; but in a cooling application, not only is the heaf lost for
purposes of utilizing it to operate the solar cooling unit, but the solar
heat actually adds to the cooling load.

We are now in a position to evaluate equation (5) in terms of an operat-
ing threshold. We can define the operating threshold of a system as the

point when ng = 0. In this case:

(q )S = QL + (nf/ne) E ) (8)

where

(Q,)

uls = The required rate of useful solar heat collection

at the operating threshold of a system, (kJ/hr)

Previous cénsiderations of solar collector efficiencies (i.e., equation
(1)) would imply that (Qu)s = 0. However, from a system's viewpoint the
non-zero value of (Qu)S becomes very significant as will be seen helow.

To obtain a system equivalent of equation (2), we must rewrite equa-
tions (1) and (3) using the same considerations applied in deriving equa-

tion (5), i.e.:

(T, -T.) Q (ng/n ) E
_ i a L f' e
ng = Fplta) - Fpl —pg " WRA. T THRA (9)

Again, we can obtain the Solar Operating Threshold, i.e., the minimum
solar insolation rate necessary for the collection of useful solar energy

and its delivery to thermal storage (or load), (HR)S by setting ng in equa-

tion (9) equal to zero. The result is:

n
(HR) (Fp(ta) = FoU T + Q /A + (;é) E/A,

where
AT ;T,i‘Ta
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This can be rewritten in the form:

FrU, Q
s = Flrar 14T+ RF,

. (f E
+(ne)A Fo 0 ! (10)

U C L

L

The significance of equation (10) cannot be overstressed if realistic

- considerations of technical and économic'feasibi]ity of partitﬁlér sb1ar
installations are to be made. (HR)S represents the lower limit of solar
insolation which can be effectively utilized for the collection and delivery
of useful solar energy.’

The term outside the brackets, FRUL/FR(ra), represents the effects of
the solar collector module design. It is noteworthy that a design modifica-
tion which reduces UL by 20%, at the expense of reducing (ta) by 20%, will
accomplish nothing; the thermal performance will not be improved (assuming
no other change in.the solar system désign or operation).

For example, two collector designs reported by Johnson, et al [3]
included one with chafacteristics FR(Ta) = 0.816 and FRUL = 24.6 kJ/hr.-m2.°C.
A second design had a reduced FRUL (= 19.0 kJ/hr-m2-°C), which constituted
a substantial 23% decrea;e in the collector heat loss term. However, the
second collector also had a reduced FRta) (= .632), which constituted a

23% decrease as well. The second collector, therefore, will not enjoy a
réduced operating threshold.

The first term in brackets, AT, is a variable of the solar system's
design and operation. A significant reduction in AT will have a major
effect on 10Qering (HR)S and can substantially improve the thermal perfor-
mance of a system. For example a solar liquid-heating collector might have
inlet temperatures to the coilector rangingifrom 40°C to 70°C (with an
average of about 50°C) over the course of a winter heating season. Because
of the temperature stratification of a pebble-bed storage unit, a solar

air-heating collector can expect inlet temperatures averaging about 20°C.
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If the 1iquid and air collectors are similar from the absorber plate up, and
the last two terms in brackets of equation (10) can be neglected, it is clear
that the air collector enjoys the advantage of a very significantly reduced solar
threshold, (HR)C. In fact, for ambient conditions of -10°C, (HR)c for the
air collector is half the corresponding value for the liquid collector.

However, as will be shown, these last two parameters should not be
neglected. For the comparison of air and 1iquid collectors, the appearance

of FR in both denominators does not bode well for the air collector.

CALCULATIONS
For simplicity we will utilize the three example solar system designs
given by Ward [# ]. We will assume three types of insulation on the col-
‘lector loop piping: (1) 5.b8 cm (2") fiberglass insulation; (2) 1.27 cm
(1/2") fiberglass insulation; and (3) no insulation. In addition, we will
consider the case of storage interior to and exterior to the storage space
(when the storage is exterior there is a larger area of collector loop pibing
exposed to the ambient, as well as the storage itself).
Using the results of Ward [4], we obtain the heat loss transfer rates
for the liquid system: )

Collector Loop (exterior)
30.4 kJ/hr-°C 2" insulation
(un), =

43.4 kJ/hr-°C 1/2" insulation
95.7 kJ/hr-°C No insulation

Collector/Exchanger Loops (exterior or interior)

22.5 kJ/hr-°C 1/2" insulation

15.4 kJ/hr-°C 2" insulation
(up), =
50.6 kJd/hr.°C No insulation

Circulating Loop (interior)

11.98 kJ/hr.°C 1/2" insulation

_ 9.34 kJ/hr-°C 2" insulation
(UR) =
22.51 kd/hr-°C No insulation
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Thermal Storage and DHW Preheat (exterior or ‘interior)

(UA), =

9.534 kJd/hr-°C R-30 insulation
15.054 kJ/hr-°C R-19 insulation

For the heating season, we utilize the appropriate temperature dif-

ferences to calculate:

Collector Loop (exterior)

1,702 kd/hr
Q= 2,430 kJ/hr

5,359 kd/hr

2" insulation
1/2" insulation
No insulation

Collector/Exchanger Loop (if exterior)

739 kJ/hr
1,080 kJ/hr

2" insulation
1/2" insulation

No insulation

- |

Thermal Storage (if exterior)

2,430 kJ/hr

477 kd/hr
753 kd/hr

R-30 insulation

Q= R-19 insulation

The parasitic power requirements are considered for two cases: A
“minimal" power requirement and a "conservative" power requirement. We
will assume values of E = 1,675 kJ (electric)/hr (5/8 hp) and 2,685 kJ
(electric)/hr (1 hp). Using equation (10), we obtain the results shown
in Table 1. |

The heat losses and power requirements described above a?e only the
instantaneous losses, i.e., the losses occuring dﬁring the collection opera-
tion. This is essentially the case where the threshold we calculate pro-
vides just enough uséfu] heat to replace the losses occuring during the
collector operation itself. A more stringent requirement is the minimum
solar insolation that accounts for the daily heat losses and power require-
ments, including those occurring overnight. Thus the ccllector must collect
enough useful heat not only to balance its losses, but to balance the average
overnight heat losses as well. Table 2 gives the value of (HR)S for |

several of the .design cases in Table 1.
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Table 1. Operating Thresholds (Instantaneous) for Design and
Installation Variations in a Liquid Solar Heating System

A LN LI (HR)
.|Row | Conditions* AcFRUL | 'me’ AcFRYL s
(°c) | () (°c) (k/hr.m2) Btuh/ft2

0 Base 50 -- -- 1,336 118
1 1-A-a 50 1.5 3.5 1,470 129
2 1-A-x« 50 2.5 3.5 1,497 132
3 2 -A-y 50 3.4 3.5 1,521 134
4 3-A-c¢ 50 7.4 - 3.5 1,628 143
5 3-A-a 50 4.6 3.5 1,553 137
6 1-B-a 50 1.5 5.6 1,526 134
7 1-B-y 50 2.5 5.6 1,553 137
8 2 -8B -y« 50 3.4 5.6 1,577 139
9 3-B-8 50 4.6 5.6 1,609 142
10 3-B-¢ 50 7.4 5.6 1,684 148
1 1-A-a 40 1.2 3.5 1,195 105
12 3-B-c¢ 40 6.1 5.6 1,382 122

Conditions:

1. 5.08 cm (2") insulation on piping

2. 1.27 cm (1/2") insulation on piping

3. No insulation on piping

A.  Minimal power requirements (1,675 kJ(electric)/hr, 5/8 hp)

B. Conservative power requirements (2,685 kJ(electric)/hr, 1 hp)

vy. Storage located on exterior with R-30 insulation

a. Storage located on interior with R-30 insualtion

=. Storage located on exterior of conditioned space with R-19 insulation

B. Storage located on

interior of conditioned space with R-19 insulation

Table 2. Operating Threshold (Average) for a Liquid
Heating System
— aT (FRY (AR]
Condition (°c) (kd/hr-m2) (Btuh/ft2)
1-A-a 50 1,625 143
1-A-xv 50 1,757 155
2-B-a 50 1,716 151
3-B-a 50 1,784 157
3-B-¢ 50 1,980 174
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For the air heating system described in Appendix A of reference [4],
we obtain similar results. In this case we consider two types of duct
insulation:. (1) 2.54 cm (1") fiberglass duct insulation and (2) no insula-
tion. The ducts are assumed to have four percent air leakage; Parasitic
power fequirements are 2,350 kJ(electric)/hr (7/8 Hp) and 3,350 kJ(electric)/
hr (1-1/4 hp). We will also consider the‘two cases for interior and exterior
storage with R-11 insulation. These resu1t§ are shown in Tablé 3.

The third system considered by Ward [4] is a liquid space cooling and
DHW system. An impoftant aspect is that the heat losses to the conditioned
space do not go toward meeting the load, but in fact add to the load. This
gives us an additional factor of (i + 1/COP) for all interior heat losses.

We will utilize the same assumptions for the cooling system that were
used in the liquid heating system, except for the parasitic power require-
ments which are slightly higher (i.e., 2,014 and 4,028 kd(electric)/hr,
respectively). The (UA)L values given above are still valid, but we will
utilize different AT's and will need to include the interior heat losses as
well. The results of the calculations are given in Table 4. Table 5 gives

the solar threshoid for the average operating conditions.

RESULTS

From Table 1, we see that the design variations considered éause an
increase in the solar radiation threshold of 348 kJ/hr-m2 (30 Btu/hr-ftz).
This is a very significant increase and could, in many 1ocatiohs, make the
diffefehce in whether or not the solar system is feasible. When the com-
plete system is considered (Tabie 2), it becomes apparent that a minimum
solar radiation intensity of 1,980 kJ/hr-m2 (174 Btu/hr-ftz), over a period

of several hours, will be difficult to come by.
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Table 3. Operating Thresholds for Design and Installations
Variations in an Air Solar Heating System

. o7 L ofy E (HR)
Row | Conditions* Ac FR UL Ne Kc FR UL ‘ ' S
(°c) | (°¢) (°C) (kd/hr-m?)  |Btun/ft2

0 Base 10 -- -- 219 19
1 1-A-aq 10 7.1 7.7 543 48
2 2-A-a 10 45.7 7.7 1,388 122
3 1-A-28 10 10.2 7.7 611 54
4 2-A-38 10 65.2 7.7 1,815 160
5 1-B-a 10 7.1 10.9 613 54
6 2 -B-a 10 45.7 10.9 1,458 128
7 1-B-8 10 10.2 10.9 681 60
8 2 -B-8 10 65.2 10.9 1,885 166
9 1-A-atf 10 8.2 7.7 567 50
1012-B-8+]10 74.5 10.9 2,089 184

+20% leakage in ducts
*Conditions: : . .

2.54 cm (1") fiberglass insulation on all ducts

No insulation on all ducts

Minimal power requirements (2,350 kJ(electric)/hr, 7/8 hp)
Conservative power requirements (3,350 kJ(electric)/hr, 1-1/4 hp)
Interior pebble-bed storage :

Exterior pebble-bed storage with R-11 insulation

w R O —
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Table 4. Operating Instantaneous Thresholds for Design and
Installation Variations in a Liquid Solar Cooling

System
ar | Ofy _E (HR),
Row | Conditions* AcFRUL |'ne” A Fr UL - 5
(°C) (°C) (°c) (kd/hr-m2) (Btuh/ft<)
0 Base 61 -- -- 1,630 143
1 1-A-a 61 .4 4.2 1,860 164
2 1-A-y 61 7.0 4.2 1,930 170
3 2 -A-y 61 9.2 4.2 1,988 175
4 3-A-c¢ 61 18.9 4.2 2,248 198
5 3-A-a 61 11.6 4.2 2,053 181
6 1-B-a« 61 4.4 8.3 1,970 173
7 1-B-y 61 7.0 8.3 2,039 179
8 |2-8B-+vy |61 9.2 8.3 2,098 - 185
9 3-B-8 61 11.8 8.3 2,168 191
10 3-8B-c¢ 61 18.9 8.3 2,357 207
M[1-A-a 51 3.8 4.2 1,577 139
12 1 2-B-¢ 51 16.5 8.3 2,026 178
*Conditions: _
1. 5.08 cm (2") fiberglass insulation on all system piping
2. 1.27 cm (1/2") fiberglass insulation on all system piping
3. No insulation on all system piping
A.  Minimal power requirements (2,014 kJ(electric)/hr, 3,4 hp)
B. Conservative power requirements (4,028 kd(electric)/hr, 1-1/2 hp)
a.  Storage located on exterior with R-30 insulation
B. Storage located on exterior with R-19 insulation
Y. Storage located on interior with R-30 insulation
€. Storage located on interior with R-19 insulation
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Table 5. Operating Threshold (Average) for a Liquid Cooling

System
AT QL ng E (HR)S
Row | Conditions* Nc FRUL (H;) AcFrU 2 2
(°C) (°C) (°C) (kd/hr-m©) | (Btuh/ft%)
0 Base 61 -- -- 1,630 143
1 1-A-a 61 11.7 4.2 2,055 181
2 1-A-y¥ 61 17.9 4.2 2,221 195
3 2-A-y 61 20.2 4.2 2,282 201
4 3-A-c¢ 61 29.9 4.2 2,542 224
5 3-A-a 61 19.1 4.2 2,253 198
6 1-B-a 61 11.7 8.3 2,165 191
7 1-8-y 61 17.9 8.3 2,331 205
8 2 -B -y 61 20.2 8.3 2,392 210
9 3-B-28 61 19.4 8.3 2,371 209
10 | 3-B- ¢ 61 29.9 8.3 2,651 233
Mj1-A-a 51 9.8 4.2 1,737 153
12 | 3-B-c¢ 51 25.4 8.3 2,264 199
*Conditions:

5.08 cm (2") fiberglass insulation on all system piping

1.27 cm (1/2") fiberglass insulation on all system piping

No insulation on all system piping

Minimal power requirements (2,014 kJ(electric)/hr, 3/4 hp)
Conservative power requirements (4,028 kJ(electric)/hr, 1-1/2 hp)
Storage located on exterior with R-30 insulation

Storage located on exterior with R-19 insulation

Storage located on interior with R-30 insulation

Storage located on interior with R-19 insulation

m < ™R OI>WN —
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An important aspect of Table 1 is the effect on an inadequately in-
sulated exterior storage. Not only is heat lost from the storage unit
itself, but from the additional piping on the exterior of the conditioned
space. And yet this may be an acceptable penalty in a solar heating and
cooling system because of the even more significant losses when the storage
is located on the interior of a cooled space (see Tables 4.and 5),

The values in Tables 2 and 5 were based on the sclar collection sub-

system operating at a minimum level of solar insolation, over a period of

six_hours per day, in an effort to account for collector loop heat capacity
overnight heat losses and heat losses from thermal storage over a 24 hour
period. If the minimum solar insolation threshold is reached on the average
for shorter periods of time, then the useful heat collected is still in-
adequate to account for the heat losses and parasitic power requirements.
The results for the air system in Table 3 indicate that one can expect
improved performance from a well designed system, but that the lack of insu-
lation on the ducts cause disastrous increases in the solar threshold. In
effect, the lack of duct insulation is sufficient to eliminate the very

feasibility of the solar system.

Temperature Differentials

A very important result of the solar threshold analysis is its effects
on control systems. If we set ng = 0, in equation (5), we obtain the

threshold for Qu’ i.e.:
(Qu)g = Q + (ng/ny)E

We can consider this in the form of a temperature difference by noting that

Q, = mC (To-Ti), i.e.:

P

Q E
(To'Ti)s N me + ("f/”e) ﬁf;
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For the design consideration (1-A-a) in the cooling mode, (To°Ti)s = 1.36°C.
For the (3-B-e) condition (also in the‘cooling mode), (To'Ti)s = 3.3°C.

If the minimum temperature for delivery to the cocling unit is Te = 80°C,
and the LMTD across the heat exchanger is 6°C, then the minimum inlet

temperature to the collector, Ti’ for the 3-B-¢ design is:

T, = TS + LMTD + (To-Ti)s = 89.3°C

For a (To'Ti)s = 3.3°C, the (To'Ti) for useful heat collection is about 6°C.
Thus T, = T, +6°C = 95.3°C.

The control sensor to turn a collector on and off is based on the
temperature difference between storage and collector outlet, i.e., TO—TS.

Clearly the turn off signal occurs when:

- = oc _ or = [
(T0 TS)off 95.3°C - 80°C = 15.3°C

To prevent cycling of the collector pump, the turn on signal should be:
(TO—TS)on.= (TO-TS)off + ATDB = 15.3°C + 10°C = 25.3°C

Thus the collector will not turn on in the morning until T0 = 105.3°C. For
a 50-50 water glycol mixture the boiling point (unpressurized) is 108.9°C.
This allows a storage temperature range of only 3.6°C. For the 4,000 kilo-
grams of water, this amounts to a storage heat capacity of only 60,336 kJ;
slightly less than one hour's operation of a 38,000 kJ/hr (3-ton) chiller.
Had we used the (1-A-a) design, the storage temperature range would be
increased about 1.94°C, or 54% more storage capacity for cooling.

Another effect of the control strategy is that the actual turn on of
the collector requires an even greater solar threshold. For the (1-A-a)
design (1iquid keating system), the effective AT of 55°C is increased to
65°C, and the solar threshold is increased from 1,470 kJ/hr-m2 (129 Btu/
%)

hr-£t2) to 1,737 kd/hr-m% (153 Btu/hr-ft2).
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SYSTEM EFFICIENCY

Finally we should consider the effects on the system efficiency of the
solar threshold. If the mean solar insolation data for January on the col-
lector is 15 MJ/day-m2 [5], then from Liu and Jordan [6], we can estimate
the hourly radiation for the time of year. On this basis, therefore, we can
determine the average number of operating ﬁéqrs when the solar insolation is
above threshold. Using Table 2, the (1-A-a) désign is seen to operate about
5 hours per day and the (3-8-¢) design for'about 3.5 hours per day. The total
solar radiation available for the two designs is thus approximately 11 MJ
and 8 MJ. Thus a bad design and installation reduces the potentiai for solar
collection.

In addition, it also reduces the useful heat collected. For example
if the collector daily efficiency is 35% (useful heat divided by solar during

collector operation), then the usefuyl heat gains from the collector are 3.85

and 2.8 MJ, respectively. This implies daily efficiencies of 25.7% and
18.7%, respectively. But from Ward [4], the ratio of system efficiency to
collector daily efficiency for the two designs is .692 and .343. Thus the
system efficiency for the (1-A-q) design is 17.8% and the useful heat
collected is 2.66 MJ. For the (3-B-c) design the system efficiency is 6.4%
and the useful heat collected is .96 MJ. The (1-A-a) design therefore col-

lects 275% more energy in January.
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NOMENCLATURE.

Ac Gross area of solar collector, (mz)

cop Coefficient of performance of the solar cooling unit,
(dimensionless)

C Specific heat of the solar collector heat transfer fluid,

P (kJ/kg: °C)

E Parasitic electrical power requirements necessary to collect
and transfer the solar collected heat to thermal storage (or
load), (kJ of electricity/hr)

FR Solar collector heat recovery factor, (dimensionless)

HR Solar _radiation incident upon the tilted collector surface,
(kd/me-hr)

(HR)c Solar ingo]ation operating threshold for a collector,

(kd/hr-m¢)
(HR)S Solar insolation operating threshold for a collection subsystem,
' (kd/hr.m2)

LMTD Log mean temperature difference across collector/storage heat
exchanger, (°C)

t Mass flow rate of the collector heat transfer fluid through the
solar collector, (kg/hr)

QL Heat losses in the collector and circulating loops to storage (or
load), not already accounted for by the collector heat loss coef-
ficient, UL’ (kd/hr)

QL' Heat losses from collector and/or circulating loops (exterior to
heated/cooled space), includes leakage of heat transfer fluid,
(kJ/hr)

QL“ Heat losses from collector and/or circulating loops (interior to
heated/cooled space), includes leakage of heat transfer fluid,
(kJ/hr)

Qu Useful energy collected by the solar collector, (kd/hr)

(Qu)S Required rate of useful heat collection at the operating threshold
of a system, (kJ/hr)

T Ambient (outdoor) air temperature, (°C)

Ti Inlet fluid temperature to collector, (°C)

To Outlet fluid temperature from collector, (°C)

1] Collector heat loss coefficient (kJ/hr-m2-°C)




AT
AT

ATDB

1M

0 for heating, (dimensionless)
1 for cooling, (dimensionless)

Ti Ta

To-Ti = Increase in collector fluid temperature through the solar
collector, (°C)

Control dead band temperature difference. (°C)
Efficiency of a solar collector, (dimensionless)

Average operating efficiency of an electrical generating power
plant including distribution efficiency, (dimension]ess?

Average operating furnace efficiency of a conventional fossil
fuel unit, (dimensionless)

The solar collector array's operating efficiency when the collector
is integrated with a solar system, (dimensionless)

Effective transmissivity-absorptivity product, (dimensionless)
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ABSTRACT

Solar Heating and Cooling Performance
in CSU Solar House III

Dan S. Ward, H. Oberoi, and John C. Ward
Solar Energy Applications Laboratory
Colorado State University
Fort Collins, Colorado 80523

Performance and operating experience with a liquid-heating flat-plate
solar collector integrated with a residential solar heating and cooling
system is presented. Cooling data for the period June through September
1978 and Heating data for October 1978 through April 1979 are included,
along with an analysis of the operation of the solar heating and
cooling system.

Results of the cooling system analysis provide clear indications

of the critical importance of temperaturetdifferentials between the
collector outlet and the absorption chiller generator inlet, the effects
of alternative control strategies, the marginal feasibility of cool
storage, the devastating effect on system performance due to heat losses
from the thermal storage unit, and .the importance of minimizing electri-
cal parasitic power requirements in obtaining feasibility for solar
absorption cooling systems.

Performance data and analysis of the current winter heating season
will also be presented.
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ABSTRACT
A Modified g-f Chart

Pat Brenner, Dan S. Ward, and H. Oberoi
Solar Energy Applications Laboratony
Colorado State University
Fort Collins, Colorado 80523

A modified g-f chart [1] is Presented which includes the effects
on system performance dug to heal losses from the thermal storage and
olher solar system components (inc]uding the collector and system Toops -
piping and/or ducting); use of electrical Parasitic power to operate
the solar system, solar operating thresholds, system heat Capacity effects,
and other parameters affecting the solar system efficiency. The solar
operating threshold ijs also modified to include the effects of different
control strategies, parasitic_power.requirements, storage temperature
stratification, and collector lToop-heat losses and heat capacities.

Comparisons to actual data from CSU Solar House 1T are included for
validation of the originalndesign method of Klein ang Beckman [1], and
for the modified s chart.. The critical importance of the suggested
modifications in determining realistic values of f, is demonstrated for
each modification. :

[1] S.A. Klein and W.A. Beckman, "A General Design Method for Closed-

Loop Solar Energy Systems," Proceedings AS/ISES Annual Meeting,
~Orlando, June 1977
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