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1. EXECUTIVE SUMMARY

1.1 ABSTRACT

Operation of CSU Solar House I during the heating season of 1978-
1979 and during the 1979 cooiing season was based on the use of systems
comprising an experimental evacuated tubular solar co]]ector supp]1ea by
the Ph111ps Research. Laboratories, a non-freezing aqueous collection
medium, heat exchange to an insulated conventional vertical cylindricai
storage tank and to a bu1]t—up rectangular insulated storage tank Supp11ed
by the Bally Case and Cooler Company, heating of c1rcu1at1ng air by
solar heated water and by electric auxiliary in an off- pedk heat. storage
unit supplied by the TPI Corporation, space cooling by lithium bromide
absorption thi]]ekfsupb1ied by Arkla Industries, and service water
heating by solar.exchange and electric auxiliary. Automatic system
control and automatic data acquisition and computation are provided.

This system is compared with others evaluated in CSU Solar Houses I, II
and III, and with computer predictions based on mathematical models.

Of the 69,513 MJ total energy requirement for space heating and hot
water during a record cold winter, solar provided 32,281 MJ.equivalent
to 48 percent. Thirty percent of the incident solar énergy was collected
and 29 percent was delivered and used for heating and hot water.v of
33,320 MJ required for cooling and hot water during the summer, 79
percent of 26,202'Md'were suppiied by solar. Thirty-five percent of the
incident solar energy was collected and 26 percent was used for hot water

-and cooling -in the summer.

Although not as efficient as the Corning evacuated tube collector
previously used, the Philips experimental collector provided solar
heating and cooling with minimum operation problems.  Improved per-
forménce, particularly for cooling, resulted from the use of a very well-
insQ]ated heat storage tank. ‘Day time (on-peak) electric auxiliary heating.

" was completely avoided by use of off-peak electric heat storage. A

well-designed and operated solar heating and cooling system provided
56 percent of the total energy requirement for heating, cooling, and
hot water.




1.2 PREFACE AND ACKNOWLEDGEMENTS

Th1s report is one of a series covering research and deve]opment
on solar heating and cooling systems in CSU Solar House I. In a continuous
program since September, 1973, solar heating and cooling components have
been assembled into a series of integrated systems and their performance
has been systematically measured and compared. Various types of solar
co]lectors. heat storage conta1ners, cooling units, controllers, and
auxiliary heaters have been assembled into about Six d1fferent systems
and several mod1f1cat10ns of those systenms.

Reports of des1gn and performance of previously developed systems
have been submitted to sponsoring government agencies as listed below:

1. "Solar Heated and Cooled Building", G.0.G. Lbf and D.S. Ward.
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31 January 1974, subm1tted to the National Science Foundation/RANN,
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submitted to the National Science Foundation/RANN, August 1974. |

3. "Performance of a Residential Solar Heating and Cooling System",
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for the period 1 July 1974 to 1 February 1975, submitted to the
Energy Research and Development Administration, June 1975.

4, "“"System Modifications and Refinements for a Residential Solar
Heating and Cooling System", D.S. Ward, G.0.G. Lbf and C.C. Smith.
Interim report C00-2577-11, for the per1od 1 October 1975 to 1 July
1976, submitted to the Energy Research and Deve]opment Adm1n1stra-
t10n. September 1976

5. "Des1gn, Construct1on and Testlng of a Residential Solar Heating
and Cooling System", D.S. Ward ard G.0.G. L8f. Progress report
C00-2577-10, for the period 1 September 1974 to 31 August 1975,
submitted’ to the Committee on the Challenges of Modern Society -
(CCMS), Energy Research ‘and Development Administration, July 1976.

6. "Eva]uatton of the Corning and Philips Evacuated Tubular Collectors

' in a Residential Solar Heating and Cooling System", W.S. Duff.. .
Final report C00-4012-1, for the period 1 May 1976 to 1 December
1976, submitted to the Energy Research and Development Adminis-
trat1on, March 1977. :

7. “So]ar Evacuated Tube Collector-Absorption Chiller Systems Simulation",
J.A. Leflar and W.S. Duff. Report COO 2577-13; Submitted to the
Department of Energy, December 1977.




8. "Evaluation of High Performance Evacuated Tubu]ar Collectors in a
Residential Heating and Cooling System: Colorado State University
Solar House .I", T.M. Conway, W.S. Duff, R.B. Pratt, G.0.G. Lbf,
and D.B. Meredith. Progress report C00-2577-14, for the period
1 October 1976 to 30 September 1977, submitted to the Committee
gn the Challenges of Modern Society (CCMS), Department of Energy,

u]y 1978. .

9. "Comparat1ve Performance of Two Types of Evacuated Tubular Solar
‘Collectors in a Residential Heating and Cooling System", G.0.G.
L8f and W.S. Duff. Progress report C00-2577-19, for the period -
1 October 1977 to 30 September 1978, submitted to the Department of
Energy, September 1979.

The authors of this report acknowledge with appreciation the support
of the U.S. Department of Energy, Office of Solar Applications. Also
recognlzed is the Chicago 0perat1ons O0ffice of DOE, through which the
contract is administered, and Lyle Groome, Charles Bishop, and their.
associates at the Solar Energy Research Institute in Go]den, Co]orado,
the technical mon1tors of the project. ( . : '

In 1nd1spens1b1e supporting roles have been Dick H111 who has
provided instrumentation and ‘equipment design and operat1ona1 super-
vision and Kathi McKenna who has provided secretar1a] and off1ce support
to the project. S '

This report is based on the effective contributions of numerous
members of the project staff and of others in the CSU Solar Energy Applica-
t1ons Laboratory and other organlzat1ons The authors wish to acknowledge
with great appreciation the contr1but1ons which all the part1c1pants have
made. Special’ recogn1t1on is accorded to Thomas Conway, co-leader of the
proaect until his departure in January 1979 and Dr. John Appleyard of the
University of Western Australia for his he]p in prOJect coordination
through February 1979. Members of the staff who. have been d1rect]y
respons1b1e for system operat1on, data ana]ys1s, and. computat1on of
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N. A Weaver. |
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1.3 SUMMARY

1:3.1 Objectives

The principal objectives in the current investigation are the
development and evaluation of a solar system for heating, cooling, and
hot water supply in which the principal components are a newly developed
type of evacuated tube collector, a well-insulated sectional heat
storage tank, a lithium bromide absorption chiller specifically designed
for solar operation, and an off-peak electric heat storage unit for
auxiliary heat supply. Related objectives are the evaluation of the
mechanical performance and maintenance requirements of such a system,
its efficiency and energy delivery capacity, and the validity of
computer models for predicting performance of similar systems.

1342 Environment and Climate

The project is located in a favorable climate for solar energy
utilization. High levels of solar radiation in winter and summer, Tow
cloudiness, and large space heating requirements of 3075 degree C
(5535 degree F) days per year favor solar heating application. Although
residential cooling demand is normally low, use of the building as
offices and laboratories imposes cooling loads commensurate with residential
requirements in most of the United States other than in excessively hot
and humid zones. Average monthly solar and temperature conditions in
the region range from 13 to 18 MJ/mz-day and -4 to 24°C respectively.

1.3.3 The Building

Shown in Figure 1.1, Solar House I has two floors, totaling 249
square meters area not including separately heated garage area or entry
vestibule. It is a well-built, modern frame structure with a design
heating load of 16.1 kW at -23°C (55,000 Btu/hr at -10°F) at a reference
temperature of 18.3°C (65°F).

The measured heating load has been lower than planned because of
some energy conservation features added during construction of the house
and because of greater than normal internal heat generation by high
electric use for lighting and equipment as well as by greater personal
occupancy than planned. Higher cooling loads have resulted from the

latter factors.
Although the house is well constructed, with a comparatively low
heat loss for a structure of its size, insulation usage is not exceptional.



Figure 1-1. CSU Solar House I



The walls are insulated with 7.6 cm of fiberglass, equivalent to
R-1.94 m2 °C/w (R-11 hr- ft2 °F/Btu), and the ceiling insulation is equal
to R-3.35 m -°C/W‘(R 19 hr- ft -®F/Btu). A sheltered entry with vestibule
airlock (two doors) and tr1p1e glazing are, however, unusual energy
conserv1ng features.

1.3.4 Solar Energy System

The solar energy systems for space heating, cooling, and hot water
supply are illustrated in Figures 1-2H and 1-2C. The experimental
Philips evacuated tube collector was mounted on a platform adajcent to
the house and tilted at an angle of 45° directly toward the south. The
flat p]ate co]]ector on the roof of the house was used for other purposes
during the period covered by this report. The Philips collector, with
an aperture area of 44.7 m2, compr1sed an array of evacuated glass tubes
resting against corrugated aluminum extrusions’ through which an antifreeze
solution was circulated. A selective absorbing surface is deposited on
the inside of the glass tube on the Tower third of the circumference.
Rain and dust protection was provided by flat glass covers. Antifreeze
solution (ethylene glycol in water) was circulated through the collector
at a rate of approximately 1.14 liters/second (18 gallons/minute) and
through a tube-and-shell heat exchanger to which water from storage was
pumped at a rate of .44 1iters/secohd (7 ‘'gallons/minute). Heat storage
was provided in a rectangular insulated tank of 4160 liters (1100 gallons)
capacity, built up of interlocking inéu]ated panels Tined with a one-
piece, shaped vinyl sheet. All piping enters and leaves the tank through
openings in the insulated cover.

Heated water was pumped from storage for service water heating
and space heating as indicated in Fig. 1-2H. A liquid-to-liquid heat
exchanger for service hot water and a‘liquid-to-air coil for space
heating are provided. As shown in Figs. 1-2H and 1-2C, service water
was circulated through a heat exchanger by pumping from a 302 Titer
(80 gallon) preheat tank. Auxiliary hot water heat is furnished in a
conventional electric water heater of 151 liters (40 gallons) cabacity
by an electric resistance coil. Auxiliary space heat1ng is supplied in
an off-peak electric heating unit in which ceramic blocks, heated at
night by off-peak electric resistance, supply heat to the air stream
when needed.
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Figure 1-2H. Solar House I System Schematic, Winter 1978-1979
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Cooling was furn1shed by a 3 ton ARKLA 11th1um bromide absorption
ch111er, driven by hot water from main storage as shown in
F1gure 1-2C. Ch111ed water is pumped through a coil in the air stream
passing to the rooms and is returned to the chiller. Heat was discarded
from the system in a cod]ing tower mounted outside the building.
Auxiliary cooling, when required, was sUpp]ied by circulating hot water
from an electric boiler through the generator of the chiller.

1.3.5  Operating Modes

"During the heating season, the three primary operating modes are
(1) solar heat collection and delivery to storage, (2) use of hot water
from storage to heat air circulating to the rooms, and (3) use of solar
storage to supp]y heat to service hot water. Mode (3) is used only
in conJunct1on with Mode (2). ‘
In addition to the solar modes, there are three types of operat1ons
:inv01v1ng auxiliary space heating and one involving auxiliary service
" water heating. For space heating, an off-peak electric auxiliary
unit (a) is charged at night (off-peak) by supply of electricity to
heating elements in brickwork, (b) is used during the day (peak periods)
to supply auxiliary heat from hot brickwork to air from the solar coil
when solar heat is not sufficient to meet demand, and (c) is used to
| supply aux111ary electr1c heat d1rect1y to the air stream during night-
time (off- peak) periods. The direct heating elements may also be used
in the day time if there has been a failure to adequate1y charge the
electr1c heat storage unit the previous night (this mode was never
necessary in the operation of House I). | ‘
. For service water heating, solar heated water f]ows to a conven-
tional electric water heater whenever a hot water tap is opened. If the
‘.tembehature in the auxiliary electric water heater fa]ls below a preset
level, electric heat is automatically supp11ed until the desired tempera-
ture is obtained.
Dur1ng the summer, the three primary solar operations are (1X
delivery of solar heated water from collector to storage, (2) use of

stored heated wéterﬁto supply energy to the chiller from which_refki-
gerated water is pumped to a coil in which circulating air is cooled
~and dehumidified, and (3) use of solar heated water in an exchanger for
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sngice hot water supply. Two additional modes involving auxiliary

' eiectric‘energy are (4) when the solar storage tank is cooler than a

preset temperature'(typica11y 70°C), this source is replaced by hot
water circulated through an electrically heated boiler, and (5) auxiliary
heat for service hot water is supplied as described above..

- 1.3.6 Evaluation Program ‘

The eva]uatidh program comprises (1) measurement of approxi-

mately 100 variables (temperature, flow, radiation, e]eCtric energy
use) every ten minutes throughout the entire year, (2) calculation
of .hourly, daily, monthly, and annual performance factdré such as energy
supply, energy delivery, collection efficiency, auxiliary energy use,
energy supply to the several uses, (3) assessment of operational problems
and maintenance requirements, reliability, and practicé]ity of systems
for general public use, (4) comparison of system performance with theoretical
predictions and evaluation and vaTidation of models on which predictions
are based, (5) comparision of system performance with those previously

evaluated in the CSU program.

'1,3.7 " Major Results and Conclusions

" The major results of the one-year study involving the systems
pfeviously described are shown in Figures 1-3H and 1-3C. These results

’show that substantial portions of the heating, cooling, and hot water

requirements Were_met by the solar systems involving the Philips MKIV
evacuated tube collector and Arkla water chiller. Off-peak electric
heat storage, sectional rectangular solar storage tank, baffles for
achieving stratified temperatures in storage, and other accessories
prOVed satisfactory. 'System efficiencies, although not as high as those
achieved with the Corning evacuated tube collector and associated
system, are higher than those previously obtained with site-built flat-

| plate collectors. Were it not for an evacuated tubular collector

retaining snow cover several days longer than does a flat plate collector,
system efficiencies for the Philips MKIV collector would have been

higher than the selective, single-glazed state-of-the-art flat plate
COllectors-on Solar Houses II and III.
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1. 4 INTRODUCTION AND_ BACKGROUND _

The ob3ect1ves of the program 1n CSu So]a“ House I are the development
and evaluation of systems for solar heatlng and cooling of bu11d1ngs
The- port1on of the program covered in this report involves evaluation of
systems which 1nc1uded an experimental evacuated tubular collector
supplled by Philips, Aachen, West Germany Research Laboratory, a sectional
heat storage tank supplied by the Bally Case and Cooler Company,
“a chiller supp11ed by Arkla Industries; an. off-peak electric heat storage
'un1t supp11ed by ‘the TPI..Corporation, and other heating, cooling, and
hot water equ1pment Determination of system effectiveness as measured
by efficiency, portion of heat requirements met by solar, maintenance
and.repéir and reliability assessment, and system performance comparisons
with other systems and with theory are also involved.

The philosophy in this and other solar projects at Colorado State
University is based on the clear indication that the greatest need
for technical input in solar heating and cooling of buildings is
1n the integration of the many components into effective and re11ab1e

systems -Assessment of - performance and operating problems are primary
requ1rements for evolving the best system designs.

The program is organized under the d1rectorsh1p of the Solar Energy
Appllcat1ons Laboratory with two solar spec1a11sts supervising the work,
a skilled techn1c1an in daily charge of equipment and instrumentation,
and severa] engineering graduate students carrying out data procurement
and analysis. Report preparation is primarily the responsibi1ity of
the senior staff, and decisions on system design, operation, and modi-
fieation are made in general consultation by the whole staff.

The steps in carrying out the work of the project, usually taken

annual]y, are (1) analysis and decisions as to components and system
| 1ntegrat1on 1nvo1v1ng new equ1pment and changes in existing equipment,
(2) modification and/or installation of solar and auxiliary equipment
and monltoryng facilities, (3) initial testing of new system design
and correction of faults, (4) automatic operation of heating, cooling,

and hot water systems with continuous data logging, (5) simultaneously
with_step 4, continuous review of operations and data, logging of
faults, and solution of problems, (6) computation and analysis of
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results, comparisons with those of earlier and contemporary systéms,
and preparation of full reports '

Conventional heating systems in the reg1on are usually suppl1ed
with natural gas in warm air or hydronic systems , Serv1ce hot water
is usually heated by natural gas, a]though some e]ectr1c heaters are.
used. There is very little res1dent1a1 cool1ng (air cond1t1on1ng) but
in a few houses, vapor compress1on systems are used. - In other parts of
the country, fuel oil is also used to. the extent of 10-20% of. nationa]
space heating requirements. Natural gas comprises 50-60%, and e]ectr1c1ty
the balance. : : :

In c11mates similar to that in centra] Colorado, typ1ca1 re51dences
of 150-200 square meter floor area requ1re about 100 g1gaJou1es (about
100 million Btu) per year for space heat1ng and hot water. Of the
total energy consumpt1on approx1mate1y 15 GJ are typ1ca11y required
for service hot water supp]y and the balance for space heating. The
three solar heated houses in the CSU Solar Village have averaged
about 80 GJ per year since their construction. The bu11d1ngs are some-
what larger than avefage, but coristruction is better than usually
encountered. |

- In reg1ons where res1dent1a1 cooling is common, 3- to 5 ton
units may operate for periods. of 200- 2000 hours per year, depend1ng '
on the climate. Annual cool1ng delivery may range from six GJ in
mild climates to 100 6J in very hot and humid regions. The. amount of
energy reduired for cooling depends on the COP of the equipment, but
assuming a vapor compression type with an average COP of 2, electr1c
energy consumption would be rough]y half of those cooling de11veny
quantities. ,

The cost of conventional ‘energy supp11ed by natural gas ranges
from about $2 per GJ to $10 per GJ, throughout the u.s., assum1ng
approximately 50% combustion eff1c1ency At the CSU So]ar V111age,
the cost is- approx1mate1y $4/6J. Rapid price increases are
occurring. E1ectr1c1ty pr1ces range from one cent per kWh to more
than ten cents per kwH ($3/GJ to $30 per‘GJ). At the CSU Solar
Village, the cost of electricity is approximately 4 cents per kwh,
equivalent to $11 per GJ. Fuel oil for residential heating,
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used mai_nly in the northeast and north central parts of the U.S.,
costs approximately $15/GJ at 50% combustion efficiency.
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2, ENVIRONMENT AND LOCATION

2.1 LOCATION

_ The CSU Solar Village is located in the Foothills Research Campus,
6.4 km west of Fort Collins, 96.6 km north of Denver, Colorado. The
latitude is 40.6°N, the longitude is 105.1°W of the principaT meridian,
and the elevation is 1585 m above sea level. The solar houses are on
the south slope of a hill, about 60 m above the level of the city, and
the air is generally clear of local pollution. Immediately to the west,
the Rocky Mountains rise to the Continental Divide, about 50 km distant.
Eastward from the site of the Solar Village the terrain is generally
flat. There are no obstructions to direct sunlight on the site except
for shading by the mountains for the last 15 to 30 minutes before sunéet.

2.2 CLIMATE _ _

The climate of the region is semi-arid with continental winters and
meager summer rainfall. Average annual precipitation is 36.3 cm, con-
sisting of 24.9 cm rainfall and 11.4 cm water from snowfall. Ambient
temperatures are moderate during summer months, with mean July highs
about 32°C and mean low temperatures during the coldést winter months
about -10°C. Average daily temperature in January is -1°C and in July,
24°C. The normal total annual heating degree days (18.3°C base) is 3075
°C-days. Monthly average daily radiation on a surface inclined south-
ward at 45 degrees in Fort Collins and monthly average ambient tempera-
tures are shown in Figure 2-1.
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3. DESCRIPTION OF BUILDING AND SYSTEM

3.1 THE BUILDING

3.1.1 Description

Solar House I is a residential-type building located in the Solar
Village at the Foothills Research campus of Colorado State University in
Fort Collins, Colorado. The building is a three-bedroom house, although
the interior is utilized for offices. The first floor is the "1iving"
area, with 126 square meters floor space, exclusive of the'unheated-”
vestibule and-separate1y heated garage area.. The full basement, with
123 square meters floor area has additional offices as Well'as space for
the solar equipment. A photograph of the building is shown in
Figure 1-1. '

3.1.2 Plans and Cross-Section

The south side of the basement is entirely above grade while the
north wall is all below grade. A floor plan and sections of the build-
ing structure are shown in Figures 3-1 and 3-2. ~ The gahage has been
converted to offices that are heated and cooled by a separate electric
supply not associated with the solar system. '

Solar collectors are mounted on the south side of the 45 degree
roof. The roof is partially supported by four walls which extend out-
ward 1.83 m from the south wall of the building (see Figure 1-1). A
1.83 m overhang shades the south- -facing windows on the first floor in
the summer and admits sun11ght during the winter. Shading of the south-
facing windows in the early morning and Tate afternoon is prov1ded by
vertical support wa]]s (fins) extend1ng from the south wa]] '

3.1.3  Heating and Cooling Loads

Frame walls are constructed of 5 by 10 cm studs on 40.6 cm centers.
Exterior sheathing is 1.27 cm thick beneath 1.1 cm lapped cedar s1d1ng
The interior wall is 1.6 cm gypsum board behind wh1ch is 7.6 cm fiber-
g]ass batt insulation with R = 1.94 °C-m /w (171 hr- ft -°F/Btu). The
ceiling consists of joists, 5 by 15 cm on 51 cm centers, with 1.6 cm
gypsum board over1a1d with 14 cm f1berg]ass blanket 1nsu]at1on w1th
"R = 3.35 °C-n/W (19 fr- £t2-F/Btu).
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The exposed wall area of the building totals 110 square meters and
‘the underground concrete wall area is 73 square meters. There are 20.35
square meters of triple-glazed windows set in wood and a 5.76 square'
meter double glazed s1id1ng glass door in an aluminum frame. The design
heating load was computed to be 16.1 kW at -23°C (55,000 Btu/hr at |
-10°F), corresponding to 33.65 MJ/°C-day (17,600 Btu/°F-day) based on a
reference temperature of 48.3°C (65°F). The calculated overall UA of
the building is thus 390 W/°C (1.4 MJ/hr-°C; 740 Btu/hr-°F). The design
cooling load is approximately 10.5 kW (3-tons or 36;000 Btu/hr).

The actual heating Toad is less than 80 perceht of the anticipated
value because of departures from the design on whith the load was based.
The principal differences are due to the use of triple glazed'windows
rather than double, reduced infiltration by use of a vestibule entry;
and higher interior heat generation resulting from lighting, electric
equipment, and'occupants. Internal heat generation and heat lost from
storage into the house also increase the cooling load significantly.

Although used as offices and laboratories rather than as a dwell- |
ing, the building is continuously heated and cooled by use of a room
thermostat at a constant{éetting of 21°C (70°F) in winter and 24°C
(74°F) in summer. Hot water use is simulated by automatic dumping of
regulated volumes at preset intervals. This quantity, about 300 liters
per day, is typical for a family of four persons. '

3.2 THE SOLAR ENERGY AND HVAC SYSTEMS

3.2.1 General Characteristics of Present Systems

There are two solar energy systems in CSU Solar House I. Heat may
be supplied from a f]at—plate 11qu1d collector on the roof or from an
evacuated tube liquid collector on an adjacent p]atform Two storage
tanks and two tube-and-shell heat exchangers are available for storing
heat from both collectors. Heated water may be supplied from either
" tank to the heat1ng, cooling, and service hot water equipment in the
house, while heat is rejected from the other tank to the atmosphere.

In the per1od 1 October 1978 to 30 September 1979, only the eva-
cuated tube co]lector was used to supply the heating and cooling re-
qu1rements of the building. The heating and cooling systems are
shown in Figures 1-2H and 1-2C. The principal components are an
experimental evacuated tube collector, a heat storage tank, an off-peak
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electric auxiliary heater, a lithium bromide absorption chiller, a heat
eXchanger and tank for solar water heating, and heat exchangers for
collector-to-storage transfer and for stohege—to-warm air transfer.

Solar collection was accomplished by operation of the collector pump
~ and storage pump, transferring heat in an exchanger from a 50 percent |
g]yco]'solution to water in storage For solar space heating, hot water
was pumped from storage to a heat1ng coil through which house air was
circulated, water being returned to the tank. Auxiliary space heating
was supplied by an off-peak e]ectric'heat storage unit through which air
passed before distribution to the rooms. Service hot water was heated
in a tube-and-shell exchanger through which hot water from main storage
was pumped. Auxiliary heat for hot water was supplied in a conventional
electric water heater. |

3.2.2 System Mod1f1cat1ons

As described in previous reports, the solar heating and cooling
systems in Solar House I have undergone numerous changes since initial
start-up in July 1974. Until December_1976,.the system comprised a
site-built, flat-plate collector of 71.3 square meters on the roof of
the house, a heat storage tank of 4500 liters, a liquid-to-liquid heat
exchanger for transfer of heat from a glycol solution circulated through
the collector, air heating coil, Arkla model 501 WF 1ithium bromide ‘
absorption air conditioner, a 1iquid-to-liquid heat exchanger and solar
hot water preheat tank, and gas-fired auxiliary hot water boiler and
auxiliary hot water tank.

Between December 1976 and July 1978, a second heat collection and
storage system was used in CSU Solar House I. The new equipment com-
prised an evacuated tube collector supplied by the Corn1ng Glass WOrks,
with an aperture area of 50 square meters, mounted on a 45 degree
sloping platform immediately south of the house. An additional heat
exchanger was used for transferring heat from circulating glycol solu-
tion to water stored in a second 4500 liter insulated storage tank. The
systems were designed so that either collector and storage assembly
could be used to supply heating, cooling, and hot water to the building,
while heat from the other system was rejected to the atmosphere by means
of a fan coil unit through which outdoor air was circulated.
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After 18 months of testing and evaluation, the Corning collector
was shipped to the joint FRG project in Germany (July 1978), and a
second evacuated‘tubular collector, supplied by the Philips Company, was
1nsta11ed in its place. Minor changes in system design were also made,
1nc1ud1ng system SW1tch1ng valves and the domestic hot water heat exchanger
location.

Another 1mportant system change was made in September 1976, when
the original absorption air conditioner was rep]acéd by an Arkla model
WF-36 Tithium bromide absorption water chiller designed specifica]]y for
solar operation. House air was cooled and dehumidified by circulation
through a finned coil 1in which chilled water from the Arkla unit was
circulated. During the period of system operation with evacuated tube
collectors, the flat-plate site-built collector was operated in the heat
réjection mode or it was used in a separate experiment involving a
direct contact liquid-to-1iquid heat exchange system.

A complete description of the heating and cooling systems involving
first the Corning evacuated tube collector and later, the Philips Mark
IV evacuated tube collector, and other system components, is presented
in the report C00-2577-19, "Comparative Performande of Two Types of
Evacuated Tubular Solar Collectors in a Residentfa] Heating and Cooling
System", covering the period October 1977 through September 1978.

Three additional major changes have been made in other system
components during the current period between October 1978 and September
1979. In November 1978, an auxiliary heat supply system comprising an
off-peak electric heat storage unit was installed and operated throughout
the winter of 1978-79. In January 1979, the original site-built flat-plate
collectors'dh the roof of the house were replaced with an array of ‘
Miromit factory collectors with galvanized steel tubes and absorber
plates, and selective black nickel coatings. These collectors were put
to immediate use with the direct contact 11qu1d Tiquid heat exchanger/
storage system in a separate research project. In May 1979, the original
galvanized steel heat storage tank, with badly deteriorated insulation,
was replaced with a modular, sectional, rectangular tank with vinyl
liner, supplied by the Bally Case and Cooler Company, and operated with
vertical baffles which provided stratified temperatdrés in the storage
tank.
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Details of these last three changes are presented elsewhere in this
report.

3.2.3 Solar Heating System with Evacuated Tube Collector

During the 1978-1979 heating season, the system employed in Solar
House I was as shown in Figure .-1-2H. The Philips evacuated tubular
co]}ectors provided heat to storage by means of a tube-and-shell heat
exchanger and two centrifugal pumps. Hot water was stored in a poorly
insulated cy11ndr1ca1 tank, and when space heating was required the water
was pumped through a small service water heat exchanger to the main air
heating coil through which house air was simuttaneously circulated
by a centrifugal blower. When water heating was also required, the
domestic water circulating pump operated. Auxiliary heat was supplied to
service hpt water in a thermostatted electric water heater, while auxiliary
space heating was provided in an electric off-peak heat storage unit.

Speéifications on each of the components of this system are shown
in Tables 3-1 and 3-2H. More detailed descriptions of the collector and
the off-peak auxiliary heating unit are shown in sections below.

3.2.4 Solar Cooling System

Figure 1-2C shows the configuration of the energy supply system for
space codﬁing and for water heating during the summer of 1979. In May,
the heat storage tank was replaced with a new sectional, well-insulated
tank supplied by the Bally Case and Cooler Company, which provides 4200
Titers of storage in a vinyl-lined cube-shaped container. Tight-fitting
sections are joined together by latching devices, to form the bottom,
side, and top surfaces. A1l fluid streams enter and leave the tank through

openings in the top.

The system for heat transfer to storage is the same as that
used the previous wintek, but the service hot water supply equipment was
modified so that water was drawn from main storage for service water |
heating through a heat exchanger exclusively for that purpose. An
electric booster heater is used as during the previous winter.

When cooling was required, hot water was circulated from the upper
portion of the stratified storage tank to the Arkla absorption chiller
(described below), provided that the storage temperature was above 70°C.

If the water temperature was lower than 70°C, the solar/auxiliary valve was
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Table 3-1. Heat Exchanger Specifications

Location Manufacturer Model UA Fgctor v Quantity
. - K w/°C
Collector Young Radiator | F303 DY 6625 Two in
N(winter Company one pass series
. only)
Hot Water | Young Radiator | F303 RY 530 ~one
Company . one pass .
Table 3-2H. Pump Specifications
Winter, 1978-79
Location Manufacturev/Model Power (wétts) Flow Rate
L (Titers/sec
Collector | Gorman-Rupp 120 Series 250 1.1
: Model #12895-2
Storage Bell & Gossett 1/6 hp 125 1.6
Series 100 _ ' L
Load Gorman-Rupp 120 Series 250 .65
Model #12895~7 -
Hot Water | Teel 1/20 hp 38 .25
Model #1P761
Fan Dayton 1/2 hp 115/230V 375 800 cfm
. Mode1 5K451 AR
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repositioned, the electric hot water boiler was actuated, and hot water
was c1rculated to the absorption chiller from this auxiliary unit.
Whether with solar heated water or auxiliary, the absorption chiller
provided chilled water to the air cooling coil located in the main house
air duct system,'thereby cooling and dehumidifying air sent to the rooms
of the building by means of the main circulating blower. Heat was
~ discharged to the atmosphere through the cooling tower located at the
rear of the building. .

Specifications for the summer season équipment are given in Tables
3-1 and 3-2C.

Table 3-2C. Pump Specifications, Summer 1979

| Location Manufacturer/Model Power (watts) | Flow Rate
17 (1iters/second)
Collector | Gorman-Rupp 120 Series 250 1.1
Model 12895-2 v
Stdrége . Gorman-Rupp 2800 Series| 95 ' .45
Model #11896-000- ' .
Load Gorman-Rupp 120 Series - 250 .65
: Model 12895-7 |
Hot Water Gorman-Rubp 2800 Series| 38 4
Storage | Model 11896-00
Hot Water | Teel 1/20 hp ' 38 .25
Preheat Model #1P761 .
Cooling Teel 3/4 hp | 1 560 | .75
Tower Model #6K581 .
Chilled Teel 1/3 hp 250 .45
Water Model #6K578
Fan Dayton 1/2 hp 115/230V 375 800 cfm

Model 5K45]1
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3.3 - THE COMPONENTS

3.3.1 Philips Evacuated Tube Collector

The Ph111ps collector, shown in F1gures 3-3, 3-4, and 3-5, is
essent1a11y a heat exchanger plate covered by evacuated tubes with
internal solar absorb1ng‘coat1ngs A unique feature of this collector
is a selective surface (cobalt sulfide) on a thin silver mirror, de-
posited on the inside of the lower half of the tube. The tubes are
‘spring clamped to the aluminum channel, and heat is transferred to the
fluid by conduction through the glass wall into the aluminum heat
‘exchanger. Each 4.75 m by 1.9 m module contains 108 tubes. Four tubes,
approx1mate1y one meter long, are laid end to end in each of the 27
aluminum channels. Silicone hoses are spr1ng clamped to the aluminum
fluid tubes and to the headers. Each module has a net absorbing area
(proaected on the collector plane) of 6.77 square meters, a glazed area
of 7.45 square meters, and a cover area of 9.03 square meters. Thus the

gross surface area occupied by the three arrays of two modules each on
the test bed was 54.2 square meters, exclusive of space between modules
for access and piping. The glazed (aperture) area of the collector was
44,7 square meters. -

3.3.2 Heat Storage Tank

The 4160 liter Bally heat storage tank is shown in Figure 3-6.

Designed on the principle of a walk-in refrigerator, the wall, floor,
and top sections are composed of two sheets of galvanized steel between
which 10.2 cm of urethane foam insulation is integrally bonded. With
| tongue-and-groove edges;'the tank sections are locked together by means

of specially designed latches to form a rigid rectangular enclosure.
‘Prior to p]acement of the cover sections, a shaped vinyl 11ner of .5 mm
thickness was secured to the upper edge of the tank, extending to the
floor and completely covering the interior surface. “A11 inlet and
outlet piping is brought through holes in the top of the tank, thereby
avoiding penetrations of the liner and possible leakage.

Operation of the solar 'system during the winter of 1978- 79 involved
use of the old 4160 11ter steel storage tank, poorly insulated, with

vert1ca1 baff]es to enhance temperature strat1f1cation. In May 1979,




Figure 3-3. Philips Evacuated Tubular Collector Installed on CSU

Solar House I Test Bed

cover glass

mirror strip

selective
absorber -

ger

Figure 3-4. Cross-Section Schematic of the Philips Evacuated Tubular
Collector



EEEEEEEEEEEE

SSSSSSSSSSS




31

surrounding the return piping from collector and from the 1oad,v Figure
" 3-7 shows the configuration of the piping and temperature stratification
facilities in the Bally tank.

FROM COLLECTOR ) - - fo LoAD

70 COLLECTOR Pﬁﬁjg?gTED e
== 2o (((___.  From
TANK —F=2f| 222zl o gt 22233 LOAD
COVER 3/ | §
) i . " 4+ WATER
~
L RN
- L] 1 sucTion pipel :
1| TO LOAD | ||
[} |
il |
I ' : |
: N | |l+—TRETURN PIPE
I | 2R FROM LOAD
| [ |
.} ' | 1l —f PERFORATED
| il [INLETS
A~ A
SUCTION PIPE’ \PLUG PLUG
TO COLLECTOR : ‘ ,
RETURN PIPE 6-inch DIAMETER

7O TANK PERFORATED BAFFLES
Figure 3-7. Stratified Storage Design

Urethane foam 1nsu1at1on in the storage tank wal]s has a theoreti-
cal R factor of 6 m -°C/W (34 ft2 hr-°F/Btu). Because of heat conduction
through the numerous connecting pipes and some vapor loss, the effective
R is on]y about half this value, measured at 2.4 m -°C/w (14 ft2 hr—°F/Btu).
This factor results in a tank- heat loss rate of 0.022 MJ/hr-°C.

Thirteen pipe connections through the top of the tank, about doub]e the
number in a normal installation, contribute to a s1gn1f1cant portion of
the tank loss. As pointed out e]sewhere, however. these "losses" are.
contributions to the heating- requ1rements of the bu1lding whenever heat
is required, and are true losses only in mild spring and fal] weather

and, of course, in the summer.
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3.3.3. Service Hot Water Heat Exchanger ‘

As shown in Figure 1-2H, the service hot water heat exchanger was
located in the main load loop during the winter of 1978-79. In this
position, either hot water or space heating or both could be supplied as
required. When space heating was needed, the main load pump was
operated, and water from storage was circulated through both the service
hot water exchanger and the main air heating coil. When hot water was
also required, the small circulating pump in the service hot water Toop
was also actuated. By this design, only one pump is was needed in the
solar load loop. A disadvantage, compared with the system in which the
hot water exchanger is in a completely sepérate loop heated from main
storage, is the use of a much 1arger pump when only hot water is required.
As actually operated, however, solar heated water was pumped from main
storage only when space heating was required, so service water was not
solar heated except when stored solar heat was being supplied to the
building. This design and method of control resulted in low supply of ‘
solar hot water.

The hot water system was changed in the spring of 1979, as shown in
Figure 1-2C, to provide a compietely separate circulation loop from
storage through the exchanger, back to storage. Operation of the hot
water system, with its two small pumps, is therefore independent of the
space cooling system.

Although both service hot water system designs operated satisfac-
torily, the advantages of the separate loop with its two sma11_pumps,
with respect to quantity of solar heated water and control simplicity,
dutweigh the elimination of one pump in the series désign used in the
winter of 1978-79.

3.3.4 Off-Peak Electric Heat Storage Unit for Auxiliary Heating

In November 1978, the commercial electric off-peak heating unit
shown in Figure 3-8, manufactured by the TPI Corporation, was 1nsta]]ed
in CSU Solar House I. In its simplest form, the device is an assembly
of refractory bricks contained in a heavily insulated metal cabinet.
Electric heating elements supply heat to the bricks during the night
(off-peak). When auxi]iary heat is needed, the dampers inside the
storage unit open slightly so that some of the air being circulated
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from the solar coil passes through the heated core. After mixing with
the balance of the air stream, the heated air flows to the rooms through
the conventional duct system. Heat input to the core occurs only during
offfpeak-periods. Within some utility networks, this off-peak period
has been defined as being 10:00 pm to 6:00 am. The storage capacity of
the unit is sized to be Capab]e of supplying all required space heating

" needs during even the coldest 16 hour on-peak period (6:00 am to 10:00

pm). During the night off-peak cycle, space heating is supplied to the
air stream by direct resistance heating. |

The advantages to the electric utility of this type of auxiliary
supply are: (1) delaying the need for construction of additional electric
generat1on equipment, (2) providing greater utilization of existing
transmission and distribution facilities, (3) improving system load
factor, .and (4) improving system operating efficiency. The advantage to
the user is Tower electricity costs by utilizing off-peak rates.

Central to the concept of an off-peak furnace is the storage unit,
which comprises three-basic sections; (1) the storage core, (2) the air
flow dampers, and (3) the structural support plenum. The storage core
section contains refractory blocks, insulatioh, heating elements,
wiring, and three thermal éontro] devices. The overall size of the core
section is 51 inches high, 46 inches wide, and 28 inches from front to
beck.v | :

The core comprises twelve layers of blocks, and each layer contains
twelve blocks. As the blocks are assembled into rows, airway passages
are formed between the blocks as a result of wide vertical channels
molded into the sides of the blocks. After 1eav1ng the core, the
heated air is tempered with by-pass air to obtain the desired outlet
temperature. o |

Three types of insulation surround the core; vermiculite next to the
blocks, compressed powder slabs encased in woven glass cloth, and dense
long fiber mineral wool adjacent to the sheet metal cabinet. Eleven
electric resistance nichrome wire coils arevsandwiched between the
twelve layers of blocks. "

Thermally responsive devices to monitor, control, and safeguard the
electric thermal storage process comprise a thermocouple, a hydraulic
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bulb 1imit, and thermal fuse links. ~The charge control type K
thermocouple is the normal means of controlling the storage core temperature.
It provides the input necessary for the charge controller to determine
the amount of charge in the core at any time during the off-peak period.
The maximum normal core temperature is 750°C (1382°F). |

The storage damper section, shown in detail in Figure 3-9, is
Tocated directly below the core section and on top of the support
plenun. It is 15 inches high, 46 inches wide, and 28 inches from front
to back. This unit contains the air mixing dampers and the electrical
control pane]s for the storage unit. The upper set of mixing dampers
(Figure 3-9) controls the amount of air passing through the core, and
the lower set controls the volume of by-pass air. When the bottom
(internaj by-pass) dampers are fully open, the upper (face)‘dampers are

- closed. Each set of dampers is linked directly to the damper aétuator.-

motor which is a modulating type controlled by the proportional mixed
air thermostat that is in the main supply duct.

The n1ght heating section is located downstream from the heat:
storage core. The lower half of this section normally contains the fan
for the entire system, but in this solar installation, the main blower.
is separately mounted as shown in Figure 1-2H. The upper7ha1f contains

‘the control panel and the open coil resistance type heat1ng elements

used: for night time heat1ng of the house and for stand-by, on peak heating.

“Also shown in F1gure 1-2H is an internal aux111ary by pass The by- pass

was 1nsta11ed late in the heat1ng season and was not used dur1ng this
report1ng period. '

The rate of air flow through the storage core varies with the
charge level, that is, with the storage temperature. At lower charge
levels, air flow rate through the core is h1gher, flow through the
internal by- pass is lower, and the total flow through the entire unit.is '
Tower. The maximum air rate is obtained when the bottom damper is fully
open and the face damper is closed. This maximum amount of air is
available whenever ‘the system is not extracting heat from the core and
is therefore also the air volume available for air cond1t1on1ng The
minimum total flow of air exists when the bottom damper is closed and

the face damper is fu]]y.open. This condition. exists ‘at the end of the
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discharge period when all of the air is passing through the core and the
temperature of the air leaving the core is at or below the set point of
the mixed air duct thermostat. |

Specifications and conditions of operation of the electric off-peak
heating unit are presented in Table 3-3.

| During the off-peak period, the night heating section supplies
auxiliary heat, if needed, to air being circulated from the solar
heating coil. Durihg this period, the heat storage'unit is also being
charged by electric supply to a temperature automatically determined by
reference to water temperature in the solar storage tank. The charge
input is e]ectkonica]]y calculated from the "desired charge level" less
the amount of solar heat in storage and less the amount of charge remainihg
in the core from the previous off-peak period.

During the on-peak period, étored heat is extracted from the core by-
actuating the main blower and the internal dampers as called for by the
second stage contact in the room thermostat. The face and by-pass
dampers in the off-peak unit, controlled by the mixed air thermostat,
supply a suitable portion of the circulated air through the hot core, to
provide the desired supply air temperature to the house. |

3.3.5 Chiller Characteristics

An Arkla Model WF-36 lithium bromide absorption water chiller,
designed specifically for soiar hot water operation, was installed in
September 1976, along with an additional duct coil for cooling as shown
in Figure 1-2C. The chiller has a nominal rating of 10.5 kW cooling
output (3 refrigeration tons) at a chilled water outlet temperature of
7.2°C when supplied with 14.7 kW from hot water at 91°C and cooling
water at 29°C. The resulting coefficient of performance (COP) is 0.72.
Full cooling output is obtained within 20 minutes after start-up (com-
pared with two to three hours for the 501 WF model). Solution concen-
tration was reduced from the standard 52 percent to approximately 50
percent to take advantage of lower condenser water temperatures (24°C)
available in the dry Colorado climate. Minimum useful hot water genera-
tor temperature has been thereby reduced to 68°C from the normal design
minimum of 77°C for operation with 30°C condenser water. The perfor-
mance characteristics of the Solar House I Arkla chiller are shown in

Figure 3-10.
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Specifications for TPI Qff-Peak
Electric Aux111ary Heating Unit

Electrical Spec1f1cat1ons for Qf f-Peak Unit

Storage capacity
Charging load
Voltage
Amperage
Number of elements
Wattage per element
Amperage per element
Number of supply cir
Number of elements p
Top supply
Middle sup
‘Bottom sup
Minimum wire sizes,

Fuse sizes, Top supp
Middle s
Bottom s

Control voltage -

cuits

er circuit
circuit

ply circuit
ply circuit
supply circuits

ly circuit
upply circuit
upply circuit

Damper motor voltage

Charge contro]ler, S

upply voltage

Night Heater Section

E]ements

Total wattage
Voltage

Total amperage
Number- of eleme

nts

Wattage per element

Amperage. per el
Minimum wire si
Fuse sizes, Two

‘ One

Fan motor, PSC type,

Vo]tage
Amperage, h1gh
RPM, high speed
Minimum wire si
Fuse sizes

ement

zes, supply circuit
elements

element

1/3 hp

speed

ze

continue on next page

200
28.9

- 240

121
1
2625
1A

15

- 240

62.5

20.8

60
30

240
3.1
1050
14
10

kWh
KM
volts
amps

watts
amps

AWG CU
AWG AL
amps
amps

‘amps

volts
volts
volts

kW
volts
amps

kW
amps
AWG CU
amps
amps

VOlts
amps
rpm

GA CU
amps
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Control circuit

Maximum VA available for entire syste
Voltage . _ _ '

Maximum Air Flow

Estimated Static

Pressure High Speed
0.2 in. 1180 CFM

0.5 1in. 1040 CFM-

Minimum Air F1low

Estimated Static

Pressure High Speed
0.2 in. 890 CFM

0.5 in. 730 CFM

75 VA
24 volts

Medium Speed'

1130 CFM
990 CFM

Medium Speed

880 CFM
720 CFM
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Figure 3-10. Modified Charge Arkla WF-36 Chiller Performance
Characteristics '

Normal hot water supply temperature to the chiller was 75 to
80°C, from solar storage or from the electrically heated boiler. Heat
was rejected from the unit through a cooling tower, model number M0-697-12,
1océted adjacent to the house. Chilled water at a temperature of
approximately 7°C was circulated from the unit through the duct coil from
which it returned to the chiller at a temperature of about 12°C.

When first installed, the cooling system included two cold water
storage tanks each of 2270 liter capacity. "Cool" water from one tank
at about 12°C was pumped through the evaporator coil of the chiller, and
delivered to the ncold" tank at about 7°C. Water was then pumped from
this storage tank through the air cooling coil and returned to the
warmer "cool" tank at about 12°C. This arrangement provided cool
storage and reduced somewhat the on/off cycling of the chiller. It was
found, however, that the benefits of cool storage were not sufficient to
justify its operation and cost, performance not being significantly
affected by the cycling operation. The cold storage system was therefore
not used in 1977 and was removed in the summer of 1978.
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4. SYSTEM OPERATION

4.1 OPERATING MODES

There are two primary applications of collected solar energy in
Solar House I: space heating and service hot water supply and space
cooling and service hot water sppply. Space heating or cooling includes
options; (1) solar use for temperature control -in the 1iving space and
(2) auxi]iary use for the same purposes. Finally, service hot water is
prOV1ded by heat exchange with solar storage, when. poss1b1e, and supple-
mented by electric auxiliary heat in a "booster" solar water heater, as
required. Figures 4-1H and 4-1C show the various winter and summer modes
of operation of the systems.

4.1.1 Solar Collection and Storage

" Whenever the absorber plate of the Philips Mark IV evacuated tube

collector exceeded the temperature near the bottom of the storage tank
by more than 10°C the collector and stopage pumps were actuated, glycol
solution was circulated through the collector and heat exchanger, and
water from the bottom of the storage tank was circulated through the
eXchanger in a counterflow direction, back to the top of the storage
tank. Heat was thus delivered to storage whenever_conditions,permitted.
When the temperature at the exit of the collector fell to a level within
2° of the temperature at the bottom of the storage tank, the pumps
were shut off. ” .

The respective flow rates were 66 liters per minute in the collector
loop and 26 liters per'minute in the storage Tloop. -

4.1.2 Solar Space Heating |

When the room thermostat signaled a demand for heat in the 11v1ng
space and if the temperature at the top of the storage tank exceeded
25°C, the ma1n load pump was actuated and water from storage was
c1rcu1ated through the service water heat exchanger and through the air
heat1ng coil, back to the bottom of the storage tank. Simultaneously,
the blower in the air duct was-actuated, thereby drawing air through the
coil and the off-peak'unit and delivering it via ductwork to the rooms.
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When the room temperature increases above the "deadband" of the
thermostat, the main circulating pump and the air blower cease opefation.
The heat utilization side of the system is then idle until the next call
for heat. If, however, room temperature does not rise, but rather _
continues to decrease, a second contact in the room thermostat closes at
a temperature about 1°C lower than the initial set temperature. The ,
internal by-pass dampers.are positioned so that enough air passes through.
the core to bring the air leaving the off-peak unit to a temperature of
60°C. During the period between 6:00 am and 10:00 pm (high utility
system demand), modulating dampers in the off-peak furnace direct a

- portion of the air through the hot brickwork to a section in which this
hot air is mixed with the balance of the air, then to the blower and the
rooms. When needed at night, auxiliary electric heat is supplied
directly to the air by electric resistors in the night section of the
of f-peak furnace. Under all conditions, the air stream passing to the
rooms is at a temperature sufficient for subsequent return of the
temperature in the living space to the desired level. At that point,
solar and auxiliary heat supply are terminated and the system is again
idle. On days that are substantially colder than average, and at times
when stored solar heat is insufficient, auxiliary heat which has previously.
been supplied to the electric storage unit is thus used. There are no
electric heat demands during day-time utility system peaks.

4.1.3 Charging of Off-Peak Heat Storage Unit

‘Electric heat is supplied to the off-peak heat storage unit. between
10:00 pm and 6:00 am during each night when sensors indicate insufficient
solar heat in storage for supp]ying all space heating requirements the
following day (until 10:00 pm), assuming no solar energy is received
during that period and that coldest design temperature prevails. In that
case, the controller actuates switches which deliver electric energy to
the elements in the off—peak heat storage unit for a sufficient number
of hours to brovide stored heat which, when added to the solar heat in
storage, will assure full heating the fo]]owing'day. If controls and
monitors indicate adequate solar heat is in storage, no electricity is

- used to recharge the off-peak heat storage electric furnace. During the
winter of 1978-79, the amount of electric energy added to off-peak heat
storage was changed each month to recognize the difference in heating
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requirements during the milder months and during more severe weather.
Less stored heat was required in April than in December, so the recharging
of the off-peak unit reflected those differences in requirements.

An electric duct heater is also provided in the off- peak unit to
provide day-time electric resistance hedt1ng if needed. At no time,
however, during the winter of 1978-79 was day-time electric heat1ng
requ1red there always being sufficient solar heat and off-peak stored
electric heat to meet the demand.

4.1.4  Service Water Heating, Winter 1978-79

When space heating was required and when the water at the top
of the main solar storage tank reached a temperature 10°C higher than
the temperature in the bottom of the service hot water tank, the main
circulating pump started, and the small service hot water pump was
actuated to transfer heat into the service hot water supply in the heat -
exchangér'provided for thatvpurpose. When the temperature in the service
hot water preheat tank rose to within 2° of the temperature in the main -
solar heat storage tank, the small pump was shut off. This .system
design involved use of only one pump for circulating storage water, but .
service water could be heated only when space heating was also required.
If both were required, potable water was circulated through one heat

-exchangér and air from the-living space was circulated through the

other.
4.1.5 Solar Cooling
When the system had prev1ous1y been in the solar mode, the aux111any

. valve was in a position such that water was drawn from solar storage

thrdugh the pump and returned from the absorption chiller to the bottom - .

of the storage tank. When room temperature rose above the wall thermostat

set point, the main circulating pump was actuated, the chilled water

~ pump and the cooling tower pump stakted “and the main system blower for

air circulation through the cooling coil and the house was turned on.

If the temperature at the top of the storage tank was greater than 70°C,
the valve position remained unchanged, and the chiller generator was
supplied with hot water from solar storage. However, if the temperature'
at the top of the so]ar storage tank was below 70°C, the aux111any va1ve'
moved to the aux111ary position, and the chiller generator was supplied

. with water from the thermostatted hot water boiler to which e]ectr1c1ty

was simultaneously supp]ied
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'When the system had previously been in the auxiliary mode and
“cooling was called for, it was supplied from auxiliary unless and until
the storage tank top tempehatufe rose above 75°C. When the storage top
temperature rose above 75°C, the auxiliary valve pos1t1on changed
and the generator was supplied from solar storage. _

* The 75°C and 70°C set points were changed slightly Severa1 times
during the cooling season in order to increase cooling perforhance. In
ahother effort to increase cooling output and COP, an automatic
fembering valve for blending outlet flow from the generator with inlet
flow to the generator was installed in the latter part of the cooling
season. Overfiring of the generator was thus prevented and maximum COP
waS'obtained at storage temperatures even higher than 80°C (see
Figure 3-9). Stratffication is also enhanced by the resulting Tower
flow rates in and out of storage.- ' '

~ Operation of the chiller, either from main solar storage or from
the'aGXi1iary-boi1er; continued until the temperature in the 1living o - |
space'feli below the thermostat setting, whereupon the heat supply to
the -chiller was terminated. However, the other chiller operations,
(chi]]ed wateér pump, cooling tower pump, and house air circulation fan)

. continued for several minutes in order that cooling capability stored

in the chiller resulting from the elevated generator temperature and the

“low evaporator temperature could be fully utilized. After this delay,

these elements were also shut off automatically. :
‘Various controls in the absorption chiller itself regulate the

‘temperature of cooling water supplied to the'condenser, the temperature

of the hot water supply to the generator, and the operation of the small

solution pump which circulates the absorbent liquid. |
4,1.6 Service Hot Water Heating in Summer

A “convent1ona1" p051t1on of the service hot water heat exchanger,
wh1ch provides d1rect exchange from main storage to service hot water
via two small pumps and a heat exchanger, is shown in Figure 4-1C. When
the temperature in main storage exceeds the temperature in the bottom
of'the service hot water preheat tank by 10, the two pumps are actuated
‘and heat is transferred to the service hot water. When this temperature
difference falls below 2°, the pumps are shut‘off. If the temperature
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in the preheat tank exceeds 60°C no further energy is supplied from the
main tank. As water is drawn from the service hot water system, cold
water enters the preheat tank and warm water flows from the preheat
tank to the auxiliary electric hot water heater. If the temperature in
the electric water heater falls below the thermostat setting in that
tank, electricity is automat1ca11y supplied and the temperature of the
water is raised to the thermostat setting.

4.2 CONTROLS o ,
Table 4-1H and 4-1C show, for winter and summer seasons, the various

modes of operation, the conditions applicable to each mode, and the

position or operation of the varioUs e1ements which control air and
Tiquid flow. In reality, the question of whether cooling or heating
was required is answered by the same 1nstrument. the house thermostat
with different contacts and sett1ngs app11cab1e to each function.

- It is seen that space heating and water heatlng, and the stor1ng of
solar and auxiliary heat, involved nine operat1ng modes,‘the last two of
which are the absence of heat supply or demand. Seven temperature
sensor conditions and one time-of-day. cond1t1on, under the category,
"Cond1t1ons," controlled the ten operating components in the "Motors and
Switches" category to provide each type of system operat1on Some of
the sensors, such as the two-stage house thermostat, detected a difference
between an actual temperature and a preset value, whereas others were
used in circuits which detected d1fferences between varying temperatures
at two locations in the system. The table shows that each operating
mode was implemented by a sensor condition being met (Y = yes) and other
sensor conditions either not being met (N no) or not being relevant (X).

Motors and switches which drove pumps, fans, damper and valve
motors, and electric heating elements were actuated by re]ays rece1v1ng
signals. from the sensors: 0perat1on is indicated by Y (yes), and the
idle condition is N (no). The symbols O and C indicate whether dampers
and valves are open or closed, respectively. The X symbol indicates
that in the applicable operating mode, the sensor condition and the
motor-switch function are not relevant, and could be either Y or N, O or
C. The X symbol also applies to conditions and functions in an '
operating mode that may be occurring simultaneously with another
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Table 4-1H.  Truth Table for Winter Modes- of Operation

Temperature difference necessary to
**Solar

multiplying factor
temperature from collector -

of f-peak core- temperature
mean tenperature in storage
temperature of house air

start collecting. Collec.tion continues until t.
supply to space heating and hot water is always from solar storage

temperature at bottom of storage

temnoraturn st tan nf ctarinn -

Y =
Ne
0 = Open
C=
X=

OPERATION o CONDITIONS & & MOTORS AMD SWITCHES
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A x v v - AV A v 8 g e = LY : o - X L
o & a .a g = z = E £ = s T < g 5 §32 %
L 2 E E C Lher B 8 & & a 2 & & &he &
Winter Modes
* Collecting Solar Heat Y X X X X X X X Y X X "X X X X X X
(] Chargiﬁg off-peak electic X Y X Ny 3 X X X X X X X X X Y ) 4 X
[] Space heating from solar** X X YN X X X 3 X X A4 X Y 0 c XT N X
. Space heﬁting from solar .
plus auxiltary at night
{10 pm to 6 am) X X Y Y Y X X X X X \] X Y [4 0 N Y X
] Space heating from
solar plus auxiliary-
during. day (6am to 10pm} X X Y Y N X X X X X \i X Y C 1] N L] X
- Service ‘hot water heating- .
solar** X X X X X Y L] X X X Y Y X X X X X X
. Service hot water - . »
heating-auxiliary X ¥ x X X X X Y X X X X X x-Xx X x ¥
. Ho enerny supply or demand L N N N X N X N L N K N N X X N N ]
(] Solar service hot water
overheated X X X X X X Y X X X X N X X X X X X
Hotes:

emperature difference falls below 2°C

8Y



Table 4-1C.

Truth Table for Summer Modes of Operation

OPERATION CONDITIONS MOTORS AND SWITCHES P
————— e @
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w0 a e Lol - - < b -~ [-3 o ~ 2 v 3
B F PeBEFE2 3 8 2 F 5 8 8 3 80 & 2
Sumner Modes
] Collecting Solar Heat Y X X X X X X X X X X X X X
. Space Cooling from Solar** X Y N N X Y Y X N X
. Spacé Cooli-ng from Solar X Y Y N X X X X X Y 0 Y Y Y S Y X L} X
[ Space Cooling from
Auxiliary X N N Y X X X X X Y 0 Y Y Y A Y X Y X
(] Service water**
heating-solar X X X X v L] X X X X X X X X X X Y X X
&  Service service . )
water tank overheated X X X -X H- Y X X X X X X X X X X K X X
. Service water -
heating-auxiliary X X X X .X X Y X X X X X X X X X X X v
[} No solar heat collection
or demand R N K N L] L] N L] N " X N N N X L] N N N
Notes:

*Temperature difference necessary to start collecting.. Collection continues unti} temperature difference falls below 2°C.
**Solar supply to space cooling and hot water is always from solar storage

TFC =

=
S1T =

temperature
temperature
temperature
temperature
temperature
temperature
temperature

from collector

at bottom of storage

of house air

at top of storage

at bottom of ‘service water preheat tank
at top of service water preheat tank

of service hot water in auxiliary heater

Y = Yes

f=Ho

0 = Open

€ = Closed

X = does not matter

S = value in solar position

A = value in auxiliary heating position

6¥
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mode, such as solar heat collection and'space heating from solar with
dr'without auxiliary. Charging off-peak electric storage s1mu1taneou51y
W1th service water heating represents another example. The truth table
can be read, in such s1tuat1ons, by comb1n1ng the two modes, replacing X
symbols in each with the cond1t1on N, Y, 0, or C shown in the other
51mu]taneous mode.

Tab]e 4- ]C applicable to the cool1ng season is equ1va1ent to
Table 4- 1H ‘but with seven modes (p1us a minor subd1v1s1on of one), seven
sensor conditions, and 12 motor- sw1tch functions. '
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- 5. THERMAL PERFORMANCE EVALUATION

An easily understood report should have a structure that é]]ows_the
reader to grasp salient points without having to repeatedly refer to.other
parts of the text. In dealing with a complex topic requiring defini-
tion of numerous quantities, the nomenclature must be meaningful and
consistent. Otherwise, the reader will be faced with the task of
memorizing a large number of definitions before he can begih'to read and
understand the report. This section contains a thermal performance
eva]uat1on structure based on recommendat1ons in the IEA Reporting
Format report [11]. The nomenclature is based on that given in the IEA
document with a few additions, changes, and standardizations which were
nfeded to make definitions more self evident and consistent. The
standard nomenclature designators are shown in Tables 5-1 through 5-4.

The structure and nomenclature were established to best meet several
objectives. The first is to be able to make a direct and easily understood
thermal performance comparison with conventional space heating, space
cooling, and service hot water heating systems. A second is to make
results understandable by both the technical and semitechnical reader.
The third is to associate appropriaté measures of thérmal performénce
with distinguishable subsystems so that performance'changes; operating
ma]funct1ons, and measurement errors can be read11y traced to their
source.

The specifications of Table 5-1 allow immediate identification
of the subsystem in which the measurement or energy flow is occuring.
Quantities summarizing overall system performande'are also readi]y‘
identified. Specifications in Table 5-2 identify the form of the
enefgy or what type of quantity is represented, such as a témpekature or
a performance indicator. Table 5-3is particu1ar1y important in pro-
viding a designator which identifies the source of values used in the
tables and figures in this report, that is, whether based on measured or
est1mated quantities. By reserving the designators in Tab]e 5-4 for
spec1f1c types of energies applicable to most or all subsystems.
the total number of definitions that need to be associated with different
designators may be reduced. ‘
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Table 5-1. Subsystem Designations

Number

Sequence Subsystem/Data Group
001-099 C]1mato]og1ca1

100-199 Collector subsystem

200-299 Storage subsystem :
300-399 Domestic hot water subsystem
400-499 Space heating subsystem
500-599 Space cooling subsystem

-600-699 Building and system Summary .

Table 5-2. Quantity or Energy Form Designations

Preceding , : o

Letter : Quantity or Energy Form
E Electrical energy .
F Fossil or chemical energy ’

"N Performance indicator

Q Thermal energy
S Solar irradiant energy
T Temperature
W Flow

Table 5-3. Method of Evaluation Designation

Appended _ 4
Letter Method of Evaluation
M Measured or calculated solely from measured
: quantities
E Estimated or calculated so]e]y from estimated
quantities

C Calculated from measured and estimated quantities

Table 5-4. Reserved Designations Applicable to ATl SUbsystems'

Nunibey ~ Designation

=00 Controlled energy from other subsystems
-01 v Auxiliary energy

-02 Controlled energy to other subsystems

(also cooling requirements sat1sfied)

-03 Operating energy

-04 Total heat loss

=05 _ Energy stored -

-06 Total energy from other subsystems

-07 - Total energy to other subsystems

-50 4 Usable heat loss

-52 Unusable heat Ioss
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5.1 THERMAL PERFORMANCE FACTORS

To dlear]y indicate what measurements were made and what quantities
are being reported, the following energy quantities, temperatures.'and
thermal performance indicators are defined. The thermal performance
factors defined were calculated for hourly, daily, or monthly pér1ods.

5.1.1 " Energy Quantities ' |

Figure 5-1H displays the energy quantities relevant to the 1978-
1979 heating season. Figure 5-1C displays the 1979 cooling season
quantities. Figures 5-2H through 5-5H provide a more detailed break-
down of the energy flows and quantities, illustrate calculations, and
indicate which quantities were measUred, estimated, and calculated.
Figures 5-2C through 5-5C pfovide the same information for the coo11ng
season. Energy quantities shown in the Notes pertaining to each |
subsystem (Figures 5-2 through 5-5) are identified in the accompanying
flow diagram or in the total system diagrams, Figures 5-1H and 5-1C.

Table 5-5H lists the énérgy'qUantities that were-used in evaluating
thermal performance during the 1978-1979 heating seasonQ Table 5-5C-
lists those quantities relevant to the 1979 cooling season. Both the
current CSU acronyms ahd proposed IEA acronyms are indicated -
as are the periods for which computations have been performed.

Though many of the quantities in Figures 5-2H through 5?5H and
5-2C through 5-5C are not designated M, E or C, sufficient information
is available for calculation of these quantities if desired. For example,

~ the operating hours'for the collector were recorded hour]y and daily so

that an accurate calculation of individual values (Figure 5-2H) of E120,
E121, Q159, and Q163,‘based on known‘charactéristics of the pumps and
motors, could be made. Consequently, Q200 can be calculated. The
figures do reflect precisely the values and calculations used in the
evaluation of performance in Solar Hquse I.

5.1.2 Thermal Performance Indicators , ‘

Table 5-6H provides definitions, descriptions, and - formulas for-the
thermal performance indicators used in the evaluation of thermal
performance during the heating-Season. Similar information is shown
in Table 5-6C for fhe'c001ing season. . | o ’




INTERNAL
: ENERGY
£301 GENERATION
(AUXILIARY
. Q300 ENERGY) ' ,
' _ Qloo Q200 Q202 (SOLAR ENERGY Q302
(SOLAR ENERGY (SOLAR ENERGY (CONTROLLED TO'SERVICE SERVICE (HOT WATER GAINS AND LOSSES
COLLECTED) TO STORAGE)N |. - SOLAR ENERGY | HOT WATER) 23;5%‘}2%‘ LOAD) 'DUE TO DESIRED
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5-TH.  Solar.House I Energy Flows, Winter

1978-1979
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INCIDENT) . | coLLECTOR ENERGY SUBSYSTEM ! Q304 £303 suiLoING - | BEING MET
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Figure 5-1C. Solar House I Energy Flows, Summer 1979
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E120M , E121M

Figure 5-2H.

(Electrical , ) (Electrical
-energy energy
to pump) to pump)
Q200
(Solar
SO05M Q100 Q100 QM Q112 energy to
(Total (Solar (Solar (Solar {Solar storage)
solar energy |energy to energy to energy to
incident collected)] ENERGY neat exch) ‘ heat exch) HEAT storage). . l .
- ~——mem——— COLLECTOR- - TRANSPQRT - PUMP - EXCHANGER - PUMP -
Q154 Q155 Q156 . Q157 ) Q159 Qie1 Q163
(Heat (Heat (Heat ~ (Heat (Heat (Heat (Heat
loss to loss to loss to loss to ’ loss to loss to loss to
outside) building) - outside) building) building). building) building)
NOTES:

"E120, E121, and E303 are measured col]ective]y

E103 = E120 + ET121°

Q151 = Q154 + Q155

Q153 = Q156 + Q157 + Q159 + Q161 + Q163"

Energy stored in the collection system, Q105,.is generally lost overnight
Q150 = Q155 + Q157 + Q159 + Q161 + Q163

Q152 = Q154 + Q156

Q104 = Q150 + Q152

In the winter 1978-1979 performance calculations Q111 1s used as ."Solar energy

delivered to main storage" in place of Q200

Collection System Energy Flows, Winter 1978-1979
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E120M E121M
(Electrical (Electrical
energy energy
to pump) to pump)
(QZOO
Solar
S005M Q100M Qirou g1 m :
(Total (Solar (Solar (Sotar ?;]$Mv en:rgy t?
.so!ar energy energy to energy to enegg;rto storage
incident collected) ENERGY heat exch heat exch) HEAT storage)
————9pt COLLECTOR - TRANSPORT PUMP EXCHANGER PUMP ——Pp
Q154 Q155 Q156 Q157 Q159 - Q161 Q163
(Heat (Heat (Heat (Heat (Heat (Heat (Heat
loss to Toss to loss to loss to loss to loss to loss to
-outside) building) outside)  building) building) building) building)
NOTES: -
£120, E121,-and E303 are measured collectively

Figure 5-2C.

E103 = E120 + E121

Q151 = Q154 + Q155

Q153 = Q156 + Q157 + Q159 + Q161 + Q163 :

Energy stored in the collection system, Q105, is ‘generally lost overntght

Q150 = Q155 + Q157 + Q159 + Q161 + Q163

Q152 = Q154 + Q156

Q104 = Q150 + Q152

In summer 1979 performance calculations Q112 is used as "Solar energy delivered
to main storage" in place of Q200

Collection System Energy Flows, Summer 1979

LS
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0256 Q257
(Heat loss (Heat loss
from pipes from pipes
" and vents and vents

“to outside) to building)

MAIN
- STORAGE
Q200 Q205M Q2021
(Solar energy — _ (energy —$ (Controlled
. to storage) stored) -solar- energy
: . usage)
.- 0254 Q255
. (Heat loss (Heat 1loss
from tank from tank

to outside) to building)

NOTES:

Q112 is used as "solar energy to storage" in place of Q200
Q202 = Q412 + Q312 -

0204M = Q211M - AQ205M - Q411M - Q310M .

0204E is calculated using loss coefficients determined by

.~ overnight heat 1oss exper1ments with the vents closed
Q250

= Q255 + Q257 .

Q252 = Q254 + Q256

Q250 = QZO4M if space heating is performed during the day
and is zero otherwise

Q252 = Q204 - Q250
Figure 5=-3H.

Storage System Energy Flows,
Winter 1978-1979 ‘




Q200

(Solar .energy
- to storage)

NOTES:

Q112
Q202

59

Q256 . Q257
(Heat loss (Heat loss
from pipes from pipes
and vents and vents
to outside)" to buiT'lding)
MAIN
STORAGE.
. Q205M o : Q202M
—)L - (energy ——p> (Controlled
stored) : solar energy
' usage)
Q254 Q255. .
- (Heat loss (Heat loss
- from tank - . from tank
. to outside) to building)

is used as "solar energy to storage" in place of Q200
=412+ Q312 - .

Q204M = Q211M - AQ205M - Q411M - Q310M o
Q204 is calculated using loss coefficients determined by

Q250
Q252
Q250
Q252

overnight heat loss experiments with the vents closed
= Q255 + Q257

Q254 + Q256

Q204

0

Figure 5-3C. Storage System Energy Flows,
Summer 1979



= : . E403M : . ‘ - E4A0IM

(Electrical . , , - {Electrical
energy to : o ’ . energy
pump) . o ' o input)
’ (Qar0- = - ' _ ‘
- Q400 . (Controlled . QA S Qa1zM Q413 )
(Solar. _ solar S (Solar (Solar : (Solar _E401M
: energy - - energy energy tq nergy to energy to’ OFF-PEAK  |(Electrical
. to space to space DOMESTIC space - ) space - . space ELECTRIC energy
heating) heating) | HOT WATER |heating) |- ENERGY heating) SPACE | heating HEAT STORAGE | input)
| ——————1  PUMP 1 HEAT- . TRANSPORT HEATING - AUXILIARY.
| EXCHANGER : COIL : Q405C
: : _ : (energy .-
stored)
Q455 Q355 Q459 Q461
(Heat - . (Heat : (Heat (Heat -
loss to loss to - ) loss to o . loss to
building) buiiding) building) , , building)
NOTES:

Q412 is used aé "Solar energy to space'heating" in ptace of Q400.
Q461 is considered to be zero and all of E401 4s eventually apportioned to Q402,
though with some lag, for the winter 1978-1979 performance calculations

Figure 5-4H. Space Heating System Energy Flows, Winter 1978-1979'

09



Q502M
_{Space.Cooling Load)

L9

e

ot

ES520 M E50IM ES2IM EB22 M
{ELECTRICAL ENERGY (AUXILIARY ENER_GY) (ELECTRICAL ENERGY (ELECTRICAL ENERGY
TO PUMP) INPUT) TO PUMP)
Q500 R ] Q510 ¥ a5 ) Q513 Q514
{Sotar ‘Energy to (Solar Energy to I 1 Q512Mm (Space Cooling (Space Cooling
Space Cooling) Space Cooling) AUXILIARY (Energy to Chiller) ENERGY (Energy to Chiller) ABSORPTON WATER Accomplished) Accomplished) ENERGY
} PUMP = ELECTRIC : 1 1RANSPORT > CHILLER AND . |« PUMP Je— TRANSPORT
BOILER —] COOLING TOWER
. © @56l (HQS'SE Q565
Q555 Q557 Q559 (Heat Loss ea A 9:5 (Heot Gain
(Heat Loss. (Heat Loss {Heat Loss to Building) fromorBu?lldin ) From Building)
1o Building) to Building) to Building) : 9
ES23 M £524m
(ELECTRICAL ENERGY" (ELECTRICAL ENERGY
) TO PUMP) TO FAN)
" Q560M Q568 Q570
(Heat Loss 1o Outside (Heat Loss to Outside (Heat Loss to Qutside
via Cooling Tower) | vig Cocling Tower] |COOLING via Cooling Tower)
= PUMP e
TOWER -
NOTES: Q511 = Q510 or ES501, depending on whether solar or auxiliary . ’ Q567
| is being used. . Solar and Auxiliory are not used at the same fime. {Heat Loss
1 1o Building)

Q512 is used as "Solar Energy to Space Cooling" in place of Q500.
ES03 = £521 +E522 + E523+ E524

‘Q540 solar space coocling = Q512 -E 501

Q541 solar cooling supplied = Q502 .When Solar Energy .is Used

Figure 5Q4C. Space Cooling System Energy Flows, Summer 1979



E403M S -~ E30M . E301M

(Electrical . (Electrical - _ (Auxiliary -
energy to . » . energy to . energy)
pump) ’ o pump)
‘ : Q3m  - Q311 - Q312M 313C
N (Controlled - (Sotar (Solar Solar - .o
( plar . - solar - energy to energy to _- . _energy. to . (Domestic
energy energy, domestic preheat | DAW PREFEAT | hot water [ECECTRIC hot water
to DHH) usage) | DOMESTIC . | pot water tank) TANK™ .| heater) | HOT WATER |- Toad
PUMP - p———— ‘HOT. WATER PUMP Q3430 - ——————} HEATER }———ou.
HEAT . - - (energy Q3
-EXCHANGER stored) (energy
, . - . o stored)
Q455 Q357 . : Q359 Q361E - ] Q363 .
- (Heat. (Heat. - (Heat Heat (Heat
toss to- loss to : loss to. loss to loss to
building). building) - building) building) building} ::
NOTES:

Q313:= Q312 - Q361

Q305 = Q340 + Q34

£303, E120 and E 121 ‘are measured collectively - )

Q312 is used-as "Solar energy .to the preheat tank” in place of Q300

Q350 = Q361

Energy:can only -be.sent to the domestic hot water prehieat tank when.enetgy -
is flowing to the space heating Joad. When energyis being sent to-
the preheat tank, only a portion of the energy flow from storage, .
Q202, flows. to preheat. . o

Figure 5-5H. Domestic Hot Water Systemenergy'F1ow$; Winter 1978-1979 : -
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£320M £321M
(Electrical . (Electrical
energy to energy to
pump) pump)
Q310M Q3N Q312M
Q300 {Controlied . (Solar {Solar
(Solar selar energy- to energy to
energy : energy |. domestic - .preheat
DOMESTIC
o DHW) puwp | US298 |07 yater ot water) g | tank)
HEAT '
_ EXCHANGER'
Q455 Q357 Q359
(Heat (Heat - (Heat
- loss to - Toss to loss to -
building) . " ‘building) . . building)
NOTES:
' £303 = E320 + E321

£303, E120 and E121 are measured collectively-
Q305 = Q340 + Q341

used as “Solar energy .to the preheat tank" in place of Q300
Q305 = Q361 . __—

Q312 is

Figure 5-5C.

DRW PREFEAT
TANK
Q340

(energy
stored)

Q361E:
(Heat
loss to -
building)

Q313C .
(Solar
energy to
hot water
heater)

E301M
(Auxiliary
energy)

Q302C .

~1 (Domestic
ELECTRIC
HOT WATER -h°fogg§e"
_HEATER -
Q341 -
(energy

stored) | ;

Q363
(Heat
loss to -
building) -

Domestic Hot Water System Energy Flows, Summer 1979 -
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Table 5-5H. Solar House I Reported Energy Quantities, Winter 1978-1979

Calculation
IEA Csu Definition Period
Acronym _ Acronym - Hour Day Month
Collection and Storage Subsystems
S001 S45 Total solar incident in the aperture plane per unit area X X
S003 $450 Total solar incident in the aperture plane while collecting
per unit area X
S005 $45 Total solar incident in the aperture plane on the collector
aperture (S001 x A.) X
S006 Total solar incident iR the aperture plane on the collector
(S001 x A ) X
S007 S450 Total solar Tncident in the aperture plane on the collector
aperture while collecting (S003 x A_) X X
S008 ) Solar incident in the aperture plane oft the collector while
collecting (S003 x Ac) X X
Qi00 Solar energy collected .
E103 ELECS* Operating energy for solar collection b X
Qi1 Qu Solar energy delivered to the collector/storage heat exchanger
(includes a minor energy contribution from the collector pump) x X X
Q153 Heat loss occurring between collector and main storage tank
Q202 QSOLAR Controlled solar energy used for space heating and hot water X
Q204E QTLOSS Heat loss from main storage tank, estimated X X
Q204M Heat loss from main storage tank, measured
' (Q112 - aQ203 - Q412 - Q312) . 4
Q212 QSHB Storage energy transferred to the load subsystems in a controlled
manner calculated by a heat balance (Q112 - 4Q203 - Q204) X
Energy Conversion and Distribution Subsystems
E301 QHWE Auxiliary energy delivered to the domestic hot water heater X X X
E303 ELECS* Operating energy for delivery of energy to the preheat tank b4 X
AQ305 DELQPH Change in service hot water system.stored energy X
Q312 QPH Solar energy delivered to the domestic hot water system
: (preheat tank) b3 X
Q313 QSHWS  Energy transferred from the preheat tank to the service hot
water tank X X
Q340 HBPH Heat balance on preheat tank (Q312 - Q313 - 4Q305 - Q350) X
Q350 QPHL Usable heat loss from the service hot water system, heat loss
from the preheat tank, estimated X X
Q352 . QHWL Nonusable heat loss from the service hot water system, heat
loss from the service hot water heater tank, estimated X X
E401 Energy to the off-peak auxiliary X X X
Q402 QLOAD  "Controlled" energy to space heating load (loss from the
& HLDM off-peak unit is included) X X
Q412 qQPCS Solar energy to space heating X
Q442C QPCE Auxiliary energy to space heating; apportioned from E401, with
& QAUX some lag, using off-peak core storage temperature measure-
ments (loss from off-peak unit is included) } X X
Building and Summary
Q600 Controlled energy to building. (Q402 + Q302) X X
Q601 Total auxiliary energy (Q401 + Q301) X X
Q603 Total operating energy (Q103 + Q300)
Q604C SLA Calculated heat loss (Q204M + Q305E) X X
Q604E Calculated heat loss based on estimates  (Q204E + Q350F)
Q606 Total energy supplied (Q610 + Q302)
Q607 Total solar energy supplied (Q611 + Q313) X X
Q610 Calculated energy delivered to space heating (Q611 + Q442) X X
Q611 Calculated solar energy delivered to space heating (Q412 + Q650C) X X
E613 Operating energy for the solar energy system (E103 + E320) X X
Q650C USLA Useful calculated heat loss (equal to Q604C if space heating
was required during the day and equal to zero otherwise) X X
Q650E Useful calculated heat loss based on estimates (equal to Q604E

if space heating was required during the day and equal to zero
otherwise)

*ELECS includes both solar collection and solar delivery to service hot water

Note: .Most of the summary and indicator quantities have been defined from
directly measured quantities as and where measured. No corrections
have been made to bring them into closer correspondence with the IEA
data requirements documentation .
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Table 5-5C. Solar House I Reported Energy Quantities, Summer 1979

TEA Ccsy Catculation
Acronym  Acronym Definition Period
Hour Day Month

Collection and Storage Subsystems

S001 S45 Total solar incident in the aperture plane per unit area X X
S003 $450 Total solar incident in the aperture plane while collecting

per unit area ) X
S005 S45 Total solar incident in the aperture plane on the collector

aperture (Q001 x Aa) X
S006 Total solar incident in the aperture plane on the collector

(Qoo1 x Ac) X
S007 5450 Total solar incident in the aperture plane on the collector

aperture while collecting (Q003 x Aa) X X
S008 Solar incident in the aperture plane on the collector while

: collecting (Q003 x A) X X
Q100 Solar energy collected
E103 ELECS* Operating energy for solar collection X X
Q11 QU Solar energy delivered to the collector/storage heat exchanger
' {includes a minor energy contribution from the collector pump) X X X

Q153 Heat loss occurring between collector and main storage tank
Q202 QSOLAR  Controlled solar energy used for space cooling and hot water X
Q204t QTLOSS  Heat loss from main storage tank, estimated X X
Q204M Heat loss from main storage tank, measured

(Q112 - AQ203 - Q412 - Q311) X
Q212 QSHB Storage energy transferred to. the load subsystems in a controlled

manner- calculated by a heat balance (Q112 - 4Q203 - Q204) X

-Energy Conversion and Distribution Subsystems

E301 QSHWG Auxiliary energy delivered to the domestic hot water heater X X X
E303 ELECS* Operating energy for delivery of energy to the preheat tank X X
AQ305 DELQPH  Change in service hot water system stored energy X
Q311 QPH Solar energy delivered to the domestic hot water system

(preheat tank) X X
Q313 QSHWS Energy transferred from the preheat tank to the service hot
) water tank X
Q340 HBPH . Heat balance on preheat tank (Q311 - Q313 - Q305 - Q350) X
Q350 QPHL Usable heat loss from the service hot water system,rheat loss

from the preheat tank, estimated X X
Q352 QHWL Nonusable Heat loss from the service hot water system, heat

loss from the service hot water heater tank, estimated X X
Q501 QAIRCG  Auxiliary energy to space cooling

& QAUX . X X
Q502 QcooL Space cooling load
& CLDM X X X
Q512 Energy delivered to space cooling X X
Q540 QAIRCS Solar energy to space cooling X
Q541 QCOOLS  Space cooling by solar X X X
Q560 QCTR Heat loss to outside via cooling tower X
Building and Summary

Q600 Controlled energy to building (Q502 + Q302) X X
Q601 Total auxiliary energy (Q501 + Q301) X X
Q603 Total operating energy (Q103 + Q300)
Q604C SLA Calculated heat loss. (Q204M + Q305E) _ X X
Q604E Calculated heat loss based on estimates (Q204E + Q350E)
Q606 Total energy supplied (Q512 + Q302)
Q607 Total solar energy supplied (Q540 + Q313) X X
E613 Operating energy for the solar system (E103 + E320) X X
Q650C USLA Useful calculated heat loss (equal to Q604C if space heating \ .

was required during the day and equal to zero otherwise)

Q650E Useful calculated heat loss based on estimates (equal to Q604E
is space heating was required during the day and equal to
zero otherwise) ' :

*ELECS includes both solar collection and solar delivery to service hot water

Note: Most of the summary and indicator quantities have been defined from
directly measured quantities as and where measured. No cqrrect1ons
have been made to bring them into closer correspondence with the IEA

data requirements documentation 7.




Table 5-6H.

- 'Solar House I Thermal Performance Indicators
" Winter 1978-1979

. - - Calculated
IEA "~ CSU Definition and Formula - period
~ [Acronym | -Acronym -{Hour .-Day Month
N100 ‘1'Collector efficiency (aperture basis) (Q100/5005)
N101 Collector efficiency (gross area basis) {Q100/5006)
"N103 | EFFT, & | System co]lection<efficiency (aperture basis)  {Q111/5005) X X
" CE ' _
~N104 EFFO | System collection "collector on" efficiency (Q111/5007) - X X
: (aperture basis)
- N105 System- go]]ect1on efficiency (gross area (Q111/5006)
basis '
N106 System collection "collector on" efficiency
: : - (gross area basis) . (Q111/5008). XX
N401 PCTHTS = | Solar fraction space heating (Q611/Q610) X X
N301 | .PCTSHWS |Solar fraction service hot water (Q313/Q302) X X
N6O1 | Total solar fraction [(Q313 + Q611)/Q606] X X

99



. Table 5-6C.

, So]ar'Hbuse I Thermal Performance Indicators

-Summer 1979
. Calculated
IEA CSu Definition and Formula . period
- Acronym | Acronym Hour - Day Month
N100 Collector efficiency (aperture basis) (Q100/5005)
N101 Co;]ectgr on efficiency (gross area (Q100/5006)
asis '
" N103 1| EFFT, & - | System collection eff1c1ency = - (Q111/5005) X X
CE (aperture basis) v '
N104 EFFO System collection "collector on" - (Q111/5007) X X
efficiency (aperture basis)
N105 System go]]ect1on eff1c1ency (gross area (Q111/5006) X X
basis
N106 System collection "collector on" eff1c1ency (Q111/5008) X X
(gross area basis)
N301 | PCTSHWS | Solar fraction service hot water (Q313/Q302) X X
- 501 PCTARCS Solar fraction space cooling .$Q540/Q512) X X
N502 1 Solar fraction cooling supp11ed Q541/502) X X
N503 "~ | Thermal cooling COP (Q502/Q610) ' XX
- N601 Total solar fraction [(0313 + QS40)/Q606] X X

L9
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- 5.1.3 Temberatures and Miscellaneous Quantities

Table 5-7 provides definitions and descriptions of temperatures and
additional quantities used in the evaluation of thermal performance
during the heating season. A complete list of measurements on which
thermal performance computations are based is shown in Table 5-8. .

5.2 MONITORING SYSTEM
Data monitoring was accomplished both in batch and real time modes.
Both systems are described in this section. The primary.pUrpose of the
real time mode is to facilitate the detection of faults in data procurement
and system operation. Fau]ts'aré identified primarily by visual in-
\

spection of the data, but a statistically based approach is being developed
for automatically comparing the measured values of key variables with
their expected values.

To improve the accuracy and continuity of the results, several
important variables were verified by readings with redundant instrumenta- j
tion. Collector flow rate was measured by use of individual flowmeters
in each of the three collector subarrays and another in the total flow
conduit. Temperature difference measurements were made across the
collector and across both sides of the collector/storage heat exchanger.

An additional flowmeter is located on the'storage side of the collector/storage
heat exchanger loop. Additional identical pyranometers are-poéitioned

at the same slope on adjacent Solar Houses Il and III to provide checks

on Solar House I radiation measurements. More sensor redundancies are

planned for the next reporting period.

5.2.1 Instrumentation

Solar radiation was measured with an Eppley precision pyranometer
placed in the center of the collector array and aligned with the collector
aperture plane. F]Uid’f]ow rate was measured by Cox turbine f]owmetens,
and temperatures and temperature differences were measured by copper-
constantan reference thermocouples and five junction thermopiles. The
accuracy of the instruments used in the investigation is shown in
Table 5-9. Figure 5-6H shows the location of the senSors during the
1978-79 winter, and Figure 5-6C provides the same information for
the 1979 summer season.




Table 5-7. Solar House I Temperatures and Other Quantities

- 1978-1979
1’ Calculated
IEA csu Definition " period
" Acronym | Acronym Hour " Day Month
T113 TOD Average ambient dry bulb temperature X X X
T406 . THB Average indoor dry bulb temperature X X X
‘T4 TODO  Average ambient dry bulb temperature while collecting
N : -~ weighted by incident energy while collecting X X
- T200 -TSTOR  Average main storage temperature - X X X
T201 | TSTORO Average main storage temperature while collecting
- - weighted by incident energy while collecting X X
HOURO  Collector operating hours ' X X
HWLIT Hot water usage in liters X

69




Table 5-8. Data Collected

csu IEA csu IEA
Acronym  Acronym Description Acronym __Acronym ‘Description
IBE E501 Integrated boiler electric TTHR - Temperature to_heat rejector
1SH45 S001 Integrated solar radiation at 45° - Test Bed (TB) STB 7205 Storage tank bottom temperature
ISH45FP S001 Integrated solar radiation at 45° - Flat-Plate (FP) STM 1205 Storage tank middle temperature
IFC - Wi Integrated flow collector (TB) STT T205 - Storage tank top temperature
IFA3 w100 Integrated flow array 3 P8 - Temperature preheat tank bottom
IFA2 w100 Integrated flow array 2 P - Temperature preheat tank top
IFA Wi00 Integrated flow array 1 - TM2L T100 Temperature module #2 lower interior
1IFCFP Wi Integrated flow collector (FP) ST10 1205 Storage tank #10 (top)
IFHR - integrated flow heat rejector STS 71205 Storage tank #9
10PEL E401 Integrated off-peak electric ST8 T205 Storage tank #38
IFCT w560 Integrated flow cooling tower S17 . T205 Storage tank #7
IFCH " W512 Integrated flow chiller ST6 T205 Storage  tank #6
IFL . W411,500  Integrated flow load §TS T205 Storage tank #5
DTCHX ATIN - Thermopile across collector heat exchanger ST4 T205 Storage tank #4
THWEL - E301 Integrated hot water electric ST3 T205 Storage tank #3
IPIEL £420 Integrated pump 1 (load pump) electricity ST2 T205 Storage tank #2
ISEL E120+ - Integrated solar electric. sT1 T205 Storage tank #1 bottom (cold)
E121+
£303
IFPEL - Integrated flat-plate electric . TTSHX T Temperature to storage heat exchanger
DTA3 aT100 Thermopile across array 3 DTSHX ~ aTIN Thermopile across storage heat exchanger
DTA2 AT100-  .Thermopile across array 2 TFC T Temperature from collector (TB)
DTAY AT100 Thermopile across array 1 T7C mn Temperature to collector (TB)
DTL AT412,aT512 Thermopile across the load heat:exchanger OPCM - 0ff-peak core (mV)
IWIND W009 Integrated wind IFSHX win ‘Integrated flow to storage heat exchanger
1P30T - Integrated pump 3 on time - storage heat exch pump TTA3 T100 Temperature to array 3
HWBTU - P6 indicator ON/OFF, Hot water heat. exchanger pump TTA2 T100 Temperature to array 2
P7IND - P7 indicator ON/OFF, Auxiliary boiler pump TTAl T100 Temperature to array 1
V3IND - V3 indicator ON/OFF, Load = 0, By-pass = 180 my TMEU T100 TM6 upper interior thermocouple
V2IND - V2 indicator position, Solar = 0, Auxiliary = 180 mV TM5U T100 TM5 upper interior thermocouple
TTPH 1310 . Temperature to preheat heat exchanger (tank room] TM3U T100 TM3 upper interior thermocouple
TTALL - Temperature trailer ambient liquid-liquid ™IV Ti00 TM1 upper interior thermocouple
TBTTL - Temperature bottom tank liquid-liquid TICFP T Temperature to flat-plate collector
TCTLL - Temperature center tank 1iquid-liquid TTIFP T408 Temperature to #1 flat-plate collector
TTTLL - ‘Temperature top tank liquid-liquid TT9FP 7100 Temperature to #9 flat-plate collector
TRA 7600 Temperature of return air TT13FP T100 Temperature ‘to #13 flat-plate collector
TSA T402 Temperature of supply air TFI3FP . T100 Temperature from #13 flat-plate collector
TOP S - Temperature dew point TF12FP 7100 - Temperature from #12 flat-plate collector
T00 T001 Temperature of the outside air (dry bulb) TFIIFP 7100 Temperature from #11 flat-plate collector
THD 1600 Temperature of the house air TF10FP T100 . Temperature from #10 flat-plate collector
TPM Temperature of preheat middle TFOFP T100 Temperature from #9 flat-plate collector
TSHW T302 Temperature service hot water TF8FP T100 -Temperature from #8 flat-plate-collector
TFCT 1560 Temperature from cooling tower TF7FP Ti00 Temperature from #7 flat-plate collector
TTCT 1560 Temperature to cooling tower TF6FP T100 Temperature from #6 flat-plate collector
TFAC - ‘Temperature to alternate coil TF5FP T100 . Temperature from #5 flat-plate collector
TTAC - Temperature to alternate coil TF4FP T100 Temperature from #4 flat-plate collector
TFL  T412,7512 . Temperature from load TF3FP T100 Temperature from #3 flat-plate collector
TTL T412,7512 Temperature to load TF2FP T100 Temperature from #2 flat-plate collector
TRT - Tank room temperature TFIFP T100 Temperature from #1 flat-plate collector
© TFHR - Temperature from heat rejector TFCFP T100 Temperature from flat-plate collectors
DTPH - aT310.  Thermopile across preheat heat exchanger TSHW T302 Temperature to service hot water
IFHW W302 Integrated flow of hot water DTCT AT560 Thermopile across cooling tower

0L
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Table 5-9. Solar House I Sensor Accuracy

INSTRUMENT TYPE

ACCURACY ACCORDING TO
MANUFACTURERS SPECIFICATIONS

Pyranometer

Eppley PSP

+1% at direct sunlight
incidence angles close to
normal

3 to 4% at higher 1nc1dence
angles

Flow Meters
Cox Turbine, Series 21
3/4"-30 gpm & 1/2"-15 gpm

+0.5% of full scale reading
within the 8% to 100% linear
flow range

Thermocouples +0.5° Celsius or
.Type T; Special limits 0.4% of reading .
Thermopiles 2%
Type T; 5 Junct1on
Electric Meters -0.5%

Westinghouse - Watt-hr meters
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5.2.2 Data Acquisition

The data acquisition system shown in Figure 5-7 consists of a Doric
data logger which scans 100 channels of data every ten'minutes. The
channel readings consist of temperatures from 45 thermocouples,
temperature differences from 13 thermopiles, 12 integrated liquid
flows, and 15 other integrated values (from electric meters, and
thermal energy meters). The analog signals are digitized by the data
logger. The data logger also linearizes the signals from the thermo-
couples and converts them to degrees Celsius. The data are stored on
magnetic tape by a Kennedy seven track tape recorder and are processed
monthly by a CDC Cyber 172 computer.

Simultaneously with recording on tape, the information from the
data logger is input via an RS-232 interface controller to a Wang model
2200T minicomputer with a dual floppy disc, CRT/keyboard, plotter,
and printer. Every ten minutes the Wang program éna1yzes the data and
prints selected channel values, calculated energies, heat and mass flow
" balances, and warnings of unusual values. Summaries of data are also
pkinfed each hour and at the end of the day. Early detection of féu]ty
system operation and of faulty data due to sensor or integrator failure
is provided by computer comparison with predetermined statistical results.
A real time load simulation for the second collector/storage system
is also supplied by the Wang minicomputer. |

5.3 DATA REDUCTION METHODS
Magnetic tape data are processed monthly. The energy quantities
listed in Table 5-5H and 5-5C and the quantities listed in Tables 5-6H,
5-6C, and 5-7 were calculated by the primary data processing
program. IEA nomenclature in Table 5-8 can be used to locate the
'measurements by finding the energy quantities in Figures 5-1H through
5-5H and 5-1C through 5-5C with numbers that correspond. ” ‘
Thermal energy quantities transferred through the hydronic
syétem are calculated by an approximation to the equation:

Q=[[M Codt dT = [f o ch»dt dT

Density and heat capacity are approximated by first order polynomial
fits (maximum error = 0.5%) to National Bureau of Standards data for




THERMOCOUPLES

75

FLUID FLOW METERS
PYRANOMETERS
ELECTRIC METERS

THERMOPILES

INTEGRATORS

ANALOG SIGNALS

DATA LOGGER

DIGITAL SIGNALS

7 TRACK

RS-232
INTERFACE

MINICOMPUTER
CPU

TAPE RECORDER

LTO CYBER 72

-EVALUATED MONTHLY

CRT/ KEYBOARD

FLOPPY DISK
DATA STORAGE

PRINTER

EVALUATED EVERY

10 MINUTES

Figure 5-7. Solar House I Data System



76

ethylene g]yco] solutions. Total flow for ten minutes and instantaneous
temperatures are used to approx1mate energy rate by the equation:

Q= f 0 o(T)C.(T) dT j 2 y(t) dt .
I. P ,
i t1 _

 The validity of energy flow calculations is checked by daily heat
balances on the storage tanks. Overall heat balances usually close to.
Within a few percent. Heat balances on the storage tanks are made by
~comparing actual storage losses. with estimated storage losses. The
difference between the ‘two is the unaccounted for energy for the day.
Definitions and equat1ons used for the energy quantities are shown in.
Appendix B.

With the exception of AQ205 and AQ305, energy quant1t1es are
calculated for each ten-minute period and then added for hourly, daily,
and monthly data summaries. The quantities of energy in the storage and
domestic hot water preheat tanks (4Q205 and AQ305) are calculated at the
end of each day (m1dn1ght) and used in the daily heat balance.

A Tist of the hourly data printed and a sample pr1ntout are pre-
sented in Table 5-10. Def1n1t1ons of quantities in Table 5-10 are given
" in Tables 5-5C, 5-6C, and 5-7C. Hourly data are used for observation.of
performance and operation of the solar and instrumentation systems
as well as for examination of the data processing itself. Mod1f1cat1onsl
to the data are made, or a]ternateveensors are used in accordance with
entries in the daily operations log. When discrepancies are noted,
scan-by-écen printouts of the pertinent data channels are analyzed. If

the discrepancies cannot be resolved or if adequate data are not available, .

a data gap is recorded and the performance for this period is not
reported.

When preliminary processing is_comp]ete, a secondary processing
program is used to generate a detailed day by day monthly summary and
two final monthly summary tables. The detailed day by day monthly
summary 11st1ngf1s shown in Table 5-11. Definitions of quant1t1es in
‘this Table: are given in ‘Tables 5- SC 5-6C, and 5-7C.

At this po1nt the data are carefully reviewed for va11d1ty and
consistency. Days for which less than 24 hours of data are available must




7

either be completed by interpolation or omitted, because energy which
cannot be accounted for may have been collected or used during the
missing period. Data required for calculation of a primaky heat flow
| ‘rate may a]so‘be incorrect or missing due to a temporary instrument
failure. Interpolation is possible for one- to two-hour intervals by
estimating collector performance from radiation levels measured in CSU
Solar Houses II and III and observing the main storage tank enefgy
change. When load data are missing, auxiliary supply is estimated and
solar contribution is estimated by energy change in the main storage
tank. Unless the heating or cooling load can reasonably be assumed
constant during the gap, interpolation is not possible if solar heat is
being collected and used simultaneously. In the case of an instrument
failure, primary heat flow rates may be estimated if the system heat
balance is satisfactory both before and after the failure., '
After the data have been reviewed, each day is classified.into one
of four categories: : “
(1) Partial days -- days for which 24 hours of data are not pre-
- sent and interpolation is not possible ’
(2) Omitted days -- days for which the data are inaccurate as
~ determined by the heat balance
(3) Included days with: comment -- days for which data have been
~ interpolated or to which some important comment pertains
(4) Included days without comment -- days for which the data are
complete and reasonably accurate as determined by heat
balances to which no comments pertain.
Days in categories (3) and (4) are then used to form the two final
monthly summary tables which appear in Chapter 7 of this report.



Sample of Measured and Computed Hourly Data

Table 5-10.
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6. OPERATIONS HISTORY - PROBLEMS, CORRECTIONS, AND SYSTEMS DEVELOPMENT

In addition to the continuous record provided by the previously.
described data acquisition systems, a daily log of events,'unusual
conditions, and special investigations is maintained. The purposes
of this record are (1) to present qualitative information on system
characteristics, (2) to identify and explain anomalies, problems,
failures, and corrective measures in system'operation, (3) to provide
information which may be needed for an understanding and explanation
of the quantitative data. |

This section of the report is based directly on the operating
log. The entries are in chrono]ogicé] sequence under each subsystem
heading. '

6.1 COLLECTION

6.1.1 The Philips collector system was closely monitored through-
out September and October 1978. A preliminary analysis of the data
indicated that system collection efficiency (N104) appeared to be about
two-thirds of the collector efficiency obtained by Philips Research
Laboratories in Aachen. The difference was too great to be explained by
transport losses. The reasons for the Tower collector efficiency were
investigated.

6.1.2 Analysis of thermopile data for the Philips collector and
storage heat exchanger'in Solar House I showed.that heat losses in piping
~ were three to six'percent of the energy collected. At an average
va]ug for Tf1uid - Tambiént of 5?.5°C, the effective heatzloss coefficient
of the pipe insulation was calculated to be k = 0.057 W/m™°C. The
manufacturer's value is k = 0,048 W/m2°C. '

6.1.3 System monitoring and data analysis continued in Solar
House I during November. September pekfokmance results were rechecked
and were found to confirm a collector system efficiehcy about 30 percent
below that measured by Philips. Measurements with the platinum RTD
temperature sensors showed a maximum absorber plate temperature variation
of 0.5°C in the six collector modules, confirming uniform flow distribution
through the collector. The daily system'heat balance closed within |
one percent for 29 days in September. '



82

6.1.4 A representative from Philips Research Laboratory arrived
on January 26th to assist in the investigation of collector performance
,discrepancies 'He ver1f1ed that the steady-state efficiency of the
‘ co]lector (NlO]) at CSU was seven to eight percentage points lower than
that indicated by Philips test data.

6.1.5 - An intensive one-week investigation by the Philips -
representative and members of the SEAL staff resolved the difference
~ between collector efficiencies (N101) measured in Aachen and at CSU.
Several minor causes of differences in collector performance were found,
but the main cause of the discrepancy was a difference in the solar
transmittance of the cover glass, measured at about 83 percent at CSU,
compared with 89 percent in Aachen. :

' 6.1.6 On 5 and 6 July, personnel from Philips Research Labora-
tories, Aachen,'and the Solar Energy Applications Laboratory installed
new cover glass on the Philips evacuated tubular collectors. The new
g]éss, with 90 percent solar transmission, replaced the original cover
glass which had deteriorated on exposure to ultraviolet light to a
measured transmittance of on]y 83 percent. Selected mid-day readings
showed that the 1nstantaneous system efficiency improvement (N104) due
to the new cover glass was on the order of eight percentage points.

6.1.7 The Philips. co]]ector operated in a pressurized mode
during September. It was nominally charged to 20 psig at the top of the
collector when filled. Periodic repressur1zat1on was required because
the pressure slowly bled off through the pump seal and valve.

'6.],8 "Although there were many'0ctober days with high solar
radiation and Tow heat'demand the heat storage tank boiled only once,
requ1r1ng heat to be dumped through the heat rejection facility.

6.1.9 As of November, new thermocoup]es had been installed at
the inlet:and outlet of each co]]ector array and across the heat ex-
changer to determine if there was excessive heat loss from the pipes
leading to and from the collector. Thermopiles with readings accurate
to the nearest 0.1°C were installed in the collector and heat exchanger

in November/December. A1l subsequent coi]ector performance results
were calculated from the AT values measured with the precision thermo-
piles. .The useful heat delivered to storage was also calculated from
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the heat exchanger AT data recorded by the thermopile in the heat exchanger.
The piping losses could then be calculated as the difference between

these two quantities.

' 6.1.10 A snowstorm on December 29th covered the Philips collector
with about two inches of snow which prevented collection for two and
one-half days. ‘ :

6.1.11 _The solar system in Solar House I was shut down on 1 May
for extensive remode]1ng . To avoid damage by prolonged hlgh temperature
stagnation, the Philips collectors were covered.

6.1.12 . On 28 August, 160 ml of water were removed from the space
between the cover and the evacuated tubes in the eastern -most Ph1]1ps
collector. Condensation under the cover glass had been noticed for
several months prior to the installation of the new cover and also after
the installation. Rain penetration around the edge of the cover appeared
to be the most 1ikely source of moisture. | |

6.2 STORAGE ) : »

6.2.1 A stratified heat storage experiment began in April 1979,
after direct contact heat exchanger experiments with the Miromit flat- '
plate collectors were completed. The objectives of the experiment were
a comparison of the solar load fraction with stratified storage and that
obtained with mixed storage in both heating and cooling modes. The
existing storage tank inside the bu11d1ng and the roof- mounted M1rom1t
flat-plate collectors were used in the stratified storage exper1ments.

_ Preparations for the experiment began in mid-March, and data were
obtained by operating the system a]ternately with m1xed and strat1f1ed
storage throughout April. S : :

6.2.2 On 19 March, badly deteriorated 1nsu1at1on on the bas-
ement storage tank (with a thermal resistance of only R-3) was. removed.
Four'to five inches of sprayed-on cellulose insulation with a theoretical
R-14 to R-16 (English Units) value were applied. The resulting 1nsu1ating
value of the tank, as determ1ned by overnight heat 1oss exper1ments, was
improved, but only to a level of about R-5.

6.2.3 Several changes in the outdoor tank room were also made.
The outdoor tank Was used with the Philips collector to supply'energy'to
the house for a few days while the indoor tank was provided with new
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insulation, instrumentation, and piping'for;thé stratified storage
experiment. A tip sensitive thermocouple tree was installed within'the
tank. The Philips collector was then recoupled to the indoor tank and -
house load for operation of the system with stratified storage; Opera-
- tion of the new flat-plate collector was continued with the direct.
contact liquid-liquid storage unit and heat rejection coil.

. 6.2.4 - During switching of the tanks it was found that the load
pump had a leaky seal, so it was replaced. The new heat exchanger pump,
v}ated‘at 11 gpm, could not supp]y sufficient head when operating from
the outdoor storage tank, so it was replaced with a pump of 14 gpm
capacity. | ‘

6.2.5 Thirty days of space heating and water heating data were
recorded during April, 1979. During most of the month, the Philips
evacuated tube collectors supplied heat to this tank in the stratified
mode. The tank was operated as a fully mixed heat storage facility
for the last three days of the month.

6.2.6 - For subsequent use in data analysis, the R-value of the
insulation on the basement tank was determined by measuring the tank
temperature decay rate during several days in April when no heat was
- supplied to or withdrawn from the tank. Following this measurement, the
wall of the tank room was removed, all old wiring and plumbing were
‘removed, and the main storage tank was strippéd of insulation and
removed. '

' 6.2.7  The new built-up heat storage chamber -supplied by Bally
Manufacturing, Inc. was installed in mid-May.. The onlyiprdeem en-
countered with installation of the Bally tank was with one connecting
latch. The tank was assembied in about 4 man-hours, a period which
~included carrying the separate panels into the building and final
~ assembly. -The vinyl Tliner was installed in the tank and another
vinyl sheet was apb]ied to the underside of the tank cover.

6.2.8 Final fittings for the Bally storage tank, including
perfokated vertical diffuser pipes for temperature stratification,

were completed'in mid-June, and the unit, which holds 1130 gallons
(5.136vm3), was leak-tested. No problems were encountered. During the
last week of the month, the Philips evacuated tubular collectors were
uncovered, and solar heat was supplied from them to the new tank.
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6.2.9 Full operation and data collection in Solar House I
were resumed on 30 June after a two-month shutdown for installation of
the Bally storage chamber and total repiping and reinstrumentation of
the system. B o |

6.2.10 Early in July, there were significant storage heat losses
due to thermosiphoning in the tank inlet/outlet loops. Check valves
were therefore installed, and piping and component insulation was begun
early in the month. On 19 July, a tank loss coefficient of
0.029 MJ/hr-°C‘was measured with the vent open, no fluid flows in or out
of the tank, and insulation qn most of the piping but not on the heat
exchangers.' After insulating the piping and heat exchangers late in
July, the loss coefficient was measured at 0.022 MJ/hr-°C (corresponding
to an R value of 14 ftz-?F-hr/Btu). The measured heat loss coefficient
includes direct 1osses-throdgh the tank walls, conductibnnlosses to
system piping, and heat loss by evaporation from the tank and subse- -
quent condensation of most of the vapor in the 2-inch vent.

. 6.2.11 Good temperature‘strétification in storagg was obtained
in July and August, about 4°C to 6°C during periods of simultaneous
collector and chiller operations. ‘Stratification was increased to 12°C
when a portion of the return flow from the generator was run through a
manual by-pass valve and mixed with water from storage to provide,a
constant 74°C supply. An automatic teipering valve circuit was therefore
designed. . | : - o
6.2.12 A bowing of the sides of the Bally tank occurred over a
period of several months. The def]ection\became‘sekious enough that it
was decided it would be necéssary to provide additional exterior reten-
tion beams or "whalers". Four whalers were therefore installed at
suitable levels. Even though the tank was emptied when the whalers were
installed, considerable force had to be applied with a jack in order to
maintain the square tank shape at all three levels. In replacing the
tank top, some trouble was experienced in closing the latches, and it
was not possible to fasten the last latch. This condition does not
create any particular problem, but it is recommended that instructions
to the installers inc1ude the use of at least two whalers for a tank of
this height.. | | ' '
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- 6.2.13 The tank had been used since 1 July with internal tem-
peratures usually exceeding 80°C (176°F). Exceptional temperature
-stratification in the tank had been achieved by use of vertical
perforated baffles, and tempekature differences as high as 15°C have
been obtained between top and bottom of the tahk. It is not known if
the square shape has any influence on stratification, but improved
‘performance is clearly obtained. o

6.3 SPACE HEATING

6.3.1 During September and October, 1978, the ductwork connecting
‘the off-peak electrical storage unit with the ventilation system was
~ completed. After testing, the unit was integrated into the central heat ‘
distribution system. ' l
6.3.2 In December the TPI off-peak unit was modified so that ' l

power consumption could be recorded directly on the Doric data logger.
" Early in the month a control transformer in the unit failed (a fuse blew
in the control circuit), causing the air distribution blower in the :
house to be down for one day during which time the house temperature
decreased to a minimum of 11°C. Transformer and fuse were replaced, and
the off-peak unit resumed normal operation within the next 24 hours.
6.3.3 Two computer programs were written to facilitate the
analysis of data collécted in this study{' One program provides the
daily on-peak and off—peak energy consumption and peak power_demand
for each of the components in the furnace. The second program performs
an energy balance on the furnace by use of.temperatures‘and energies |
recorded continuously on a stripchart recorder. The instrumentation was
od1f1ed during the month by connecting one channel of off-peak furnace
core temperature data to the central data logging system for the house.
A new stripchart recorder was also 1nsta11ed to record system temperatures
for the heat balance work..
6.3.4 The stripchart data program was used to complete a
detailed energy balance of the off-peak furnace over a two day operat1ng

period and to ca]culate the effective heat storage capacity of the

furnace in terms of a mean storage core temperature. Analysis of the
stripchart recorded data was continued for additional days to increase
the confidence level in the results.
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6.3.5 The automatic data acquisition program was written so
that the amount of enargy suppiied to the house each day could be
calculated and so. that daily heat balances on the house could be performed.
The quantities of energy consumed as determined by periodic manual
readings of the power meter and by the results of this program, were
shown to be in agreement during most of the'heating season. When there
was disagreement, the cause was a gap in the automatic acquisition
system information. Ménhal]y collected data are sufficient to offset
these gaps and a complete set of off-peak furnace performance data for
the heating season can be compiled. v

6.3.6. Testing of the off-peak furnace as an auxiliary heat

source for Solar House I terminated in April,
6.3.7 In addition to the replacement of the gas-fired auxiliary

boiler with the off-peak electric resistance furnace (215 kW-hr TPI
system) for space heating, an electric boiler was installed for auxiliary
cooling use.

6.3.8 During the months of June and July, a by-pass duct and
damper were installed so that when auxiliary heat was not needed, there
wou'ld be no air flow through the off-peak furnace. This by-pass ar-
rangement is expected to substantially reduce furnace heat losses during
periods when solar heat is available and should result in a significant
improvement in furnace performance during the next heating season. '

6.3.9 A scheme for implementing an improved off-peak furnace
charging strategy during the next heating season was also identified.

The intention is to minimize electric utility charges, and the scheme
will therefore utilize improved energy demand predictions. It is antici-
pated that the charging control algorithm will be incorporated into the
Wang computer used in Solar House I.

6.3.10 - Also in July, the TPI control was removed for testing and
calibration. It was found to meet all specifications and will be re-
installed in the furnace before the next heating season commences. A decision
was also made to remove the brickwork in the TPI unit, install a resistance
wire sensor, and replace the brickwork during September. The sensor should
result in more accurate measurement of the thermal energy content of the
brick storage. -
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6.3.11 Work continued during July and August on the development
of a'new digital electronic control system for the TPI unit. The new
system will control each of the eleven heater elements separately and
will result in more even heating of the entire core. The controller
will also permit more precise night-time charging to be achieved and
should thus minimize the peak power demand on a month-by-month basis.
At the end of August the unit was being wired and packaged.

6.4 COOLING _

6.4.1 Cooling system performance in September 1978 was slightly
Tower than expected because the Arkla unit was frequently over-fired
during solar operation, and the excess heat was rejected by the cooling
tower.

6.4.2 In early August, the chiller control was modified to
permit chiller operation to continue for a few minutes after heat supply
to the generator is discontinued. This change; recommended by the manu-
facturer, provides additional cooling rather than added heat loss by
internal conduction. Although the chiller usually runs continuousiy
after first starting each day, cooling output and COP are increased by
this modification under conditions of light loading and frequent on-off
cycling. ‘ _ v

6.4.3 A portion of the return flow from the generator was
run through a manual by-pass valve and mixed with water from storage
to_maintéin a constant 74°C supply temperature. By this arrangement,
the COP can be maximized at a minimum temperature (see Figure 3-10).
Installation of an automatic tempering valve was therefore planned.

6.4.4 The maximum COP achieved has been only slightly over
0.6. This value is much below the 0.72 maximum COP achieved during
the summer of 1978. Measured COP's are considerably lower than
predicted (see Figure 3-10) particularly in the middle temperature
range. Such an alteration in performance could be caused by build up of
contaminants in the chiller, or non-condensable gas accumulation

could result in an insufficient vacuum pressure. The chiller

was pumped down without noticeable performance improvement, so the
latter possibility did not appear likely. Other possible causes are

a lowered air flow rate across the cooling duct coil or instrumentation
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faults. The matter is being investigated. (Subsequently,‘low-air
flow rate was identified as the primary cause of decreased COP levels).

6.5 OTHER OPERATIONS

6.5.1 Several minor control difficulties were encountered
~ during September. The electronics of the AT controller for the storage
pump were modified to ensure proper operation. |

6.5.2 The domestic hot water preheat system was also modified.
In the previous design, a three-way valve was operated so that hot
water was circulated from main storage either to the space heating
exchander or to the DHW exchanger. This operation was changed because
the three-way by-pass valve leaked, and because that particuiar mode
required excessive pumping power. In the new design, the preheat heat
exchanger was placed in series with the heating/cooling load on the tube
side, where the pressure drop is negligible (1ess than 0.2 psi). Heat
was transferred to the DHW preheat tank only when solar was also being
delivered to the heating/cooling load.

6.5.3 Another addition to the system was a new Gormann Rupp
collector pump with a wire-to-water efficiency of 50 percent (compared
with the previous 13 percent). o

6.5.4 Construction and system modifications during February
included repair of the heat rejector unit (which had sustained some
freeze damage), repiping and valving in the basement tank room to permit
quick change-over between indoor and outdoor storage and heat exchange
systems, reinsulation of outdoor storage tank, installation of pumps for -
load and storage circuits in the outdoor system, completion of new flat-
plate system including controller and flowmeter, and rea]ignment of all
channels in the Doric data logging equipment. The heat rejector was
connected as the load for the direct contact 1liquid-liquid heat exchanger/
storage experiment. The flowmeter in this circuit was recalibrated and
reinstalled.

6.5.5 During June, system changes were either completed or .
nearing completion, and several subsystems, including collection/storage
and domestic hot water heating, were started. Work accomplished included
installation of the new blower, minor ductwork modification, insulation
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of the outdoor storage tank room, and power and instrumentation rewiring,
The instrumentation system was compIeter operational, and recorded _
measurements indicate that the changed system components were operat1ng
at design point or better.

6. 6 INSTRUMENTATION AND DATA COLLECTION

.. 6.6.1 Secondary technical difficulties have hindered the effi-
cient collection and analysis of data in Solar House I. Early in

. December, the'Nang typewriter failed. On-line thermopile data for the ‘

Philips collector and heat exchanger system could therefore not be
1mmed1ate1y evaluated. At least a month was required for process1ng‘
magnetic tape data records at the CSU central computer system.

6.6.2 The Deltec Uninterruptible Power Supply system requ1red
repairs in January, so the data system was operated without this back-up
source of power. The simulator program hardware was functional during
this period, although restarting required use of the Texas Instruments
interactive terminal.

6.6.3 Data were recorded nearly continuously during February,
the only major interruption being a power failure on 9 February. A
defect in a terminal block was found, corrected, and realignment of all

channels was performed. '

6.6.4 During March, the data system continued to be operated
without the uninterruptible power supply. A problem was’ traced to the
AC breaker switch within the UPS and the unit was repaired and put back

in service.

6.7.1 The d1rect contact I1qu1d I1qu1d heat exchanger was
connected to the original flat-plate collectors on House I in October.
Repeated efforts to achieve the desired flow rate of diethyl phthalate
through the collectors were unsuccessful largely because they were
designed and site-built for water/antifreeze collector fluids.

6.7.2 Replacement of the site-built flat-plate colliectors on
Solar House I began on November 27, 1978. Single-glazed Miromit collectors
with large steel absorber tubes were selected. The tubing is suitable
for circulating diethyl phthalate (DEP) at the flow rate required
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for optimum co11ector/storage performance. The Miromit collectors were
donated to the university by American He110therma1 Corporation.

6.7.3 A1though collector rep]acement was completed in December,
- severe weather delayed comp]et1on of the outdoor solder connections..

6.7.4 ' Data collection from the DCLLHE system began in January.
The flow rate of DEP through the collector was set at 25 gpm, equivalent
in heat capacity to a water/ethylene glycol flow rate of about 15 “gpm.

6.7.5 Data on the Direct Contact Liquid-Liquid Heat Exchanger
.exper1ment were obtained in February, March and April. Extensive revision
in the mechanical room piping in May terminated these tests.

- 6.7.6 The simulator program driving the Miromit flat-plate
co]lectors and the direct contact unit was updated for the Wang mini-
computer in House I. The updating was required to conform to the
reconfiguration of the system within the house.

6.7.7 A separate report will be issued on the direct contact
'systEm.



7 iugs e
WAS INTENTIONALLY |
1

 LEFT BLANK . |




93

7. QUANTITATIVE RESULTS

The measured quantities of solar and auxiliary energy supplied and
used are reported. in tabular and graphical form, and temperatures in ’
the building, the atmosphere, and the heat storége system are tabulated.
A table and two charts in Section 7.2 contain total energy quantities
subdivided by months in the table. Section 7.3 comprises a sample table
of monthly energy totals, a table of monthly electricity use, and five
charts showing incident solar energy, heat collection, and heat use.

Section 7.4 contains a sample monthly table of measured daily |
energy supplied and used, totaled for the month. Cbmplete sets of
monthly and daily tables of data are presented in Appendix B and
Appendix C, respectively. Graphs and charts in other subsectioné
show examples of hourly energy quantities, correlations of solar
collection with radiation intensity and operating temperature differences,
energy. supply and use in off-peak electric heat storage unit, and com-
parisons of solar heat co]}ection in House I with that in Houses II and
111 and with F Chart computations.

7.1 BUILDING PERFORMANCE - TEMPERATURES IN THE BUILDING

As may be seen in the hourly results in Section 7.5, the typical
light construction of the building makes heatihg and'coo]ing demand
very responsive to changes in ambient temperature and solar gain.
Tables 7-1H, 7-1C and Section 7.5 show that building air temperatures, |
the principal measure of occupant comfort, are maintained close '
to the thermostat setting under most load conditions by forced air space
conditioning. B

Thermostat settings are also shown in Tables 7-1H and 7-1C, and
though maintained constant over long periods; they were changed from
time to time to accommodate the needs of the experiment. For example,
air conditioning loads are lower with the new highly insulated storage
tank than with the previous tank, so a lower thermostat setting provides

a load more comparable to that in previous summers.
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Table 7-1H. Daily Average Winter Temperature
' NOVEMBER DECEMBER JANUARY FEBRUARY MARCH
: = g . g ¢ ¢
W . g c.<|.u - £ cw S '?g doew ﬁu 5 ow =" § '
T2 o<E 5f (58 Sf of |SE SE o8 128 2B op EE 3B R
x5 25 3% |3 25 BE |g5 25 B8E |33 23 2% |88 ZE 8&
g8 S g~ |88 s EF 885 8§ E- 8F 3E EF | 8& 5 T
x EE =& & |EZ S5 5 |58 S5 ¥ |58 SE ¥E |58 33 £G |
S S+ @ - 0 | O o~ (=7 o+ & - (=7 Sk Q- ' =0 O ak v |
1 4.5 269 2.0 | -.2 2.6 21.0 |-17.7 16.6 21.0 51 2.9 2.0 |
2 123 23.9 2.0 |-13.2 19.8 21.0 |-14.3 17.5 21.0 [0.5 20.7. 2.0 | 2.1 21.8 2.0 l
+3 13.1 23.9 21.0 -109 19.7 21.0 | -8.9 19.3 2.0 |-8.2 21.4.22.0 |-27 2.2 21.0-1
4 121 2.7 . 21.0 | -4.7 205 21.0 |-13.9 19.2 21.0 [-6.2 222 22.0 | 1.0 21.2 210
5 51 206 21.0 | -5.9 20.7 21.0 |-15.8 19.6 21.0 |-6.5 22.4 ' 22.0 | 5.2 22.0 21.0 !
6 ' 21.0 1-12.9 19.0 21.0| -8/8 19.2 21.0 | -.7 22.3 22.0 | 8.7 225 21.0
7 21.0 |-18.4 18.6 21.0 |-14.6 19.5 21.0 | -.1 21.1 . 21.0 21.0
8 15.0 23.9 2.0 [-19.1 18.4 21.0 | -9.8 21.0 21.0 |-45 2.1 210 | 1.4 221 2104
9 1.4 207 21.0 -12.4 8.6 21.0 | -6:8 20.8 21.0 21.0 |-2.2 2.5 21.0 ¢
10 21,0 | -3.4 19.6 210 [-12.2 19.8 21.0 21.0 | 1.1 212 210
n 21.0 | -3.5 20.5 21.0| -3.3 20.6 21.0 21,0 | 9.5 21,9 21.0
12 2.0 | 2.9 2.3 21.0| -6.6 20.4 21.0 21.0 21.0
13 1.6 21.3 21.0 | -4.9 2.3 21.0 {-12.3 19.7 21.0 21.0 21.0
1 5.5 2.5 21.0 [ .5 2.6 21.0|-12.9 19.4 210 21.0 21.0 |
15 2.0 15 20 2.0 -2 2.4 21.0 21.0 21.0 |
16 21.0 | -4.2 20.8 2.0 ~ 210 21.0 21.0
7 21.0 | -3.6 201 21.0] 2.7 2.8 21.0 21.0 21.0
18 210 | 27 207 20! 1 2.8 210 . 210 21.0
19 . 2.0 2.9 2.4 2.0 -.2 21.9 2.0 | 4.7 21.8 21.0 21.0
20 7.7 19.5 21.0 [-3.8 20.5 21.0| 1.5 21.8 21.0 | 3.7 2.8 21.0 21.0
2 4.6 20,0 21.0| -.2 2.0 21.0) 1.4 221 21.0 210 21.0
22 1.9 19.5 21.0|-2.2 217 21.0| -3.9 2.8 2.0 21.0 21.0
23 6.3 20.9 21.0 '-1.1 18.8* 2.0} -9.3 20.8 21.0 [-4.5 21.3 21.0- 21.0
24 2.2 209 2.0 1.8 15.6* 2.0[-4.5 2l.2 21.0 {-1.1 209 21.0 21.0
25 .2 204 21.0 | -2.9 13.7* 2.0 ;-5.3 20.5 2.0 ;| .8 2.2 210 21.0
26 2.2 20,0 21.0 | -7.6 14.9* 21.0:-10.6 20.9 2.0 | 6.1 21.9 21.0 21.0
27 -2.9 20.6 '21.0 -3.9 20.6 21.0 é-12.9 20.8 2.0 2.2 214 21.0 21.0
28 1.3 20.6 21.0°|-1.5 21.0 21.0 -12.7 20.8 21.0 1.7 2l.4 21.0 21.0
29 1.5 21.2 21.0 |[-16.7 19.} 21.0 |-14.3 20.2 21.0 . 21.0
30 2.9 216 21.0 {-19.3 17.7 21.0 2.0 | 21.0
an 2182 17,2 210 21.0 | 21.0
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Table 7-1C. Daily AVeragé Summer Temperatdre

OCTOBER

E JuLY AUGUST SEPTEMBER
w o w’ w W
- 2 o« 5 L w ;':—" e Ew B
sg Sy oF |58 <% oF (3% =S¢ g |32 ZE o8
== 25 BE a5 £ BB gz 22 g5 (3% S E°
. |B§ 2§ g |Bf 2% B |25 2 55 |5 3E Iy
1e S @ - o (=3 8 [=R7] o D~ r-m =X cn'— P-U"
R 23.2 24.9 25.0 | 231 25.5 25.5| 22.7 24.4 -25.0 [16.9 22.1 22.5
2 22.6 25.2 25.0 | 24.9 25.4 25.5| 23.6 24.3 25.0 |21.4 22.8 22.5
3 23.1 26.5 25.0 | 26.5 25.4 25.5| 25.6 24.4  25.0 |12.4 22.0 22.5
4 21,9 24.8 25.0 | 29.1 25,9 25.5 | 25.3 24.4 -25.0 |15.3 20.9 22.5
5 22.0 24.8 25.0 |27.5 258 @255 | . 20.4 25.0 |22.3 2.4 22.5
6 21.6 25.2 25.0 |27.6 25.7 25.5 ) 22.2 24.3 25.0 |19.2 20.8 22.5
7 24.4 24.6 25.0 |28.1 25,7 25.5|23.7 24.5 25.0 {21.8 21.4 22.5
8 24.0 26.5 25.0 |[24.3 25.7 255|254 24.4 25.0 [17.9 22.5 22.5
9 20.0 27.4 25.0 [22.6 25.4 25.5|26.7 24.5 25.0 | 4.2 21.5 . 22.5
10 2.0 27.3 25.0 {18.0 23.7 25.5| 24.6. 25.0 [17.5 23.3 22.5
1 29.9 27.3 25.0 |22.0 22.8 25.5| 13.6 23.7 23.0 |20.5 23.5 22.5
12 26.6 27.7 25.0 | 24.1 24.5 25.0 | 14.5 23.6 ~23.0 |15.6 22.5 ' 22.5
13 27.9 28.8 25.0 [19.5 25.1 25.0 ) 12.7 23.0 23.0 {11.9 20.5 22.5
14 25.0 26.2 25.0 |14.3 23.8 -25.0 | 13.7 22,1 '22.5 |19.5 20.6 22.5
15 22.0 26.5 25.0 L |87 2.0 225 [19.2 22.5 225
16 20.1 26,1 25.0 |21.5 24.4 25.0| 20.2 21.0 22.5 [13.6 22.5 22.5
17 22,9 25.0 25.0 |23.0 24.5 25.0|22.8 22.8 22.5 |WN.1 22.3 22.5
18 21.8 25.6 25.0 | 23,5 24.6 25.0 | 19.2 22.6 22.5 ' 22.5
N9 22,9 25.5 25.0 | 209 22.8 25.0| 20.2 22.6  22.5 22.5
20 23.6 24.4 250 [19.9 23.0 25.0| 18.3 22.3 22.5 22.5
21 23.0 24.2 25.0 |21.8 24.2 25.0)17.8 22.3 22.5 22.5
22 237 24.4 25.0 :22.8 24.0 25.0| 22,9 22.1 22.5 22.5
23 23:4 25,2 25.5 [21.7 24.7 25.0| 24.5 22.3 22.5 22.5
24 23.4 25.4 25.5 '22.2 241 250 21.9 22.5 22.5 22.5
25 23.5 25.4 255 19,6 22,9 25.0| 20.3 22.6 22.5 22.5
26 22.3 25.9 25.5 |19.6 22.6 25.0| 20.0 22.8 22.5 22.5
27 25.3 25.8 25.5 25,0 20.5 22.5 22.5 22.5
28 2.4 25.8 25.5 25,0 19.9 22.2 22.5 22.5
29 A1 257 25.5 | 241 23.6 250 22.0 21.8 22.5 22.5
30 19.2 24.6 25.5 | 22.8 24.0 25.0 22.3 22.1 22.5 22.5
3 23.7 25.5 25.5 |23.8 24.2 25.0 22.5
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Loads are not typical of normal residential buildings because the
building is used for offices. ‘Tours, sometimes of 30 or more people,
are frequent. Atypical electric eduipment, such as typewriters, mini-
computer, power conditioning equipment and data acquisition devices
also produce considerable heat. Three hot water dumps per day are made
in a pattern reflecting residential use. However, instrument and
control problems sometimes made hot wate? demand irregular as may be
seen in the daily results of Section 7.4. Except on four days when the
auxiliary heater was not operating, the lowest daily average building
temperature was 16.6°C. On four other days, average building temperature
ranged from 16.6 to 17.7, and throughout the balance of the winter,
average temperatures varied between 18.4 and 22.5°C. ’

In the summer months, Table 7-1C shows the maximum daily average
temperature of the living space was 28.8°C, and on nine days, average
temperature was above 26°C. During the balance of the summer, average
daily building temperatures were not more than one degree above thermo-
stat settings of 25.5°. 25.0°, or 22.5°C.

7.2 SEASONAL AND ANNUAL PERFORMANCE OF SOLAR HEATING COOLING, AND
HOT WATER SYSTEMS

Figures 7-1H and 7-1C show the distribution of the energy falling
on the collector aperture during the heating and cooling seasons. The
width of the arrows, except for very small energy va]ues,‘is proportional
to the energy flows. Monthly totals based on daily averages appearing
in Section 7.3 and Appendix B were used to construct these figures.

Percentages are portions of the total incident solar energy on the collector.

Table 7-2 contains monthly, seasonal, and annual totals -of incident
solar energy, energy collected,’ solar energy applied to heating, cooling,
and hot water supply, electric auxiliary heat and electric energy for
pumping, and other values based on those totals. Some of these energy
quantities differ slightly from those shown in Figures 7-1H and 7-1C
because the table includes net energy storage changes dur1ng data gaps

whereas the charts do not
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Tabie 7-2. CSU Solar House Performance 1978-1979

Month Oct Nov Dec -Jan Feb Mar Notes

A1l monthly energy quantities in megajoules per day

1
'22 "Al1 seasonal and :annual total energy quantities-in megajoules for entire period

- Total  July Aug Sept - Oct Total  Total
.Days of. Data " 29 20 31 .28 15 10. 10N k1] 28 3 - 17 Al 274
to to days
3/14 10/17
1.. Total solar on aperture 9281 642 - 708 - 708 88 942 12984112) 904 871 1000 - 914 1005372 23n378 44,7 mP
’ ' . aperture
2. . Solar when operating 719 495 480 438 752 762 97340 709 661 85€ © 743 80783 178123
3, .Energy collected (5) : 264 158 - 210 199 . 321 300 - 38792 297 281 . 379 320 34742 73534
4. Collection efficiency (5) 28.5% 24.6% . 29.7% '27.7% +35.4% 31.1% 29.9% 32.9% 32.7% 37.9% 35.0% 34.6% 31.0% (3)+(1)
5. Collection efficiency when
operating (5) 36.7% 38.5% 43.8% .44.5% 41.8% 38.5% . 39.9% 41.9% 43.0% 44.32 43.1% 43.0% 41,3% (3)+(2)
6. Total space heating -101 . 334 426 568 - 453 . 345 61481 ' 61481
7. .Solar space heating 10 "~ 166 195 179 . 272 - 259 30911 30911
8. % solar: heating -100% 49.5% -45.7% 31.6% -59.9% 75.1% . 50.3% ) '50.3% (7)+(6)
9. Total heat for cooling 207 6431 230 221 362 254 29183 - 35614 Supply to
10. Solar for cooling 19 3680 170 188 272 233 23194 26874  chiller
11. % solar for cooling - 57.2% 57.2% 73.6% 84.8% 75.1% 91.8% 79.5% N75.5% - {10)+(9)
12. Total hot water 8 20 57 84 106 7 8032 28 38 46 40 4137 12169 o
13. Solar for hot water 0 10 ‘IZQ ‘16 - 26 Z‘».  2370 - 18. 32 3 28 3008 5378
14. % solar hot water 0% 52.0% 41.7% 19.3%°24.4%° 100% 29.5% 62.7% 82.4% 73.1% = 69.4% 72.7% 44.2% {13):(12)
15. Total loads '317 354 483 - 652 559 352 75944 - 250 . 260 409 294 33320 . 109264 (6)+(9)+(12)
16.. Total solar to loads 220 176 - 218 196 297 266 36961 187 219 306 - 261 26202 - 63163 (7)+(10)+(13)
17.- % solar, total 69% 49,7% - 45.2% 30.0% 53.2% 75.5% 48.7% 72.4% 84.4% 74.9% 88.8% 78.6% 57.8% (16)+(15)
18. System efficiency 23.7% 27.4%  30.8% 27.8% 33.4% 28.2% 28.5% - 20.7% 25.1% 3N.6% 20.6% 2A.1% 27.4% (16)+(1)
19. Total cooling supplied 77 2383 “m 100 161 124 © 13437 : Output of
. o . o chiller
20. Cooling from solar 47 1444 ) 77 82 n7 14 10363 -
21. % cooling by solar 60.6% 60.6% 70.0%2 .82.0% 73.1% 91.9% 77.1%° (20)+(19)
22. Total cooling COP 0.37 0.37 ° -0.48 0.45 . 0.44 0.49 . 0.46 (19);(9)
23. Solar cooling COP 0.39 0.39 - 0.46 . 0.44 . 0.43 0.49 ° 0.45 (20)+(10)
- 24, Collector pumping (3) . i : o ] :
- energy (3) . 20.6 12,2 9.0 9.5 131 na 2101 15.1 13.7 16.2 14.8 1631 - | 3732 Total elec.
. o ‘use other
. than. aux.
. 25, Solar use/collection pumps 10.7 14.4 24.2 20.6 22.7. 24.0 -17.6 12.4 -16.0 - 18.9 - 17.6 16.1 16.9 "~ (16)+(25)
26. Mean storage temp °C 75 . 53.2 :40.3 . 39.2 40.8 48.1 73.6 75.8 75.1 77.0
27. Mean ambient temp °C .10 9.5 1.1 -5.0 1.3 711 28.7 - 29.0 -26.1 22.7
Notes:

66

3) October-March by visual meter readings. July-October by -data logger
{4) .Pump change November 18

(5) Values corrected. for gain or loss during data gaps
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7.3 MONTHLY PERFORMANCE OF THE SOLAR HEATING, COOLING, AND HOT WATER
SYSTEMS -

Daily averages and extrapolated monthly totals of the most important
thermal performance indicators for solar collection, thermal storage,
space heating, water heating, and space conditioning appear in Appendix
B, Tables B-1H through B-5H (heating) and B-1C through B-4C (cooling).

An example (November) is also shown in this section as Table 7-3H. For
November through February and July through September, the totals that
appear in the tables are extrapolated to a full month from the daily
averages shown in Section 7.4. However, the totals for March and
October are for parts of those months. Quantities listed in the tables
are defined in Table 7-4 in terms of the items calculated and measured.

It may be seen in the tables that there is a difference between
"energy collected" and "apparent energy delivered to storage". During
data-gaps, some net gain or loss was an excess or deficiency caused by
solar operations during those intervals. Net storage energy gain for
the month includes net energy gains (or losses) during data gaps
since that energy may be used later. These net gains and losses are
computed by hand and entered into the program manually.

Key thermal performance quantity and indicator values for the
collection subsystem from Tables B-1H through B-5H and B-1C through
B-4C are displayed in Figures 7-2H and 7-2C. Weighted average temperatures
of storage and of outdoor'ambient air are also shown. These averages are
calculated by weighting the temperatures according to daily “collector
on" incident solar energy. Figures 7-3H, 7-3C and 7-4C display key
quantities and indicators for the space heating and cooling subsystems.
October 1978 values in the figures are from the 1977-1978 Solar House I
report [9]. Figure 7-3H includes values only from October 17 through
the end of the month. The first part of October is omitted because
cooling was the predominant mode. Figure 7-2H, however, includes values
for the entire month.

Electricity for operating pumps used for solar collection, transfer

to storage, and transfer to the service hot water preheat tank was
continuously measured and recorded, but data logging problems prevented
procurement of accurate results during the heating season. Monthly
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Table 7-4. Definition of Items Calculated in Monthly Summaries

Item

Description

Days of data

Average daily energy flux (per square meter)

Total incident solar on 44,7 sq. meter aperture area
Total incident solar on 54.2 sq. meter collector area
Incident solar “on" (aperture area)

Incident solar "on" (collector area)

Solar energy collected
Net storage energy gain during data gaps

App;rent energy delivered to storage
Net storage energy gain for month

System collection efficiency (Total incident, aperture)
System collection efficiency (Total incident, collector)
System collection efficiency {Incident "on", aperture)
System collection efficiency (Incident "on", collector)

Space heating Toad (cdi\)
Space heating by solar (coil)
Solar space heating (coil) fraction

Solar energy lost .from storage

Useful solar energy lost from storage
Total space heating load

Total solar space heating

Total solar space heating fraction

Space cooling load -
Solar space .cooling
Solar space cooling fraction

Total coo]in§ supplied
Solar cooling supplied
Solar fraction of cooiing supplied

Solar energy delivered to preheat tank
Total energy to service hot water
Solar energy to service hot water
Solar hot water fraction

Total load
Total load by solar
Solar total fraction

Number of included days
Qo01 :
$Q05

S006

S007

S008

Qi

Net'storage gain for month, (Net storage
energy gain, included days) x (Days in
month/Days of data) .

Q200 + (Net storage energy gain during
data gaps)’ T :

4Q205 : ‘

N103
N105
K104
N106

Q402
Q42
Q402/Q4M

Q604M
Q650C
Q610
Q611
N401

Q512
Q540
N501

Q502
Q541
502

Q312
Q302
Q313
N30T

Q606
Q607
N601

*“B and nHN'are the boiler and hot water burning efficiences and COP is the chiller
: coefficient. of performance
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visual readings of electric meters were threfore used in the analysis of
the October-March operation and automatic recordings were used in the
July-October period. Monthly totals of these electric energy quantities
and solar energy usage per unit of electric energy for collection are
tabulated. Readings of other electric metérs were periodically recorded,
and monthly electric usage for other syStem'pumps‘was calculated. Table
7-5 contains monthly, electric energy consumption for solar collection
distribution of solar and auxiliary heat, and chiller operation, as well
as solar energy delivered to uses and the corresponding ratios.



Table 7-5. Solar and Pumping Energy (MJ/day)

Month ~ Solar ~ Electric Solar Use Solar Electric ~ Total
Energy _ Energy + Electric Plus , Energy Energy
Used for . ~ for Collection Auxiliary for Use ¢
Co]]ectfon(]) (scop) : Used Distil]ation(z) Dggirib.
October 1978 220 20.6 10.7 317 9.4 33.7
November 176 12.2 14.4 354 (3) v ‘
December 218 9.0 24.2 - 483 - 13.6 35.5
January 1979 196 9.5 20.6 652 9.4 | 69.4
February 297 13.1 22.7 559 9.8 57.0
March 266 1.1 24.0 352 (3)
July 1979 - 187 15.1 12.4 259 - (3)
August 219 13.7 16.0 260 ' 20.1 (4) 12.9 (5)
September 306 16.2 18.9 409 50.8 (4) 8.1 (5)
October - 261 14.8. 17.6 294 (3) ‘

(1) For collector pump, storage heat exchanger pump, hot water preheat pump.

(2) Pump for water to heating coil or chiller generator. In July-Oct, includes also chilled water pump,
cooling water pump, cooling tower fan, LiBr solution.

(3) Data not available.
(4) Based on electric meter readings August 6-27 and September 4-25.

(5) Values of total cooling delivered = total electric usage for collection, distribution, and
chiller operation are 2.96 and 2.40 in August and September. If solar heat usage for
hot water had also been used for cooling, total solar cooling delivered + total electric usage
would have been 3.37 in August and 2.63 in September.

yol
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7.4 DAILY PERFORMANCE OF THE SOLAR HEATING, COOLING AND'HOT WATER
SYSTEMS

Month]y summaries of daily system performance are presented in
Append1x C, as Tables C TH through C-5H (heat1ng) and C- 1C through
C-4C (cooling), for the period 1 November 1978-31 October 1979.
An examp]e (November) is also shown in this sect1on as Tables 7-6H..
The definitions of the quantities 1in the monthly summaries are given in
Chapter 5 of this report. In the last lines of each table, the da11y
valués are totaled and divided by the number of days of data to obtain
daily averages. These averages are then multiplied by the number of
days in the month to obtain monthly totals which are also given in
Section 7.3. Totals for March and October are besed on the portions of
each,mbnth~during which the solar systems operated. This procedure is
based on-the'assUmptidn that the days for which data are available are
representative of the entire month. It was shown in the 1977-78 Solar
House T report [9] that this is a satisfactory approximation of the full
“month. Comments pertaining to the data appearing in the tables are
presented in Appendix A.

Figures 7-5H, 7-6H, 7-5C and 7~ 6C are plots of da1]y energy
. collected versus daily incident energy. The effect on performance of
the temperature dlfference between storage and ambient is. partlally
recogn1zed by segregat1ng the data into a set for which AT was less
" than 45° and another set for which AT was greater than 45°. Points
. representlng unusua]ly high and low AT values are identified by
numbers represent1ng the d1fference A regression analysis of the
equation, Q111 = a + b(S005) yielded correlation coefficients
of about 0.97. - o

i

7.5 HOURLY PERFORMANCE OF THE_SOLAR HEATING COOLING AND HOT WATER
SYSTEMS .

Figure 7 7C ‘displays severa] important hour]y therma] and _
temperature quant1t1es for a three day per1od in the cooling season.

Many of the control and timing aspects of coollng systems operation
are shown. A typical auxiliary and solar supply sequence is shown. On
many evenings, cooling demand persists beyond the time when storage
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Table 7-6H (continued)

Weor™  Soa6 M usdob ™ Pyl ide T “sa"? gaal” " hoz®"
DAY TJfAL TULAL SOLAR® HEAT AVERAGE rjrabL  SJLAR FRAZw
SOLAR® AHEN  OELIV= EEFICe OJTPUT JDTPUT ridd 3y
COLLECT= ERED  LEWCY SOLAR
ING
1 L9589 955.2 K09.2 210.3 L2200 0.0 0.0 0,097 3.1
2 .95b 1315.1 1113.5> 299.3  .228  0.v V.U 0.009 3.3
3 .969 1212.9 1021.8 281,3  .232 0.0 0.0 0,099 1.8 ,
4. .952 915.2 b6U9.3 .139,2 152 9.0 0.0 0.039 3.5 :
. 5  .991 672.1 451.9 140,0  .208 9.0 0.0 0.090  B.1
| 6 | ,v
7 _ . ’
i 8  .725 700.6 395.5 107.7  .154 9.0 0.0 0,000 3.4
| 9 0,000 825.4 509.7 135.7  .164 0.0 0.0 0,000 3.1
10
11 :
12
13 .155 1366.6 1290.0 476.9  .34Y 0.0 0.0 0,00 6.8
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15 !
16 |
17
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20 .104 54,2 0.0 0.0 0.000 0.0 0.0 0,009  13.1
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29,509 924.2 834.7 326.5  .353 2.0 0.0 0,009 7.2
30 L0439 999,00 904.> 335.3  .33b 0.0 0.0 0.009 6.2
raray «497 15067b. 12005, 3809, <245 0.0 0.0 0,09 144.6
DALLY  .497 778,83 600.2 130.5  .285 0.0 0.0 0,002 7.2

MINTH «497 23363, 18007, 5013, . 245 0.0 U.0 0,007 216.9
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temperature is sufficient to provide energy to the generator, so
auxiliary heat is then used. Auxiliary heat is also frequently

the energy source for supplying cooling when first needed the next
day. This operation is often brief because the air'conditionihg load
usually lags rising inso]ation'levels'and ambient temperature, so that
storage temperature can rise to the 75° switchover point and solar
operation cah commence.

When cooling is being supplied at night by use of auxiliary
heat, the storage temperature decreases slowly because of heaﬁ Toss
from the tank and because of solar heat use'for hot water heating.

The demand'for air Conditioning is usually coupled to the total
daily insolation, so solar energy is capabie of supplying most of
the load. HoWeVer, when solar intensity decreases late in the day
while a high demand for cooling exists, the capability of solar
to meet the requirements'is rapidly reduced. Figure 7-7C shows that
the storage temperature profiies do not reach levels on the second
and third days as high as on the first day.

A figure comparable to 7-7C for heating was not developed because
houriy values of auxiliary usage were not available. The off-peak
contribution to space heating, estimated from core temperature changes,
was available only on a daily basis.

Figure 7-8C shows the improvement in instantaneous system
collection efficiency (based on hourly mid-day data) that was achieved
by replacing the original cover glass in July 1979 with one having about
eight percentage points higher solar transmittance. It is seeh, |
however, that measured coi]éction efficiency, even after cover replacement,
did not reach the levels attained in manufacturer's testing. Heat
capacitance effects and less effective contact between tubes and“f

“heat transfer plates may be primary causes of the differences.

Performance of the off-peak electric heat storage'unit was
continuously monitored through the heating season. After initial
adjustmeht; it operated reliably and effectively. Control improvements
were found to be needed, however, for minimizing auxiliary electric
reqUirements. During the start?up period in November, 1978, 1315 kW-hr
of off-peak electric energy was stored in this unit for use during
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daytime periods when stored solar heat was inadequate. Maximum night-
time charging rate was 15.6 kW. During that month, only 151 kW-hr of
electricity were used during the day-time (on-peak) at a maximum rate of
1.0 kW for operation of pump and blower motors.

| Typical and detailed performance of the off-peak auxiliary

heat storage system is shown in Figure 7-9 (a and b). Figure 7-9

shows results for a typical November day. Power input and losses from the
solar and off-peak storage units (Figure 7-9a) as well as the energy
content and cumulative energy loss from these reservoirs (Figure 7-9b)
are shown. At the start of the off-peak power period (22 hours), the
off-peak furnace contained 75 kW-hr and solar storage was essentially
depleted. The off-peak furnace heaters came on at a 17 kW power level
at this time and remained at that level for about one and one-half hours
before dropping to an 8 kW input. The power remained at the 8 kW level
until 4:00 a.m. to 5:00 am, at which time the energy flow to the off-
peak furnace went negative. The negative state indicated the heaters
had been turned off and extraction of energy from the storage core had
started. During the period from 22 hours to 6 hours, a small amount

of energy was supplied to the house as a result of heat leakage from the
furnace core and from the night heater. Although the purpose of the
night heater is to supply electric heat directly to circulating air
during off-peak periods, there is some leakage of heat from the core to
air passing through this unit at night.

As the day progressed, the sun rose and energy input to the solar
storage increased. Solar energy supp1ied to the house reached about 30
kW-hr at 22 hours, the end of the on-peak period. Energy in solar
storage at this time was approximately 110 kW-hr.

Two undesirable aspects of the off-peak furnace operation involve
(1) the unintentional leakage of heat to the room and duct air and (2)
the change in the core storage heating power level from 17 kW to about 8
kW and then to zero during the off-peak period. The heat leakage rate
from the core to the duct air circulated through the night heater
(designated by "h" points and a dotted Tine in Figure 7-9a) is observed to
reach a maximum of about 1 kW when the core energy reached its peak.
This loss occurs primarily because of damper leakage in the furnace.
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The rate of heat loss directly to the room in which the off-peak furnace
is located (designated by "r" points and a dashed line) rose to a
maximum value of about 2 kW at about eight hours. By the end of the
day, heat supply to the house from these two sources is observed

in Figure 7-9b to have reached about 10 kW-hr and 35 kW-hr,
respectively. The fact that the sum of these unintentional electric heat
supplies is slightly more than the intentional heating of duct air (1ine
d) in the furnace core indicates that heat leakage rates are excessive.

The decrease in the core storage heating power level from 17 kW to
8 kW to zero is undesirable because utility charges are often based on
both an energy charge and a more substantial monthly demand (peak power)
charge. ‘Operation at an 8 kW power level throughout the off-peak period
would have resulted in about the same level of energy input to the core
but, because of lower maximum demand, would have cost about half as much
as did operation in the irregular fashion shown in Figure 7-9a.

Figure 7-10 shows operation on another typical day. In this case,
both solar and off-peak furnace storage 1évels were so high that no
energy additions to the core were needed during the off-peak period.
During the day, energies stored in the solar tank and the furnace core
were sufficient to meet the demand. Again, heat losses from the furnace
core to the room and duct air were substantial, although solar heat
delivered to the duct air provided most of the house heat.

The observed changes in the off-peak power supplied to the storége
core (Figure 7-10a) suggest that the controller is changing power demand
as a result of changes in temperature of the furnace core and the
outside atmosphere during the night.

In Figure 7-11, the fraction of full charge that should be stored
in the off-peak unit as a function of outside ambient temperature is
shown as a solid ‘line. The data points show that the amount of
energy actually supplied to the core is almost always less than
indicated by the control curve. Power to the core heaters is apparently
being terminated before the programmed energy storage level is
reached. Due to the failure of the controller to minimize peak
power demand and associated cost, design of a new controller for the

next heating season was initiated.
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7 6 PERFORMANCE COMPARISON

In Figure 7- 12H, system co]1ect1on performance during
the heat1ng season in Solar Houses I, II and 111 is compared. The
three solar houses’ are of 1dent1ca1 style and size and are constructed -
of essent1a11y the same materials. The only s1gn1f1cant differences are
in the solar energy systems. The air system in Solar House II has a
So1aron flat p1ate collector with a selective absorber and single
cover Heat storage is in a vert1ca1 rock bed. The 11qu1d system
_in So]ar House 1§84 has a flat plate ‘Chamberlain collector with single
.glazing and se]ect1ve absorber A horizontal cy11ndr1ca1 storage
tank with sprayed .on insu]ation is located in a cont1guous structure
that can be vented either to the atmosphere or to the building.
Solar Housé I11 also has a Yazaki 2.3 ton lithium bromide absorption.
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chiller and an afr-to—air heat pump in parallel with the solar
system for auxiliary heating and cooling.

The 45° slope of all collectors results in levels of incident
radiation that do not differ greatly. month-to-month. GeneraIIy cIear
sk1es and favorable solar incidence angles provide winter radiation
levels nearIy as high as the spring.

OnIy in February is the system collection efficiency of Solar
House I seen to be greater than that of the other two houses. Pro-
Ionged retention of snow on the ‘cover plates occurs because of Tow
upward heat losses from evacuated tubular collectors. Snow may be
retained for one or more days while insolation causes melting of a
thin layer of snow and rapid sliding from the conventionaI collectors
on the other houses. Inspection of the data shows that even though
solar radiation was being received, there was no collection in Solar
HOuse I on part or ali of one day-in November, seven days in December,
five day in}January, three days jnuFebruary,iand four days in March.
Exclusion of those daysffrom_ca1cu1ation of averages shows system collection
efficiencies of 32.5%, 38.0%, 32.4%, 37.5%, and 34.8% for November
through March, respectﬁuely The first three days in November were
also excluded because of abnormaIIy high storage temperatures.

Figure 7-12C shows a comparison between cooling system performance
1n Solar House I dur1ng 1979 and that of Solar House III in 1978 and
one month in 1979. “ATthough not for’ ‘jdentical periods, it is seen that
in comparab]e months - system performance in House I, with evacuated
tubuiar coIIector exceeded that in House III with flat plate type.

7. 7 COMPARISON WITH COMPUTER MODEL

The actuaI soIar heat supplied for space heating and hot water
is compared in F1gure 7-13H w1th the output computed by use of a
mathematical model. The modeI known as F- chart, requires collector
performance character1st1cs supp11ed by the manufacturer or obtained
by measurement Other system parameters included in the model are the

heat capacity of storage, effectiveness of heat exchanger between
collector and storage, and effectiveness of heat exchanger between
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stored hot water and room air. Fractions of monthly heating and
hot water demands supplied by solar were hand-calculated by formulas
and charts equivalent to the computer version known as F-Chart-3.
Rather than some other mathematical model, F-Chart was used
in the comparison because of its widespread adoption for sizing
solar heating systems and predicting their performance. It is a
convenient empiricé] equivalent of the more precise TRNSYS model
which has been well validated. Experimental results reported herein
may be used on a daily basis or monthly basis in comparisons with
other models. Instead of the long-term temperature and solar averages
normally employed in system desfgn work, actual measured monthly
average,ambient'temperatures'and solar radiation levels were used -
in the calculation of expected solar heat'de1ivery.
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8. ECONOMICS

The costs of experimental and prototype components are quite
different from those of the equiya]ént mass—prodUced versions. Moreover,
the‘added complexities of instrumention and one-of-a-kind designs 1in
experiméntal systems involve SubstantiaI]y higher Tnsta]]ation}costs.
Since there is no firm basis for meaningful projection of the cost of
future, mass-produced systems evaluated in this project, no estimates
are presented. '.
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9. DISCUSSION

9.1 COLLECTION ‘

The effect of cover glass transmittance on solar collection is
clearly illustrated by Figure 7-8C. The approximately eight percentage
ppint improvement in transmittance translates directly into almost the
same percentage point increase in midday system collection efficiehcy.
This effect may also be seen in Figures 7-5C and 7-6C where the points

for July 1 through 5, obtained before cover glass replacement, are

clearly below subsequent points.

Figure 7-8C shows maximum system collection efficiency with the
higher transmittance cover glass about 5 to 7 percentage points beiow
instantaneous steady state efficiencies based on collector test data
The difference is due mainly to about three to four percentage points
heat capacitance effect and to about three percentage points piping heat
loss. Measurements of energy collected are made at the storagevtahk and
thus include heat losses in the piping between collector and storage.
The capacitance effect is caused by storage of some of the collected
energy in the collector system, the temperature'of the entire collection
system progressively rising dur1ng the greater part of a typical day.
This effect, which can be calculated from the known heat capac1ty of the
collector system, was observed experlmentally during the testing of
cover glass transmittance. In this eXperiment, cold water from the main
was blended with supply water from storage to maintain an unchang1ng
collector inlet temperature over a sustained period. Measured system
collection efficiency was found to increase about four percentage points
in these tests.

- The effect of increased cover glass transmittance, while c]early
evident in the comparison of summer performance in 1978 and 1979, is

- not observed when efficiencies in the winter of 1978-79 (Figures 7-5H

and 7-6H) are compared with those of the 1979 summer (Figures 7-5C and
7-6C). It is speculated that sky temperature differences and 1nc1dence
angle effects may be responsible for a six to eight percentage point
superiority in winter performance. This issue is belng 1nvest1gated
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The low upward heat loss coefficient in a selective evacuated
collector is sometimes a disadvantage because of the slow rate of snow
melting and sliding. As the discussion in Section 7.5 indicates, col-
lection efficiencies were lowered two to eight points during the five
winter months in 1978-79. These effects can also be seen in
Figure 7-5H, where there are ten snow cover days with incident energy in
excess of 600 MJ. On four days, complete snow cover resulted in no
collection, and on six days, partial snow cover caused subnormal collection.

In comparisons with previous Solar House I collectors [9],
system collection performance in 1978-79 was substantially higher than
that of the system with site-built double glazed collectors, but
Tower than that of the system with the Corning evacuated tubular collector.
The latter represents what is felt to be the highest efficiencies practically
attainable in solar collectors. In a comparison of the experimental
House I collector with the single glazed selective, state-of-the-art,
flat plate collectors on Solar House III, Figure 7-12C shows the Philips
Mark IV:co]]éctor to have a performance advantage in summer operation.

The low rate of heat loss from the evacuated tubular collector,
evidenced by the Tow slope of the efficiency curve, results in greater
collection. If snow can be removed by some practical means, the dis-
cussion in Section 7.6 shows the Philips collector to have a slight
performance advantage in winter also. '

Electric power usage for collection is seen in Table 7-2 and 7-5
to be acceptably Tow solar heat delivery averaging about 17 times the
electricity used. Electric consumption for collection is thus about
6 percent of solar heat delivery. Table 7-5 shows that electricity
use for heat distribution to space heating and hot water is only 2
to 3% of total heat delivered to loads, and about 10% of heat supp]y
to cool1ng

9.2 STORAGE
The sectional 1nsu1ated container shown in Figure 3-6 represents

a significant 1mprovement in thermal storage tanks. Tank erection .
including placement of the linear was accomp11shed in four hours.
Although, the measured thermal resistance of 2.4 m -°C/w did not
equal the rated 6m2-°C/w, it is much higher than that of previous
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tanks. Their poor performance was due primarily to inferior insulation
on the tank walls, bottom, and top (see [9]). In the new tank, most

of the remaining heat losses are by conduction through thirteen
connecting pipes entering the top of the tank. The'Targe}vent pipe to
the outside, necessary in a nonpressurized system, was probably _

a major factor. Fewer connections would be needed in a non-experimental
installation. Heat and vapor losses from the vent will be studied and
measures will be taken to reduce them.

'Significant thermosyphoning was observed in some of the tank piping
circuits before check valves were installed. Tank losses would have
been about twice as great without check valves. Reduction of these '
comparatively small losses becomes important when a well insulated tank
offers the advantages of a very low loss system.

As 1bng as most losses occur in a timely way into a heated space,
heat loss reduction measubes may not pay for themselves. But in the
cooling season, when heat loss imposes additional demand, or when
heating is required only at intervals, heat loss reduction measures are
usually cost effective.

Temperature stratification manifolds (bafers)'shown in Figure 3-7
have performed very well. After installation of tempering (by-pass) valves
to regulate the temperature of hot water to the chiller, the average
difference in temperature between the top and bottom of the storage
tank durihg collection and use was about 12°C. Stratification increased
collection efficiency by about three'pgrcent. Stratification also
causes higher average temperature water to be supplied to the generator
resulting in higher chiller COP's. A higher generator supply temperature
results in increased chf1]er COP, greater uitlization of solar, and
reduced auxiliary energy'requirements.

9.3 HEATING v

The off—peak electric heat storage auxiliary did not require
daytime peak rate electricity at any time during the 1978-79 heating
season. This experience demonstrates that present and prospective
electricity pricing policies that would penalize solar can be suCcessfu]ly

“circumvented.
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One of the design faults in the present off-peak unit is a high heat
loss rate which averages about 25 percent of the total electric heat
stored. This loss was not a serious problem in this climate during most
of the heating season. It supplied part of the heating'requikements
of the house since, as can be seen in Table 7-1H, there was no
significant indoor temperature rise above thermostat settings while the
off-peak unit was in operation. In mild weather, however, this loss
effectively reduces the demand for solar heat and increases auxiliary
energy purchases. Means for decreasing the loss will be investigated.

Another design fault is the limited off-peak control capability
that results in lower solar uti]ization'and higher solar storage tempera-
tures. Conventional two-stage thermostat control (upper point actuating
solar supply, lower point adding, rather than substituting, auxiliary
supply) did not function satisfactorily, so it was necessary to rely
on the off-peak unit to supply heat whenever the solar storage tank
fell below 25°C, whether or not such a solar supply temperature could
satisfy space heating requirements. In mild weather, electric heat was
therefore sometimes used when solar heat would have been adequate.

An advantage of the series-booster design where solar preheating and
auxiliary boosting is used, is the effective utilization of solar heat at
Tower temperatures than in a parallel system. With lower average storage
temperatures, collection efficiency is increased. Improvements in
control system design are therefore planned. Leakage through dampers
when off-peak heat is not being used can also have the same deleterious
effect on average solar storage temperature and will therefore be
investigated. '

Along with improved control schemes to apportion heat from the off-
peak unit more advantageously, better control in charging the unit is
desirable. Also needed is two-stage thermostat control, with automatic
by-passing of the entire dff—peak unit when only the first stage is
actuated. Second stage operation should then continue solar supply to
the coil and auxiliary boosting in the off-peak unit. Microcomputer-

-based:approachesvby'which ambient-tempekatures are predicted and the

charging of the unit accordingly adjusted are being developed for
implementation next heating season.
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9.4 CQOLING
Heat losses from storage have decreased subistantially since the
installation of the Ba11y‘tank. Figure 7-1H and 7-1C show the losses
to be nearly the same fraction of the energy input to the tank. When
average storage temperatures shown in Figures 7-2H and 7-2C are combared
with indoor temperatures of about 21°C in winter and 25°C in summer, it
1s seen that the temperature difference between tank contents and the
room is about 2.5 times as great in the summer as in the winter. Summer
heat Toss would therefore have been about 14000 MJ rather than 5611 MJ
1f the old tank had not been replaced. The effect on cooling demand would
have been almost a doubling of the 13,437 MJ cooling actual]y'required.
These high cooling requirements and storage losses had prewiously been
encountered as can be seen in the 1977-78 Solar House I report [9].
Figure 7-4C shows that COP's for both auxiliary and solar chiller
operation during 1979, though higher than the 0.4 levels in 1978, did
not reach the 0.6 values usually measured in 1977. The most Tikely
reason for Tower COP is a decreased rate of air flow through the duct
coil through which chilled water is circulated. At the Towered heat
transfer rate, "overfiring" of the chiller can occur with decreased COP.
(Air flow rates were subsequently increased and performance improvement
was observed). Other means for increasing COP's are being investigated.
A manual tempering valve and later an automatic tempering valve
were installed in the hot water pipe to the generator so that supply
temperature could be limited to 80°C and overfiring avoided. Figure 3-10
shows maximum COP levels are realized by breventing higher generator
supply temperatures. By use of a tempering valve, solar cooling can be
provided fok greater portions:of the day, less auxiliary heat is required,
and increased collector efficiency is obtained by improved storage '

- temperature stratification that results from lower flow rate from tank

to chiller. A previous.conc]usion,'[9] that the cost of a tempering
valve could not be justified by the benefits, was not based on a system
having stratification enhancement. It is now concluded that such a
valve is cost effective fob the chiller characteristic shown in Figuré
3-10.



138

Although thermal COP values are acceptable both with solar supply
and auxiliary supply, and overall conversion of solar radiation to
cooling is satisfactory, Table 7-5 shows that electric energy usage for
cooling is excessive. .Paraéitic power consumption, particularly for
supply and~reject16n of heat to and from the chiller approaches electric
requirements for conventional vapor-compression air conditioning.

9.5 HOT WATER

Figures 7-1H and 7-1C show that about 25 percent more solar hot
water was obtained in .the summer when the system design corresponded
to that in Figure 1-2C rather than in the winter design shown in
Figure 1-2H. No conclusions as to design preférence can be drawn
from these results because other factors were not comparable. Summer
operation is at higher temperature levels, so a greater hot water fraction
should be possible. ' In winter operation, the heating coil bypass was not
used, thus‘limiting hot water heating to periods in which space heating
was also required. Finally, the total hot water demands were not
comparable. Differences in performance of these systems are being
studied by simulation methods.

9.6 INSTRUMENTATION AND DATA COLLECTION
In the 1978-79 heating season, there was no instrumentation for

measurement of air flow and air temperature rise through the off peak
auxiliary unit. It had previously been concluded that recorded core
temperature changes could be used to calculate the hourly energy

supplied to the air stream. It was subsequently found that this calculation
was inaccurate for periods shorter than one day. There was some

uncertaihty even in thé daily estimate, one day's energy addition perhaps
being understated and the next overstated. Instrumentation for measuring
energy received by the air stream has been ordered for the 1979-80

heating season.

9.7 COMPARISON WITH MODEL

Comparison of measured and computed fractions of the monthly heat
requirements supplied by solar energy shows that the model overstates
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the performance of the system with the Philips collector. Differences
of 10 to 17 percentage points in the Toad fraction carried by solar may
‘be observed. The seasonal heating fraction actually-supplfed by solar
was 13 percentage points below the computer estimate. This difference
is equivalent to overpredicting the seasonal solar heat supply by 30
percent. ‘ S

The model itself probably does not closely conform to the system
because the collector loss parameter values are not within the stated
range of model validity. How c]bse]y the model resembles actual system
operetioh is also a question. Fbr.exémp1e, show .cover contributed to
thé differences and heat loss from the off-peak electric auxi]iany
heater into the building reduced the need for, and use of, solar heat.
Although the rough agreement of the model may be adequate for sizing
solar heating systems in individual residences, more detailed methods
are required for guiding the design of larger commercial systems. The
results of this comparison do not provide a basis for judging the
va]idity of the model or the quality of the experimental results.
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10. CONCLUSIONS AND RECOMMENDATIONS

10.7 CLASSIFICATION .

The conclusions are divided into three categories. The first,
Definitive Findings, includes conclusions which are broadly based on
important results of the investigation. These majorlpoihts are derived -
both from the quantitative measurements and from practical observations.

The second category comprises conclusions on the quantitative
perfokmanee of systems deveioped durihg the period ¢overed by this
report and comparisons with other systems and with performance models.
The third category includes conclusions on various top1cs not covered in
the previous two groups. o

10.2 DEFINITIVE FINDINGS

0 Solar Cooling Improvement
Although solar cooling delivered by the Ph111ps Mark IV
experimental collector, Arkla -WF36 chiller, and well-
insulated stratified storage was not as high as. that attained
with the system-emp]oying the Corning evacuated tube collector

- in 1977, the fraction of the total cooling demand met by solar:

was higher, actualiy above 75%, in every month of the 1979
summer.: This major increase -in load fraction carried by solar
was due pr1mar11y to the decreased total cooling demand
resu1t1ng from substantial reduction in heat losses from
storage

0 E11m1nat1on of Peak—Load Problem with Electric Aux111any Heat

' A ser1ous obstac]e to use of electric aux111ary heat with so]ar
heating. systems has been effectively removed by successfu]
combination and use of an off-peak electric storage unit with

the solar heating system Although 1mprovements in the commercial

off-peak unit are needed to maximize its benefits, operation
of the system'through an entire winter was aehieved without
once requiring electric back-up during daytime (peak) hours.
This result is demonstrable proof that electric auxiliary for
solar heating does not need to be a problem for the public
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ut111t1es and that, on the contrary, system benefits can be
A‘obta1ned Closer control and better therma1 des1gn will

eénhance these benefits. ;o v :
Doub11ng of Loqg-Term Solar Heat De11verx,per Un1t Co]]ector Area
A doub11ng of typical useful solar heat de11very over extended
per1ods has ‘been achieved by use of evacuated tube collectors
"Fine tun1ng" of the solar heat1ng and coo]1ng system has

' _ resu]ted in an annual solar co]]ect1on and utilization as high

as 2100 M3/m® (approx. 200,000 Btu/ft). This total is

"be11eved to be the h1ghest attained in any so]ar heat1ng and

cool1ng system supp1y1ng as much as two-th1rds of the annual

enerqy requ1rements of a building," a]though comparable

- deliveries have been reported for systems in which smaller

“Joad fractions were met by solar. : B ‘
Cost-Effective Solution to Heat Losses from Storage '

A "breakthough" in solar heat storage can now be asserted as a
result of prov1d1ng in a solar heating and cool1ng system a
greatly improved sectionalized container for hot water storage.
In addition to installation economies achieved by modular design,
" measurements show that -heat loss from storage at about 75°C
“ was reduced from over 100 MJ/day dissipated from the site- .
" insulated tank into a we11_1nsulated equipment room to less
than 60 MJ/day from the new tank into'an area open to the
entire living space ‘Since the R- 34'(engineering units)
1nsu1at1on of the container permits a conduct1on loss
. of on]y 15 MJ/day at this temperature, further reductions
requ1re control of vapor loss, conduction through piping,
and thermos1phon circulation.

Successful Temperature Strat1f1cat1on in Heat Storage Un1t

Outstandjng benefits are being realized by use of a system for
obtaining effective temperature stratification in liquid solar
storage. 'By hse of specially designed berforated feeder and

= dellvery conduits submerged in the tank, consistent tempera-
ture d1fferences of 7°C are obtained ‘between the bottom and
top of the tank. -Under best conditions, differences greater
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than 10°C prevail Improvement of soiar col]ection efficiency
and higher temperatures in the supply to use (particuiarly
1mportant for absorption air conditioner operation) are
advantageous. . ' '

Continuity of System Operation and Data Procurement

The system was operated during the. 12-month period near]y
continuously On only one day out of 396 days did the

_heating, cooling, or hot water system fail to supply sufficient

solar and/or auxiliary heat to meet the full demand The.
continuity of operation was 1ntent1onaiiy interrupted several
times for system modification, 1nsta11at10n of measuring
sensors, and the like. Data acquisition was also satis-
factory, oniy 35 days out of a total of 274 operating days
requ1r1ng omission from ca]cuiation because of 1ncompiete data
or system shut- down.

.10.3 QUANTITATIVE COMPARISONS

0

Solar Collection Eff1c1engy ’ ,
Of 5154 MJ solar energy. received per square meter of coilector
aperture during the 10-months of operation, 1645 MJ were
collected and delivered-to use in the building. . Of 2905 M
incident solar radiation during the heating season, from
October 1, 1978, to March 14, 1979 30%, equivalent to 868 MJ,

‘were collected for use. . During 109 days in summer. and fa11
2249 MJ of so]ar radiation were received per square meter,

of which 777 MJ, or 35% were collected for cooling and hot
water use.v-
Solar and Auxiliary Utiiization

Of 61481 MJ total space heating demands between October 1,

' 1978 and March 14, 1979, 50%, equivalent to 30911 W ‘were supplied

by solar energy. For cooling, between July 1 and October 17,.
1979, 23194 MJ, equivalent to 79 percent of the total 29183 M)

. energy supp]y for cooling, were supplied by solar. Nhen

cooling with solar energy, the average coeffic1ent of performance
was 0.45. Total cooling suppiied was 13437 MJ, of which 77%
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were from solar. During the 10 months of operation, the energy
required for water heating was 12169 MJ, of which 5378 MJ, or
44% were supplied by solar.
, E]ectric Energy Consumption
Electricity usage ("parasitic power") for collection of
solar energy was acceptably low, averaging 6% of heat
~ collected and used.  Electricity for distribution of solar
" and auxiliary heat to space heating, hot water, and cooling
equipment was only 2 to 3% of the total loads, but power
requirements of the chiller and accessories were over 10% ‘
of heat supply to the cooling system. Low electric COP,
(total cooling supplied per unit of electric energy . ‘
used for collection, distribution, and chiller operation)
l

in the 2.6 to 3.4 range is a severe system penalty.
Performance Comparisons -

Although not as high as the solar energy delivery by the
system supplied with solar heat from the Corning evacuated
tube collector, (1977), the system in which the Ph1]1ps
collectors were used provided substantially more energy than
did the site-built flat plate collector and associated components
in CSU Solar House I. For space heating and water heating,
average solar collection efficiency based on the flat absorber
plate area in the site-built collectors Qas 18%, whereas the
corresponding figure for the Philips evacuated tube collectors
based on aperture area is 30%. Efficiency of heat delivery
from the site-built, flat plate collector for cooling and hot
water supply was about 17%, whereas the efficiency with the
Philips évacuated tube system for the same service (but in
different years) was about 35%. -

Relative Performance of Three Solar Heating Systems

Comparisons Qf'solar COllection‘for space heating show that
‘the system with the Philips collector supplied an average of
5.26 MJ per m2 «day at 30% eff1C1ency, the system with site-
built flat- plate collector prOV1ded 2.89 MJ per mzvday at an
efficiency of 18%, and the system with the Corning collector
supplied 7.92 MJ per mz-day at an efficiency of 56%.
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For coo11ng and summer hot water supp1y, the present system
output of 7.12 MJ/m day corresponding to 35% efficiency, is
much higher than the output of the system with site-built
flat-plate collectors, which averaged'3.13‘MJ/m2-d9y at an
efficiency of 17%, but is less than the output of the previously
evaluated evacuated tube system produbing 9.98 MJ/mz-day'at
52% efficiency. v

Comparison of Three Heat1ngﬁ$ystems in Simultaneous Operation
Comparison of heating performance of the evacuated tube
collector system in CSU Solar House I, the SQlar air system
in CSU House TI, and the flat-plate solar liquid system in
CSU Solar House III, all operating during the same period of
time and under the same solar and environmental conditions
shows that 5.60, 5.94, and 5.91'MJ/m2-day were the average
values in CSU Solar Houses I, II, and III respectively.
Corresponding solar collector efficiencies are 31.5%,

34.6%, and 34.2%. ' '

Qperat1on'of Two sttems

Solar heat delivered in August, 1979, to simultaneous cooling
operations in CSU Solar Houses I and IIT was 4.2 and 4.1 MJ/
mzoday, respectively. In this 11mited comparison, the solar
cooling system with flat plate collectors in House III and

the system with the evacuated tube collectors in House I
performed equally well. |

Comparison of Performance and Mode]s _

Comparison of measured solar heat1ng performance with values
computed by an F-chart model shows monthly differences of

10 to 17 pércentage points. Seasonal performance_comparisons
show that the F-chart model overstates. the solar fraction of
total heat supply for space heating and hot water by 30%; that
is, 43% of the load was .actually met by solar, whereas 56%

is computed by P-chart based on the weather and solar conditions
that prevailed from November 1 through February 28. It is
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concluded that the F~chart model does not satisfactorily

' represent theiperformance of this system, even though‘it was

operated and controlled by procedures which should have
max1mized its heat output. '

10.4 MISCELLANEOUS CONCLUSIONS

0

Consistent Cooling Operation
- Dependability of the solar cooling system was substantially
- improved over that achieved in previous years. On only

3 days out of a 109-day cooling season was operation

Tnterrupted by system faults.

Diagnpstic Data Prggram ' ‘

The use of a»diagnbstic program associated with on-line ‘
1

cpntinuous system monitoring permitted immediate

: recogn1t1on of operational and data logging faults

and the1r prompt correct1on Without such capability,

as in previous years, fau1ts could have gone undetected for
periods as long as 3 weeks.

Locat1on and’ 0perat1on of Water Heating Coil

Operation of the service water heat exchanger

1ndependent1y of the space heating and cooling

operations resu]ted in an increase in solar water heat1ng
from an average of 17.7 MJ/day tq»27.6 MJ/day., The magnitude

of the increase is affected, however, by the difference in

weather and-splar operationvunder,winter and summer conditions.
It is concluded that the loss in solar water heating capability
resu1t1ng from use of the serv1ce water exchanger and the
space heat1ng exchanger in series is too great to justify the
saving of a small circulating pump for the service hot water

in the para11e1 system. A1though not tested, operat1on of the

‘series system with a capability for water heating even when

space'heating s not required does not appear to offer
S1gn1f1cant advantage over the system 1nVOIV1ng the two heat
exchangers in separate 1oops.
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Hail Res1stance

On July 30, 1979, an intense ha11storm passed through Fort

Co111ns, causing property damage of approx1mate1y $50 m111ion.

,Among 11 solar heating systems in the path of hail ‘stones as

large as 10 cm (3.5 incﬁes) the flat p]ate and’ evacuated

tube co]1ectors at CSU Solar House I were undamaged There

was no damage to any of the five collectors in the CSU Solar
thlage ‘and’ of nearly 1000 co]]ectors in the hail path, only

1 cover glasses were broken.” It is concluded that the risk of
ha11 damage to: col]ectors with tempered glass covers 1s neglig1b1e.
Overall Evaluation ' 2 5

Solar heat1ng, coo]1ng and hot water systems deve]oped

. and evaluated in the 1978-79 year provided highly

re11ab1e performance data and operational exper1ence
Although the solar collectors did not prove to be a. .

_s1gn1f1cant improvement over other types, the performance

over that of previous configurations. Data rel1ab1]ity
and system'performance provide criteria against which.
commercial systems in practica1 residential app]ications
can be compared. | | |
Further Evaluations

Although systen re11ab111ty and performance were 1mproved
in 1978- .79, further improvements are clearly poss1b1e
and desirable. The cost of solar heat can be further
reduced by application of improVed'equipment'and its
integration into-effective systems and its closely -
controlled operation. Evaluation of -newly developed
components in well functioning integrated systems
eontrolled to maximize so1ar’de15very”and utilization

is critically needed.
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DATA COMMENTS

DATE ' ' . COMMENT

General-November Auxiliary energy from TPI furnace. QPG entered manually for each day of the month. HLOM
' was adjusted accordingly. QSHWS was corrected manually to properly account for losses from
: preheat tank. . '
11 15-16 78  Qu corrected manually.

General-December Auxiliary energy from TPI furnace, QPCG, entered manually for each day of the month. HLOM
was adjusted accordingly. QSHWS was corrected manually to properly account for losses from
preheat tank.

12 1,4,5,14, Load flowmeter integrator suspect due to noise problem. QPCS and QSOLAR manually corrected
15,17,20, to enforce an energy balance. i
21,22,24, :
25,27 78

12 20,24,26 78 Pyranometer|integrator error, Solar House III values taken for $45. S450 taken as fraction
’ of S45 indicated by original data. ’ _
12 26,29 78 TOD/and HLDDD error, manually adjusted.

General-January Auxiliary energy from TPI furnace, QPCG, entered manually for each day of the month. HLDM
was adjusted accordingly. Single measurements available for the following periods; 1-2,
6-9, 17-24, 25-31. Daily auxiliary emergy was apportioned based on degree day heating load
for these periods. Insolation values suspect due to pyranometerintegrator error, average
of Solar House Il and III values were used for 545 for each day of the month. $450 was
taken as fraction of S45 indicated by original data. QSHWS was corrected manualily to
properly account for losses from preheat tank.

01 10,11,12, Load flowmeter integrator suspect due to noise problem. QPCS and QSOLAR manually corrected
13,14,16, .to enforce an energy balance. ‘ o
27 79 - ' . e .

01 15 79 Day omitted due to unreconciled energy balance discrepancy.

01 31 79 Day omitted; invalid data due to collector testing.’

General-February Auxiliary energy from TPI furnace, QPCG, entered manually for each day of the month. HLDM
was adjusted accordingly. Insolation values suspect due to pyranometer integrator error;
the average of Solar House II and III values were used for S45. 5450 was taken as the
fraction of S45 indicated by original data. QSHWS was corrected manually to properly
account for losses from preheat tank.

02 1 79 Day omitted; invalid data due to collector testing. )

02 2 79 Discrepancy between QSTR and QU between hours 8 and 11 AM. Manual correction applied to QU.
02 9,10 79 Partial days due to power failure and subsequent Doric problems.
-02 11-14 79 Days omitted due to suspect data logging system.

02 21,22 79 Days omitted due; unreconciled energy balance.

02 23-28 79 QPH, QSHWS, QPCS, QSOLAR all include correction for load flowmeter integrator noise.
General-March QSHWS was corrected manually to properly account for losses from preheat tank.

03 15 79 Switched to outside storage tank to begin stratified storage experiments.

General-July . Collector and load loop piping was progressively insulated throughout the. first half at

the month.. No corrections were made for higher heat losses during first half of the month
so actual storage losses appear much greater than estimated storage losses. QPH is much
greater than QSHWS during first several days because it is being charged from an initial
temperature of 10°C. . )

07 1,2,5,13, Corrections were made for the problems encountered throughout the month in measuring QPH.
19,26,27, ’ : ’ i
28,29,30° 79

08 79 No'significant data problems were noted.

09 79 No significant data problems wefe noted.

10 79  No significant data problems were noted.




153

APPENDIX B

TABULATED MONTHLY PERFORMANCE OF THE SOLAR HEATING
COOLING, AND HOT WATER SYSTEMS
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Daily Averaéés and EXtrapo]ated MbnthTy Totals,

November 1978
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Daiiy.Averages and Extrapolétéd Month]
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CcSU SONLAR HOUSE I
JANUARY.

Daily Averages and Extrapolated Monthly Totals,
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March 1979

CSU SOLAR HOUSE T

DAILY AVERAGES AND EXTRAPOLATED MONTHLY TOTALS

MARCH 1979

DAYS 0F DATA
AVERAGE DAILY ENKRGY FLUX (PPR S0.M)

TOTAL
AL

TNCIDENT SOLAR OM 44,7 SO, M APERT

URE
INCINFNT SOLAR ON 54.2 50.M COLLECTOR

INCTDENT SOLAR °PON° (APERTURE ARKA}
INCIDFNT SOLAR 'ON' (COLLECTOR AREA)

SULAR

ENERGY COLLFCTED

NET STORAGE FNERGY GALIN DURING DATA GAPS.
APPARENT FNERGY DELIVERED. TN STNRAGE

NET STORAGE FNERGY GAIN FOR MON'TH
Cn!LhPTION‘EFFIClENCY'(rfTAL INCIDENT=APE
COLLECTION 'EFFICIENCY (TOTAL INCIDENT=COL
COLLECTION EFFJCIENCY (INCIDENT 'ON' =APE
COLLECTION EFFICIENCY (TwCIDENT fON' COL
SPACE HEATING LNAD (COIL)

SPACE HEATING RY SOLAR (CNIL)

SOLAR SPACF HEATING (COIL) FRACTION

SOLAR ENERGY LOST FROM STNRAGE

USEFBL SOLAR KNERGY LOST FROM STORAGE
TOTAlL, SPACE HFATING LOAD

TOTAL SNLAR SPACE HEATING

TOTAIL SOLAR SPACFE HEATING FRACTION-

SPACE COOLING [LOAD

SOLAR SPACE COOLING !
SOLAR SPACE CONLING FRACTION

TOTAL COOLING SUPPLILIED

SOLAR CNOLING SUPPLIED

SOLAR FRACTION OF COOLING SUPPLIED

SOLAR ENERGY DELIVERED TO PREHEAT TANK
TOTAL FNFERGY T SERVICE HO%W WATER

SOLAR ENERGY TO SFRVICE HOT WATER

SOLAR HOT WATER FRACTION :

TOTAT, LORD

TOTAL. LOAD BY SNLAR

SOLAR TOTAL FRACTION

Fxcn

MONTHLY
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SJILAR HIUSE |
Juny 1979

Su
DAILY AVERAGES AND EXTRAPJLQ[ED»WJN?H&Y TOLALS

~

Daily Averages and Extrapolate

July 1979

Table B-1C.
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SU SILAK
DAILY AVERAGES AND EKTRA?JLAFED MINTHLY TOFALS

~

Daily Averages and Extrapolated Monthly Totals,

August 1979

Table B-2C.
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Table B-3C. Daily Averages and Extrapo]ated'Month1y Totals,
C September 1979

CS11 SOLAR

"DAILY AVERAGES AND EXTRAPOLATED MOMNTHLY TOTALS

SEPTEMBER 1979

DAYS O DATA
AVRERAGE DAILY ENKERGY FLUX (PER

TOTAL INCEINENT SOLAR ON 44,7 SO, M
TOTAL INCIDENT SOLAR ON 54,2 50,M COLLECTOR AREA
INCIDENT SOGLAR *ON' (APERTURE AREA)
INCIDENT SOLAR 'ON® (COLLECTOR ARFA)

SOLAR ENERGY COLLECTED
. NET STOPAgH ENFRGY GALIN DURING
s B APPARFNT NE

COLLECTION EFFICIENCY (TOTAL INC
COLLKCTION EFFICIENCY (TDTAL, INC

: COLLECTION EPPICIFICY (INCINDENT

i COLLECTION EFFICIENCY (INCID FNT

. SPACE HEATING 1,0A0 (CNIL)

i SPACE HEATING BY SOLAR (CO1L)

N SOLAR SPACE HEATING (CUOIL) FRACTIOHNH
SOLAR FNERGY LOST FROM STURAG
USKFUL SOLAR ENERGY LOS3T PRUM STORAGE
TOTAL SPACE HEATING LOAD
TOTAL SOLAR SPACE HEATTNG
TOTAL SOLAR SPACE HEATING FRACTION

SPACE COOLING LOAD
SULAR SPACE COOLING
SOLAR SPACF COULING FRACTION

TOTAL COOLING SUPPLIED
SOLAR CNOLING SUPPLIED

SOLAR FRACTION NF CON{LING SUPPLIED

SOLAR KMNERGY DELIVERED TO PREHFAT TANK
RGY TN SKERVICE HOT WATFR
ENERGY Ti) SERVICE HOT WATER

TOTAL FN
SOLAR E
SOLAR HOT WATFR FRACTIUN

TOTAL LOAD
TOTAL LOAD BY SOLAR
SOLAR TOTAL FRACTION

FRGY DELIVERED TO STORAGE
‘NET STDRAGE FENFERGY GAIN FOR MOMTH

FHbLtCTOP)
=APERTURE)
-COLLECTOR)

-
« ON

MOMTHIY
TOTALS

- = DION
N
fa

« o e

Doy T~ N NND

¢ e 0
SO WD
oo o0
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Table B-4C. Daily Averages and Extrapolated Monthly Totals,
October 1979

CSU SOLAR HOUSE I
DAILY AVERAGES AND KXTRAPOLATED MONTHLY TOTALS
OCTNRBER 1979
MONTHLY DAILY

v ' TOTALS AVERAGES
DAYS OF DATA 17 117
AVERACE DAILY ENERGY FLUX (PER S0,.,M) 20,4 20,4
TOTAIL NC]DENT SULAR NN 44,7 SO .M APERTURE ARFA 155135, 913,R
TOTAL INCIDENT SULAR UW 54.2 SO.M CULLECTUR AREM 1BH37. 1108,.1
INCIDENT SULAR *0ON' (APERTURFE ARFA) 12624, 742.6
INCIDENT SOLAR ®ON' (COLLECTOR AREAY 15307, 900,4
SOLAR ENFRGY COLLECTED 5445, 320,3
NET STORAGEK ENERGY GAIN DURING DATA GAPS -0, -
APPARENT ENERGY DELIVERED 10 STORAGE 5445, 320,3
NET STORAGE ENFRGY GALN FOR MONTH =45, =2.6
COLLECTION EFF{CIENCY (TUTAL INCIDENT~APFRTURE) s 350 » 350
COLLECTION FFEFECTENCY (TOTAL [NCIDEHT=COLLECTOR) . 289 289
COLLECTION EFFICLFANCY C(INCIDENT 'ON' <APERTURE) <431 431
COLLECTION FFFICIENCY (INCIDENT 'ON' «COLLECTOR) - 350 356
SPACE HEATING LOAD (CNIL) 0, 0,0
SPACF. HEATING BY SOLAR (COT1L) 0, 0.0
SOLAR SPACE HEATING (COLL) FRACTION 0,000 0,900
SOLAR ENERGY LOST FROM STORAGE 1006, 59,2
USEFUL, SOLAR ENRRGY LOST FRUZ STORAGE : 0, 0,0
TOTAL SPACE HEATING L1AD 0o Q.0
TOTAL SOLAR SPACF HEATING 0, : 0,0
TNTAL SOLAR SPACF HEATING FRACTION 0,000 0,000
SPACE COOLING LOAD 43LR, 254,0
SOLAR SPACE COQUING !th. 233.3
SOLAR SPACE CONLING FRACTION AR «91R
TOTAL COOLING SUPPLIED 2103, 123,7
SULAR CONLING SUPPLIED 1933, 113,7
SOLAR FRACTION OF COOLING SUPPLIFD « 919 .919
SOLAR ENERGY DELIVERED TO PRFHFAT TANK 714, 41,8
TOTAL ENFRGY TO SERVICE HOT WATE 6Th, 39,8
SOLAR ENERGY TO SERVICE HOT HAThR 469, 27,6
SOLAR HUT WATER FRACTION .h94 .594
TOTAL LOAD 4995, 293.8
TOTAL LOAD BY SOLAR 4436, 260,9
SRHHA -HRH

SOLAR TOTAL FRACTION
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APPENDIX C

Tabulated Daily Performance of the Solar Heating,
Cooling, and Hot Water Systems
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Table C-1H.

228,14
164.9
226.3
182,8
684.0

120.6

8,8

760.5

530,.8

449,3

C 414.4

204.8
377.1
4351
379.7
380.9
375.3
" 487.5
377.6

283,99

1975,
353.8
10814,

10 gsiz tgad
DAY SPACE  SPACI Har
TR A
NG
1 215,9 D.0 12.2
c 2 158.0 0.9 1v.Y
3 21s.6 2.9 9.7
& 175.0 0;0 7.8
5 §60.4 0.0 23.2
6
7
8 111.1 0.9 9.5
3 2.0 0.0 ®.8
1o '
11t
12
13 710.7 0. ay. 4
14 507.3 0.2 23.5
15
16
17
18
19
20 433.3 0.0  16.0
21 402.3 0.0 14.6
22 16l.1 0.0 37.1
23 344,56 0.9 32.5
26 4lb.b 0.0  18.5
.25 387,10 0.0 .12.5
26 367.1 0.0 13.2
27 340.9 0.0 34.4
W 466.5 0.0 21.
29 341.5 0.3 .
.30 27443 0.0 9.6
rITAL 6684, d. 392,
“DATLY 334.2 0.3 19,6
T NINIH 10025, Je 588,
Ak DALA I8 $EiALIULES |

CSU Solar House I System Performance for Month of November, 1978

----------- ceeeS AR KIEAGT NS Daerrercmeneacaa
‘Mc Qepac, - Qell, " QeD4E_ 0240 Q313 @61z
e T e T £
ING Malz) ING

115,90 100,9  215.9 114.3 0.0 5.0 22u,9
J.2 14,4 1bd¥,v 127.3 [V 3.4 161.4
25,1 131.5 216.b 139.1 0.0 2.6 219.2
18,0 157,0° 175.0 127.3 0.0 .9 175.9
563.5. 7.3 b60.8 85,5 0.0 16,8 577,86
.6 #5.0  B6.6 106.} 0. .9 81.5
20,0 11,0 .0 105.14 V. 0.0 0.0
1.7 k1.7 T3.4  23.5 L0 38,5 117.9
233.9 9.5 243.4  @3.7 9.0 13,5 256,9
110,0 - =57.9 42,1 =6,5 0.0 4,4 46,5
27.7 =21.5 . b.2- =5.3 0.0 0.0 . 5.2
106.0 =48.1 - 57,y 6.9 .0 25,6 83.5.
T162.2 28,9 191.1 26,1 22,3 213.4
222:3 32,5 254.8 21,7 . 9.0 263.8
143.9: =25.2 11K.6 6.1 w0 2,6 121.2

- 74,0 LT T4l -7 . 2.8 . 71.5
117,65 17,9 135.4  18.3 . 23,5 158.9
1202.3  38.6 2au.8 5.1 . 9.0 249.8
129,86 24,7 174.3 - 29.5 . 17,9 192.2
134.1. 45,07 179.1 - 36.1 . 5.2 184.3
2450, 331, 3311, - 1000, . - 204, 3515,
122.5 46,6 165.% 50,0 0,0 10,2 175,7

3676 1397, 1500, 0. 306,

¢ ANSED UV 54.2 3).% COLLECTIR AREA

1906,

3272,

G S R
H5A1- 2O0LE  whTER
ING NG HEA[=
ING
0.0 0.u 7.2 7.2
0.0 u.0 7.5 1.5
0.0 v.u 7.1 7.1
0.0 0.0 6.9 6.9
0.0 V.U 6.4 6.9
. 24.4 .6 33.0
0.0 0.0 .8 8.8
630.4 . 11,3 641,/
260.6 L0 10,0 270,86
390.2 o. 11.6 401.3
396.4 0. 11.6 - 408,90
108.4 . 11.5 11909
150.8 . 10.2 - 161,0
158.6 . 9.5 16d,1
246.8 . 10.0  250.8
293.1 . 10.4 303,95
203.8 0 10,9 2147
1223,0 L0 12.0 235,0
171.5 WU 12,2 183,7
93,1 L0 4.4 91,5
3351, 0. 188. 3539,
167.6 0.0 -.9.4 177.0
5027, 282. 5309,

.7140
0,000

«112
480

<097
.u15
“.3de
555
612
.323
.203.
.397
.516
.501
553
.495
.495
.495

Siual FRAZEE)D
SR
S0JL-  WATSR
i HeAal=

ING
D030 .410
V.Ul J312
V. U0V .258
0,000 .115
[ TRIT) <749
0.0vy L0395
O.udu 0,000

C 0,000 113
2.000 .574
0.000. ,275
0.020 0,000
J.000 630
2.090 V.bda

- D.UDY 486
0.030 206
0.0V .212
2.000 " ,683
0.090 <429
D.uv0- . 5935
0.v00 .543
0,000 . .520
Q.00 «520
0.000 .520

91
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Table C-1H {continued)

'N"G‘b?" sooé,thsdoth Pt 'H)l?RMf\ »]60--- -’Z'Qéi(l)é.l&? P VUR‘N%’;{)Z‘;B
Al TGS
[ r

[
DAY TIULAL  FULAL  SULAR® Sr I AVEeRAGE 1Al "JI K
SOLARE ABEN  DELIVe EFFLC= DUTPUT WIPUF F1)d 3Y
SOLLECTe ERED  LENCY SULAR
ING
i o¥BHB 955,22 BOY.,2 210,3 2720 0.0 0,0 0,009 3.1
2 L9586 1315.1 L1113.,5 299,3  .224 D0 Vel 0,009 3.3
3 L9099 5212.0 1021.8 281,3 232 0.0 U.U 0,029 1.8
[ J9b4  ¥15.2 60Y.3 139Y,2 192 o0 V.0 0,040 3.5
5 o991 672.1 451.9 140,0 208 0,0 V.0 0,03 Bel
6
7
8 .726 700,6 395.5 107.7  .154 3.0 0.0 D.0U0 3.4
3 0,000 H25%.9 509,7 135,7  .164 9.0 0.0 0,029 3.1
10
11
12 ]
13 155 1366.6 1290.0 476.9  .349 0,0 V.U 0,007 bl
14 e84 32,6 3.6 T =4 =.U13 0.0 0.0 0,000 9.0
15 ’ \
16
17
18
19 \ .
20 L104 54,2 0.0, 0.0 0.000 0.0 | v.0 0,099 13.1
21,015 6US.T 8.1 o1 L0000 0,0 Ue0 0,029 1.3
22 408 892.3 J4v.y 246,7  .27b 0.0 0,0 0.00) lol
23 .566 1342.8 1175.5 436,49  .330 2.0 0.0 0,00 9.0
24,606 537.0 290.9  vi1,4 (170 3.0 V.U 0,007 4.2
és +31Y B7.2 [\t 0,0 V. L0Y 2.0 0.0 0,000 E
26 L,203 392.3 244.3  59.5  .152 0.0 0.0 D.000 11,0
27 . .424 1233.3 1153.5 3Iv1.9 318 0.0 0.0 0.0 7.5
28 .513 533.3 446,83 131,0  ,245 0.0 0.0 0,007 9.5
29 <209 924,22 B834.7 326,5 .353 3.0 D.0 0,007 7.2
30,649 9Y9.0 904.> 339.3  .33b 3.0 V.0 0,000 Bo2
TIPAL 497 15576, 12005, 3809, <245 0.0 G0 0,000 144,6 p
DALLY. 437 778.8  600.2 190.5  .245 0.0 0.0 0.0039 7.2 .

GINEH ~437 23369, 18007, 5713, <245 0.0 V00 0,000 216.9

ALL DATA IN MEGAJOULES
- *BASED ON 54.2 SQ.M COLLECTOR AREA

- e U o S U U
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W N DN e W N -

£

10
1t
12
13
11
15
16
17
13
19
20
21
27
23
24
25
24
27
FA]
23
30
3
Tiral
BATLY
wINY

anLt,

& BASED U4 4.

D e L A 4
BlP g8z,
EH
310.5 n,n
IRy, 2 0.7
1114 [
402,.1 0.9
63,2 0.0
461,90 0.9
434,.3 n.0
512.9 n.o
591.5 0.9
600,94 n,0
381,b 1.9
317.4 n,o
135,7 0.9
400.5 0,0
393.> 2.0
bi2.§ 0.0
527.1 n.7
342,3 n,9
281,5 e
470, n.0
441.> 0.0
336.3 0.0
209,37 0.9
1h7,.7 n.n
137.2 n.n
424,.8 [ ]
76y, 6 0.9
493,39 n,o
3Y1.3 n.n
536.5 0.7
517.8 0.0
13191, J.
425.5 n.1
13191, e
JATA N 3

Table C-2H.

REINI FPeemwa
F R
e

31,2 341,7
wol 496 .9
2. 474.0

17.2 419,13

11.3 274.5

T9.3 540.9%

173.5 K57,9
44,3 K>17,2
3Iv.3 A27.8

31,2 632.1

4.5 426,2

43,1 3605

37.3 473,6

3u.t 437,.2

R3.2 416,17

35.8 644,3
7.1 534,2
4.3 3466

hO.2 342,0

R2.5 553.4

A5, 0 S26,.5

79.1 417,41

hbo2z 275,95

90,1 263.8

fo,9  204,1

71,5 5S00,3

$7.6 R27.1

B2.4 576,3

fl,2 452.5

69,5 HOA,0

A9.3  S87,1

1716, 14467,
57,3 4H2,8

177h. 1AYRT,

CSU Solar House I System Performance for Month of December, 1978

Q502,
HEAT =
MG
219,0
209,55
fu.l
57.3
179.1
S50.5
V.0
46,2
110.1
148 .6
1038.0
132,2
208,3
24H.b
261,48
365,2
294 ,4
68,2
T2.1
{56.3
221,17
262,06
133.0
99.6
69,17
366,48
256,99
178, 2
220,11
V.0
0.0
491717,
160,4
4972,

2 J90E,

STIRAGE
LISSES
50,9
13.7
VR
3.8
4.1
14,5
3.3
-3.3
-3.6
3.3
46,5
50.2
47.4
28,9
10,7
15.3
38,7
7.1
30,7
52.1
56,8
53,7
15,3
8R,0
57,5
21,0
32,7
54,7
16,6
11,5
7.8
1087,
34,1
$uS7.

A —————

[ R}

Admi

0.0
0.0
0.0
3.0
0.0
0.0
0,0
Ued
0.0,
0.0
0.0
0.0
0.0
9.0
0.0
0.0
0.0
0,0
V.0
0.0
U0
0.0
U.0
0.0
V.0
U.0
V.0
V.0
0,
0.0
0.

[1 1
741,
23.9
741,

=== AUXTLARY
442 .
Heaf-  2obus
Id6 ING
41,0 0.0
205,0 0,0
4314,0 U,
341.0 0.0
04,0 0.0
390.0 0.0
491,0 V.0
476,0 0,0
485,0 0.0
443,90 0.0
227.0 0.0
135,0 0,0
180.0 [T
123,0 0.0
51,0 0.0
171.0 0.0
194,0 0.0
247.0 (U Y
179,0 0.0
162,0 0.0
163.0 (VY]
22,0 0,0
0.0 0.0
0.0 0.0
0.0 0.0
95.0 V.0
480,0 0,0
261,0 0.0
156,0 0.0
525,0 T
510,0 0.0
7241, 0.
233.6 0.
7241, 0.

ENrRGY
3390
WATER
the'™

2.6
7.6
2.6
2.7
2.6
79.5
173.6
132.0
0.0
0,0
0.0
0.0
0.0
0.0
27,0
0.0

n.0-

0.0
35.1
45.4
54,0
40,9

31,9

34.6
33.1
39.0
45.4
51,5
60,2
69,5
9.3
1035,
33,4
"1035,

9,

3.020
.0y
UMV 3V)
Jov I
5Jud0
J.u30
J.udu
0.000
2.0900
d.,000
0,900
[PV ]
0.0
J.ud0
0.090
0.000
0,030
dJ.000
3.00u
0,000
J.u0u
Joudu

0,000

0,000
417
417
417

L9l
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“Table C-2H (continued)

o 50067kt P M o0 T T Qkbe =R oR M o

oaY TOTAL  LOVAL  SLAR%® dEAT  aVaRAGE TITal  SIOLAR FRAC-

‘ SOLARE WHER ~— DELIV= EFFIC- OUTPUT JUTPUT 11N 8y

_ COBLLECT= €RED Tency 500La%

1 .872 718.3 579.2 226.2  .315 0.0 0.0 0.030 6.1
2 <582 224,10 0.0 0.0 v.unb n.o 0,0 0,000 11.5
3 L123 1129.3  To.4 A:8  L0Ub 0.0 0.0 0.0 8.5
4,180 1331.5 1197.9 370,9  .279 0.0 .0 0,009 3.9
5 623 6542 0.0 0.0 U.000 0.0 VLD 0.0D0 bYeb
5 .131 171.3 0.u 0.0 w,000 0.0 V.u 0,009 5.0
7  .005 5u6.8 0.0 0.0 0.000 0.0 0.0 0,020 3.3
LR LTS5 741.6 17b.8  49.1  L063 0.0 0.0 0,000 3.0
9,227 1324.9 875.9 216.6  .16d 0.0 _ L.0 D,0DD 3.4
10,299 797.1 5SRU.1 178,00  ,223 0.0 0.0 D.0YN 5.1
11 457 1072.5 834a.b 342.0 2319 0.0 0.0 0,000 3.2
12 .b26 913.3 745.0 317.1 347 0.0 0.0 0,000 2.6
13 L6020 k142.% 1092.1 408.3 . 351 0,0 .0 0,000 2.9
14 719 1177.0 1097.6 438,5 L3743 9.0 V.0 N.0JD 2.4
15 .15 1147.2 1064.8 385 L33y n.0 0.0 0,099 2.1
16 L7356 1246,3 1127.8 415.0  ,333 0.0 0.0 0,090 2.8
17 L6371 239.7  99.8 R.0 0 L033 0,0 V.U DL00D 3.6
18 L2811 395.0 . 214.2 66,2 JA1HB 0,0 B, N,NJD 3.0
19 <374 1009.8 910.1 3747 .371 n.0 0.0 0,009 2.6
20 .b25 1278,0 1173.7 428.4 (335 0.0 .0 0,000 2.1
21,588 1015.5 "976.b 394,2  .388 n.0 0.0 0,090 2.6
22 <849 _1195.8 10R4,. 2 4u4, 4 .334 0.0 V.0 N,NN9 to#
23 L8B4 690.2 528.4 196.2  .284 . 0.0 0.y 0,000 4.4
24 .869 1212.5 1105.6 373.5  .308 0.0 0.0 0,009 5.2
25 .B38 Y0. 1 a0 0.0 0,000 0.0 Osuv 0,000 5.1
26 L8652 994,3 97,3 279,2 281 0.0 0.0 0.000 6.0
27 .365 731.8 605,70  226.5 309 p.oO V.0 0,009 bt
28 .454 1209.0 973.3 407.7  .334 0.0 V.0 N.0DD 4.5
29 .b522 4772.9 9.0 0.0 0,000 n.0n 0.0 n.0QYn 3.7
30 Luly 1304.3 0.u 0.9 0.000 0.0 V.0 0,090 1.6
31 .013 103R.4 0.0 0,0 0,000 0,0 0.0 0,040 1.9
TITAL  .452 26606, 18047, 6516,  .245 0.0 V.U 0,000 127.4
NATLY  .452 858.3 S582.2 210,% L2453 n.0 0.0 0,000 Y
’ WINIH  .452 26606. 18047. 6516, . .285 0.0 0.0 0,030 12/.4

Note: Several very high solar radiation measurements resulting
from snow reflection

ALL DATA IN MEGAJOULES
BASED ON 54.2 SQ. M COLLECTOR AREA
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Figure C-3H.
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CSU Solar House I System Performance for Month of January, 1979

~w=-==aSLAR FRACTIO

691

----- ----‘-----"UIHR EAFRCY USFlleencamecsancane @=ePAHIXTLIARY ENERGY USEHw-
DAY qulgl-' Sls’h CF Hﬂf Q606 S%%\OZF A('QFSEI)Q(]:J T(qS]A]L SQI)RE(“F $4PF %%)]13 qe"lgll SQ%?.ZE SQVSAO(_'.F &8?‘ ggqlﬂb 5’*‘49 F gégl'F wpl]
HEAT= rl)ﬂl.u- WATFR HEAT= STORAGE SV FUL LOSSES CNOf- WATEH USEFUl, HEAT= cooL- WATER HEAT= COOL=- WATER
ING ING HEAT= ING LOSSES HEAT= ESTL= ING HEAT= ENERGY ING ING H"'AT=' ING ING HFEAT=
ING ‘IN(' MATED ING TNG ING
549, 6 0.0 80.5 630.1 0.0 7.2 7.2 16.5 0.0 1.6 R, 542.4 0.0  78.9 621,3  .013 0,000 .020
501.1 0.0 94,1 595.2 0.0 7.5 7.5 16.6 0.0 1.6 9,1 493.6 0.0 92,5 S8&.t 015 0,000  .017
3 981.1 0.0  82.4 1063.5 .1 5.1 5.2 13.0 0.0 2.1 7.1 976.0 0.0 RO.3 1056.3  .005 0.000 .025
4 560.% 0.0 107.6 668.4 n.o 1.7 4,7  19.8 0.0 2.2 7.0 556.0 0.0 105,4 661.4 008 0,000 .021
S 676.8 0.0 87.3 764,0 230.2 I.R 2340 29,0 0.0 30,3 264.3 443.0 0.0 §7.0 500,0 ,346 0,000 .347
6 42,0 0,0 6l.t 543,01 57,3 13.1 70.4  20.3 0.0 1.7 72.1 4t1.s 0.0 59,4 471,0 .146 0.000 .02A
7 &20.0 0.0 100.7 920.6 316.4 3.2 319.6 © 29.4 0.0 41.9 361.5 500.4 0.0 S8.8 S§59,2  ,390 0.000 a6
4 716,9 0.0-  94.1 B11,0 243.2  47.5 290.7  30.9 0.0 34.7 325.4 426.2 0.0  59.4 4R%5.6  ,405 0.000 .369
9 S80.2  T0.0  69.47629.6 155,3 23,1 178.4  23.4 0.0 4,2 182,77 3A1.8 0.0 65,2 447,0 ,319 0,000 .06§
10 6484 0.0 73.3 721,77 50.0 23,4  73.4 39,5 0.0 1.8 75.2 5750 0.0 71,5 646,5 113 0.000 .025
1t 5587 D0 BS.7 644 4 . 25.0  48.7 73,7  42.7 0.0 3.3 77.0 485.0 0.0 82,4 567.4 .132 0.000 038
12 498,09 0.0 74.6 572.6 55.0 7.0 62.0  36.9 0.0 2.8 64,8 436.0 0.0 71,8 S07.8 .124 0.000 038
13 .589,0 0,0 73.3 -6h2.3 63,0 35,0 9a.9 51,7 0.0 2.9 109,9 49,0 0.0  70.3 561.,3  ,166 0.000 040
14 769.5 0.0 . 86,5 856.0 139.0 59,5 198.5 58,5 0.0 3.5 202.0 571.0 0.0 83,0 654,0 ,258 0,000 .040
15
16 425,71 0.0 6R.2 493.9 328,5 48,2 376.7  40.8 0.0  15.2 391.9 49,0 0.0 53,0 102,0 .885 0.000 .223
17 445.3 N0 87.9 S33,3 1HO.T  31.9 212.7  20.4 0.0 27.5 240,2 232,7 0.0 60,4 293.,1 ,478 0,000 313
1" 331,8 0.0 92.2 424.0 122.8  18.0 140.7 .10.3 0.0 11.9 152.6. 191.0 0.0 80,3 271,3  .4724 0,000 129
19 . 372.0 0.0 110.5 482.5 127.8 38.5 166.3  20.7 0.0  S6.0 2i6,3 20%.7 0.0 60.5 266,2 ,447 0.000 .452 -
20 S508.6 0.0 79,8 S5AR.4 279.5 43,1 322.5 ~ 31.9 0.0 41,0 363.5 186,0 0.0 38,8 224,  .634 0.000 .514
21 501,9 0.0 R4.S 586.4 266,17  48.1 314.7  41.4 0.0 40,0 354.7 187.1 0.0 44,5 231,6 .627 0.000 .473
22 S17.5 n.0 70,5 588,0 203.4 67,5 270.9  27.0 0.0 13.6 284.5 246,6 0.0 56,9 303.5 ,524 '0.000 L1903
23 60S5,2 0.0 87,5 692.7 237.7 &1.4 299.0  20.5 0.0 17.1 316.1 306.1 0,0  70.4 376.5 494 0.000 195
24 2399.7 P.0  75.4 47S.t  95.0 51,9 $46.9 31,2 0.0 4.0 150.9 252.8 0.0 71.4 324,2 ,368 0,000 053
25 349.9 0.0 78,2 428.1 0.0  7t.6 71.6 49,6 0.0 0.0  T1.6 27R.3 0.0 78,2 356,5 ,205 0.000 0.000
26 S17.4 0.0 107.8 624.9 14,0 28.1 176.0 3.5 0.0 28,1 204.1 341.0 ofo 79,7 420,17  .340 o0.000 - .261
27 T13.3 0.0 83,3 796.6 283.9 _61.4 -345.3 29.0 0.0  31.4 376,77 1368.0 0.0 51,9 419,9  .484 0.000 377
28 7331 0.0 86,7 819.8 310.8 56,2 367.0 27.8 0.0 31,5 398,5 366.1 0.0 55,2 421,3 ,S01° 0,000 363
29 574,3 0.0 78,1 652.4 169.4 - 20.0 1R9,4 9.2 0.0 10.n 199,4 384.9 0.0 68,1 "453,0 .330 0.000 129
30
3 _ _
TOTAL 15907, N. 2361, 18268, 4089, . 935, 5023, R2S. 0. 456. 5479, 10884, 0. 1905, 12789,  ,316 0,000 193
DAILY S68.1 0.0 B4.3 652.4 146.0 33,4 179.4 29.5 0.0 16,3 195,7 388.7 0.0 £8.0 456.8 .316 0.000 193
SONTH 17612, 0. 2614, 20226. 4527, 1035, &Se1. 913, 0, 505, 066, 12050, 0. 2109. 14160, ,316 0.000 193
V550 o s“.'z‘ S ket aved
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Table C-.-'3H (continued)

- m-o -..(.)-(f(]b[_,pj(j']‘()ﬂ PERFNRMANCF o= -aCHl_l.I.F,N PERFORMANCl=

N601 S006 S 5
DAY TOTAL TOTAL s'.)ol%lm u(u“ AN‘%GE TOTAL .'iglﬁ\lﬂ r‘%‘?g-
: SOLAR% WHEN  DELIVe EFFIC= OUTPUT OQUTPUT TINN BY

COLLECT= ERED  IENCY SNLAR
1NG , ]
1 L0814 1393,2  26.7 R =.001 0.0 0.0 0,000 2.0
2 .015 4983 5.9 1,3 L003 0.0 0,0 0,000 2.1
3 .007 S42.0 206,71  35.5  ,065 0.0 0.0 0,000 1.9
4 .010 774.8 341.9 94,0 121 0.0 0.0 0,000 2.3
5  .346 1143.4 6812.4 279.2  ,244 0.0 0.0 0,000 4.1
6 .133 487,84 217,0 49,3  .101 0.0 0.0 0,000 3.2
7 .393 1327.7 1073.1 423,55  ,319 0,0 0.0 0,000 4.5
8 .401 1333.8 1057,3 435.9  ,327 0,0 0.0 0,000 4.1
9  ,290 460,8 276,5 62,6 136 0.0 0.0 0,000 3,6
10,104 1051,3 948,2 302.1  ,287 0,0 0.0 0,000 2.2
11 .120 309.2 162,5 18,2  .059 0.0 0,0 0.000 2.1
12 113 298.3 124.,9 15.6  .052 0.0 0.0 0,000 2.0
13 o152 1181,0 845.1 309,8  ,262 0,0 0.0 0,000 2.3
44  .236 980,9 759.0 233.,2 ,238 0,0 0.0 0,000 2.3
15 , .
16 .793 379.5 76.4 29,6 .078 0.0 0,0 0,000 14,2
£7  .450 759,0 526,2 206,0 .271 0.0 0.0 0,000 3.4
18 .360 335,9 146.7 63.5 .189 0.0 0.0 0.000 16,0
19 .448 1219.8 965.2 429,2  .352 0,0 0.0 0,000 ° 4,2
20 .618 1349,5 1079,1 454,2  ,337 0.0 0.0 0,000 28.6
21 .605 1105.8 802.7 345,0  .312 0.0 0.0 0,000 3.6
22 .484 395,31 f£29.7 47.9 o121 0.0 0.0 0,000 3.9
23 .456 1235.6 877.9 365.8 ,296 0,0 0.0 0,000 5.3
24 .318 1230.7 948,2 373.4  .303 0.0 0.0 0,000 3.5
25  .167 325.0 0,0 0,0 0.000 6.0 0,0 0,000 2.0
26 .32_7 877.9 276,5 37.5 - 043 0.0 0.0 0,000 3.5
27 473 1452,.6 1224.7 483.6  ,333 0.0 . 0,0 0,000 5,3
28  .486 1208.9 976.1 365.1  ,302 D0 0.0 0,000 5.5
29 L3066 243.7 0,0 0.0 0,000 0.0 0.0 0,U00 5.1
.30
31
TOTAL  .300 23901, 14886, 5460, ,228 0.0 N.0 0,000 143.3
DALLY  .300 RS53.6 531.6 195.0  .228 0,0 0.0 0.000 5.1
HONTH .300 26462, 16480, hOAS, 0228 0,0 0,0 N,000 158,7

ALL DATA IN MEGAJOULES
*BASED ON 54.2 SQ. M COLLECTOR AREA
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All datz in megajoules
*Based on 54.2 Sq. M. collector area

CSU Solar House I System Performance for Month of February, 1979
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Table C-4H (continued).

4HuN
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ALL DATA IN MEGAJOULES ' ‘
*BASED ON 54.2 SQ. M COLLECTOR AREA
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"Table C-5H. -“C'_SU«S'ol'ar House I System Performance. for Month of March, 1979

P AT § Rpf(‘)3|_|]|n:(n“v[)--.--- ~--------------_§11[,AR FNFRGY HEHNemasscesacssecs ---Auxn,]spuy ENFRGY USFNe= o====aSOLARTFRACTIO

DAY Slgg(]'e' 05] 2 .9‘(1’% 19322 L 40('2F' A C 6l(lJf\Kl: l 'l (l]fkl SQ§QJ EI,F 0“.’52%# R%I]'l; TQS'JKL 93%%5 Sg hO(TIE C{?Rl‘ quglh SNdo] - Sgg?:]h . 'b“:?]QI]

SRR ST e Y A friddee el hosis A RS HGLTRT WO g AR e
ING NG -MATED ING ING _ v ING -
1 276.4 0.0 6.2 D?282.6 135.2 10,9 206.1 ° 52.7 0.0 6.2 212.3 70.3 0.0 0,0 70.3 ,746 0,000 {.000
2 326.6 0.0 0.0 .376.6 1A1.0 18,0 239.0 47,6 0.0 0.0 239.0 B7.6 0,0 0.0 R7.6 .7312 0,000 0,000
3 :371.0 0.0 8.1 IR1.3 221.0 40,1 261,01 - 40,2 0.0 8.3 .269.4 -111.9 0.0 0.0 111.9  .700 ° 0000 §.000
| 4 438.6 6.0 29,9 A67,5 289,99 ~ 57,3 347.2  47.9 0.0 27,9 376.1 91,4 0.0 0,0 91.4 ,792 0,000 1,000
5 278.1 0.0 6.0 "27R.1.452.2 12,3 224.4 62,9 0,0 0.0 224,4 53,6 0.0 0.0 53.6 LANT -0.000 0,000
6 240,0 0.0 f.4 286.4 178,6 60,5 '235.1 - 60.7 0.0 6.4 241,5 - 5.0. 0,0 0.0 5.0 .980 .0.000 1.000
. O
8 232.% 0,0 0.0 232.8 179.0 47.3 226.3  74.5 0,0 n,0 " 2263 6.5 0,0 0,0 6.5 .972 0.000 0,000
9 -496.9 - 0.0 0.0 -496.9.229.5 -56.1 285.6 47,1 0.0 0.0 2BS.6 211.3 0.0 0.0 211.,3 .575 0,000 - 0,000
10 S530.5 0,0 9.6 540.1 261.4 54,57 315.9 47.2 0.0 - 9,6 325.5 214,6 0.0 0,0 214.6  .595 0,000 1,000
11 254,0 0,0 9.6 . 2A3.6 162.6 83,8 246.5 62,1 0.0 9.6 -256.1 7.6 0,0 0,0 7.6  .970 0000 1,000
12 ’
13
14
TOTAL 3447, 0, 69. 3516, ‘1966, 621, 2587, 543, 0, 69. 2656, A60, o, 0. 860. .751 0,000 1,000
DAILY 344.7 6.0 6.9 . 351.6 “196,6  A2.1 25R.T 54,3 0.0 6.9 265.6 --A6,0 0.0 0.0 86,0 ..751 0.000 1,000
MOBTH 4825, n, -97. ,5952. 2753,  869. 3622.  760. 0. 97. 3719. 1204, 0. 0. 1204, 751 0:000 1,000

Al1-data in megajoules .
*Based on 54.2 Sq.. M.. coHector area»

€Ll
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| - Table C-5H (continued)

cvese  «eaCOLLECTOR PENFNRMANCHwes «CHILLER DFRFORMANCHE=
N6O1 5006 s008 Q111 N100 Q502 Q541 N502
DAY TOTAL TOTAL  SOLAR® HEAT AVFRAGK TOTAL SOLAR  FRAC=
) -~ SOLARS wHEN  DELIV= EFFIC= OUTPUT NUTPUT TI10M HY

COI;#SCT- ERED TENCY SNLAR
1 .751 1325.5 1208.4 354.0  ,25] 0.0 0.0 0.000 .2
2. 7,732 387,27 218.1 24,2 L0462 0.0 0.0 0,000 n.o0
3 .707 1430.3 11R3.7 345.7  ,242 0,0 0.0 0,000 0,0
4  ,80S 1769.4 15R4,4 503,2 ,284 0,0 0.0 0.000 0.0
5  .807 1342,2 1208.6 426.6  .309 0.0 0.0 0.000 - 0,0
6 .980 655,9 10,2 91,2  ,139 0.0 6.0 0,000 0,0
S ;
8  .972 106.6 0.0 0,0 0.000 0.0 0,0 0,000 2.8
© 9,575 1200.3 944.8 192.2  ,160 0,0 0.0 0,000 .2
10  .603 1S588,0 1443.6 501,9 ,316 2.0 n.0 0,000 0.0 |
11 .971 1577.3 1443.0 495,4 314 0,0 0.0 0,000 .2
12 ‘ ’
13
14 .
TOTAL  .755 11423, 9245, 2934,  .257 0.0 0.0 0,000 3.4
DAILY  ,755 1142.3 924,5 293,84 ,257 0.0 0.0 0,000 .3
MONTH  ,755 15992, 12943, 4108, «257 0.0 0.0 0.000 4,8

ALL DATA IN MEGAJOULES
*BASED ON 54.2 SQ. M COLLECTOR AREA
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Table C-1C (continued)

semse  ===TILLECIDR PERF IRMAHTEame =Z4LLL
ony totar 200 WWake (A MWee BR%.
DLARS® AHEN DELlV= EFFIC= DJIPUYL
COLLECT- ERED. LENCY
1 0.000 1164.3 920.2 339,3  ,291 0.0
2 0,000 943.0 705.9 225.7 -,239 2.0
3 =2.261 1297.0 1084.7 354,1  .273 0.0
4 9.000 1300.4 1011.7 291.0  ,224 0.0
5 0,000 1208.5 933,2 225.1  ,186 2.0
6 1,553 o77.2 $33.5 98,9  ,146  84.1
7 .831 1360.5 1122.7 434.3 313  43.6
8 0.000 1099,2 832.9 331.,3 ,301 0.0
9 .98% 1262.5 1026.8 394,3  .312 107.5
10 .980 1238.9 1064.5 379,6  .307 121.1
11 .991 1223.4 963.5 378.6  ,309 163.5
12 .989 1162.5 H85.1 364,8  ,314 150.7
13 .831 1351.0 1147.4 407.9  .302 28.2
14 .983 1336.3 1122.9 382.8  ,286 230,2
15 .948 1170.0 927.7 313.5 ,268  78.2
16 .473 425.5 113.1  15.1  .035 1.3
17 .393 828.8 539,77 1H6.7  ,225 2.6
18 .920 11B6.1 96B,4 347.4  ,293 98,5
19 .586 1129.5 904.3 299.,9  ,266 220.8
20 .081 771.% 480,88 127.7 ,165 174.9
21 .933 1083.1 922.4 341.8 - 314 124.1
22 157 ©26.2 622.3 158.2  .191  293.9
23 .534 1170.1 932.4 3427 .293 301.6
24 887 1370.0 1158.8 447,2  .326 175.5
25  .506 Y28.6 698.8 215.8  .232. 200.6
26 .4656 961.5 717.3 - 250.1  .260 152,0
27,695 1178.8 945.8 345.0  .293 168.5
28,704 1055.9 R78.1 292.8  .277 167.8
29 .559 196.8 629.5 224,8  .282  91.3
30 735 1131.8 K16.5 307.1 271 -0
31 L9411 1318.6 1052.1  392,4  ,298 138,7
TIPAL ,724 33961, 26663, 9216.  .271 3429.2
DAILY  .724 1095.5 R60,1 297.3  .271 110.6
CMONEH L 724 33961, 26663, 9216 271 3429.2

'ALL DATA IN MEGAJOULES
" *BASED ON 54.2 SQ. M COLLECTOR AREA
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13.2
14.4
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14.6
17.7
18.1
12.4
13.3
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46H,9
5.1
468.9




emvceraiiphiR5Y REIMIIIED-m~r ==
e LR THNT R e
Yed - CIAL~- WATER . AEAT =
Ing LNG ?%ef- ING
1 J.D 486.6  68.4  535,U 0.0
2 0.0 480.5  S0.5 531,1 0.0
3 0.0 @421.5 .37.5 459,1 0.0
‘4 0.0 477.8 29,1 536.9 0.0
5 2.0 417.9 28.0  445,0 0.0
6 0.0 477.2  29.9 S3T.1 0.0
7 0.9 ©45.4  37.4 6H2,7 0.0
8 0.0 358.1  32.4 390.5 0.0
9 0.0 259.4  35.1 294.4 0.0
1o 0.0 0.0  38.0  38.0 0.0
11 0.0 2.9 36.4 36,4 0.0
12 2.0  52.1 46,0 98,1 0.0
13 9.0 0.0 64.5 64,6 0.0
14 2.0° 0.2 28.9 28,9 0.0
15
16 9.9 105.1  40.6 145.7 0.0
17 0.0 132.3 32,7 165,1 0.0
18 0.0 76.7 32.3 139.v 0.0
19 9.0 1.3 32.6 33,9 0.0
20 3.0 1.5 40,0 41,5 0.0
21 9.9 1.4 55,1 56.5 0.0
22 0.0 231.0 40.3 271.,9 0.0
23 0.0 0.2 45.4  305.5 0.0
24 2.0 313.9  37.1 351.0 0.0
25 0.9 L8 29,2 30.0 0.0
26 9.0. .8 31,0 31.8 0.0
27
28
29 9.0 439.2 37.5 476.7 0.0
30 9.0 211.4 28,5 239.9 0.0
31 0.0 342.8 . 31.3 373,7 0.0
FIraL . 6194, 1076. 7270. 0.
DALLY 0.0 221.2 38,4 259.6 0.0
WINTH 0. ©857. 1191. 8049, 0.

Table C-2C. CSU Solar House I System Performance

ecmmeom e ———

ALL DAFA LN MESAJIULES
¥ 3ASED IN 54,2 S3.M CILLETTIR AREA

604C
R:rdAh

STIRAGE ¢

L3S3ES

5].9
48.7
49.3
47.4
43.0
50.4
54,7

15.06

53.2
54.5
17.6
33.7
‘36.1

50.5

60.3
90.0
33.4
Bb.2
13.3
55.4
17.2
19.4
33,1
34.3
75.0

59.4
571.9
44,3
1815,
64.4
2010,

0.0
V.0
0,0
[
0,0

0.0
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
U.0
0.0

0.0
0.0
0.0
'D.

0,0

0.

(Ol R =]
2]
PGS

R AR ST

46.1
50.1
53.1
53,5
52.3
53.2
54,13
53.1
47.2
46,3
51.5

45.92
41,3
45.2
1341,
47.9
14813,

104,7
132.3
75.9
0.9
0.0
0.0
229,6
259.3
304.0
0.0
0.0

392.9
203.9
342,8
24y,
187,5
5812,

33.17
31,5
31.5
31.6
3a,.7
35,5
34,0
43,0
36,5
28.5
30.3

36.1
25.5
29.9
886,
31,7

- 381,

138.4
163.8
107.5
31.6
34.7
35,5
203.6
302.8
340.5
28.5
30,3

429.0
229.4
372,17
8136,
219.1
6793,

for Month of August, 1979
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Table C-2C (continued)

RO S UTE PR TS T s
DAY TILAL  LUTAL  SOLAR® Hudl AVSRAGE FILAL  SULAR FRAZe +
. SULAR® WHEN  DELIVe EFFIC- QUTPUT JULPUL T1 34~ 3y
. :-Jtl.&gcr‘-»wsu IEnNCY SULAR. E303
1 .9>4l 1318.5 1052.1 3v92.4 .298 188,7 18d,7 1,02) 15,3
2 L8328 1385.9 1162.2 452,0 333 234,3 1Y3.8 .87 17.2
3 .883 1414,3 1214.0 480,0  .339 204.7 183.3  .695  1H.2
4 .895 1436.5 1242.2 498,4  ,347 206.4 1R2.2  .8433  17.6
5 .94D 1442.2 1251.2 492.5  ,341 179.5 166.2  .925  1d.4
6 o842 1306.1 1087.6 444.8  .341 224.8 183.1 .81+ 17.3
7 .634 1382.6 1197.1 490.4  .355 339.3 202.7  .537  16.9
B ,567 1028.0 811.2 302.9  ,295 194.6 106.8  .533 14,3
9  .351 ©55.3 425.8 137.2 209 131.7 37.2  .21)  10.4
10,758 670.2 441.8 112.6  .168 -0 .0 1,090 19.7
11 - .686 1435.3 1176.4 903,00 - ,281 -0 “.0 1.007 18,4
12 871 789.5 497.0  98.8  .125 15.6 16.6 1.007  11.4
13,594 225,90 2.9 0.0 3.000 -0 -0 1,00 3.4
14 902 420.5 0.0 0.0 9.000 -0 “.0 1,009 3.4
15 T
16 .950 1493.3 927,1 248.8  ,167 48,9  4R.Y 1.00)  14.6 |
17 <992 1546.7 1143,5 412.6 207 40,5  40.5 1,022 15.2 )
18 L9856 762.2 577.9 211,0  ,277  20.3  20.3 1,007 10.4
19,932 442.8 206.4 54,0  ,131  =,0 -0 1,039 5.5 }
20,935 U54.5 471.6 37,1 L4129 =.0 =0 1.09)  10.7 |
21 .628 866.5 666.2 15b.3  L180  =.0  =.0 1.007  13.0
22,979 1183.3 927.2 340,0  .287 98,3  98.3 1.009  15.3
23 L9911 1056.6 752.5 265.H  ,252 18,3 74.3 1,009  12.8
24 .970 @84.7 637.7 199.5  .226 136.5 131.3  .952 12,5
25  ,952 1034.0 T63,0 244.5  ,236 “.0 =00 1,000 15.4
26,955 925.4 644.3 172.2  .186 “.0 =0 1.009  12.9
27 '
28 _
29 900 1388.0 1226,6 490.7  .35& 199.0 1H0.7  .903 14,7
30,956 969.8 776.4 302.5 .312 101.4  94.6  .933 14,5
31 997 1338.5 1167.4 449,6  .336 137.3 137.3 1,000  18.S
[ITAL 644 29557, 22449, 7963.  .209 2786.9 2290.5  .427 3H4.3
DAILY  .844 1055.6 B01.7 284.4  .763  99.5 B1.8  .H22  13.7
WINTH 844 32724, 8817,  ,269 3085.5 2535.9  .822 426.1

*Errors discbvered after compiling, Correct values are approximately
1210 and 1310, respectively. Effect on averages is not siginficant.

24854,

ALL DATA IN MEGJOULES
*BASED ON 54.2 SQ. M COLLECTOR AREA
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Table C-3C.

Sonde
HEAT=.
ING
0,0
0.0
0,0
0.0
0,0
0.0
0,0
0,0
0,0
0,0
0,0
0.0
0,0
0,0
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0.0
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0.0
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0.

FNEPCY REDUIRED===ew= -

P,
cong-
ING
102, 8
2715,4
37,9
427.4
426 .6
303,2
407.5
315.4
332.%
541.3
69,4
98,5
4.4
192.9
197,.9
50R,2
687,55
487,17
433,13
32,1
2H1.6
3421
403,646
153,7
499 .6
434,4
1,2
441 .6
2241
37h.1
10849,
362,13
108AK9,

9312
ar
AATER

HEAT=

ING
34,0
45.6
59,1
51.3
70,9
42,3
32.5
33.3
29,9
44,2
36.8
52.0
61.9
51.6
70,6
40,6
44,2
48,8
44,9
48,4
44,9
40.6
43.49
43,5

46,6

42.2

40,6
48,5
- 46,8
50,5
1390,
46.3
1390,

ALL DATA IN MEGAJNIILES
* BASED ON 54,2 S0.% COLLECTOR AREA

CSU Solar House I System Performance for Month of September, 1979

TR,

136.8 "

321,11

596,14

478.,7
497.5
3455
4490,0
348,17
362.5
585.5
106,2
50,5

56,3
244,5
268.4
544 .8
731.7
536.5
478.2
369,5
326.4
382.6
447.4
497.2
546.2
476.6
741.,9
530,0
270,9
426.6

12259,
408,6

12259,

Heeemee~esmencwSOLAR F

3492, qoodc,
ING  LDSSES
0.0 1.8
0.0  81.9
0,0  &T.m
0.0 ¥7.9
0,0 34.0
0.0 50,8
0.0 51.3
0.0 57,4
0.0 59,8
0.0 40,7
0.0 53,9
0.0 52.8
0.0 69,0
0.0 B1.4
0.0 132.4
0.0 91,0
0,0 53,5
0.0 50,4
0.0 59,9
0.0 56,0
0.0 57,1
0.0 54,5
0,0  56.4
0.0 61,0
0.0 34,9
0.0 4R,
n.0  S9,p
0,0 25,1
0.0 54,9
0.0 40,7
0. 1861,
0.0 62,0
0. 1R61,

HFEAT=
ING

0.0
0.0
0,0
0.0
6,.n
0.0
0.0
0.0
a.n
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0,9
0,0
0.0
0.0

0. ..

0.0
0,0
0,0
L
0.0
0.

ESTI=
MATED

42.9
45,7
42.2
39,0
In,2
38,3
38,0
37.9
37.9
38,2
371.17
38,2
41,2
45,2
4h,.8
45,6
41.6
40,4
40,1
39,7
40,2
41,5
39.8
39,4
3.8
39.1
40,7
40,4

43,1

46,1
1224,
40,8
1224,

NFERGY.

W ar, 850E e

HEAT= STORAGE 1ISFFIIL LOSSES

HSFNeecacnccrannceen

0,0
97.8
3,7
192.0

196,9

507.8
528,585
3R7.,7
366, 8
232.2
276,5
283.6
330,848
272.7
200,9

3.

420.8
347,2
224,1
376.1
8163,
272.0
8161,

e
HEaTe
ANG

29.7

36,5

36.6

31.8

40,2

35.3

30,9

30.3

2R, 8

40,0

32.8

30,9

33.9

35,9

66,6

31.1

31.1

33.4

32.9

32,9

ZQ.;

29,0

27.14

30,5

30,6

30,1

31,0

33,8

33,2

40,9
1016,

33.9
1016,

i

USFFUL
ENERGY

132.5
311.9
574.5
433.5
415,9
320.1
401,8
283,.8
339.5

40,0

32.8
128.7

37.7
227.9
263.5
538.9
559,6
421.2
399.7
265.0

308,2
.312.6

3s8,0
3n3,.2
231,5

30.4
451.9

381.1

257,3
417.1
9177,

305,9 .

9177,

c==AUXILIAFRY EHERGY USE]) ==

S g%ﬁ

HEAT=
ING
0.0
0.0
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
0.0
0.0
0,0
0,0
0.0
0.0
0,0
n.,0
0.0
0.0
0,0
0,0
0,0
0.0
0,0
0,0
0.0
0,0
0,0

0,0
o.

5B

COOL-
ING
0.0
0.0
0,0
25.7
50,9
18.3
35,8
61.8
22.0
541.3
69.4
.7
]
.9
1,0
.4
158.9
99.9
66,5
88.9
5.1
58,5
72.8
181,0
298,7
4341
280.4
134,3
0.0
0.0
2708,
90.3
2708,

8301

wWATER
fia
4.3
9.2
21.6
19.5
30,7
7.1
2.4
3.0
1.1
4,2
4.1
21.1
28.0
15.7
4.0
2.6
13,1

15,4

12,0
15,6
16,2
11.6
16,6
13,0
1640
12,1

9.6
14,6
13.6

9,6
374,
12.5
374,

%,

4.3
9.2
21.6
45,1
a1.6
25.3
38.2
64,8
23,1
545,5
13,5
21.8
24,7
16,6
5.0

10,0

172.0
115,3
78,5
104,58
21,3
70,0
89,4
194,0
314.7
446,2
290.0
149,9
13,6
9.6

3082,

102,7

- 3082,

K@
ARAT-

ING

0,000
0.000

-0.0N0

0,000
0.000

‘0,000

0,000
0.000
0.000
0,000
0.000
0,000
0.000
0.000
0.000

9.000
0.000

2,000
0,000
0,000
0.000
0,000

0,000 -

0,000
0.n00

" 0.000

0,000
0,000
0.000
0,000

0.000

0,000
0,000

s0edl
CNOL=
ING

1,000

1.000.

1,000
«940
RE1
940
.912
+R04

.934

0.000

0,000
«993
<842
.996
.995
.999
« 769
.795
+R47
.723
<982
.A29
.820
Lh01
. 402
.001
.600

121

1.000

1,000
.751
o751
«751

me=e=aSNLAK FRACTTO

3

WATER

HEAT=

ING
.874
«799
«629

+620

+567

«833
« 926
911
«964
+«90S
+890
+595
«548
«595
«943
+764
«704
+0B4
«733
«679
«b 40
«715

«620"

«.IN2
«656
«713
o764
«H9R
<710
811
« 731
731
731

6L1
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Table C-3C (continued)

BT SIS0 PR T R e
DAY TOTAL TOTAIL S[]LAR‘ HP’AT AVERAGE 'I'()'l’ﬂ[; SOLAR  FRAC=
ok e, BRI 0RO olRUOR S
1. .969 1431.1 1238.2 467.6  .327  26.5  26.5 1.000 18,7
2 .971 1053.6 756.5 270.6 «257  Bi.6  81.6 1,000 12.8
3 .964 1437.2 1259.8 505.0  .351 202.8 202.8 1.000  17.m
4. 1,906 1327.4 1120.0 460.6  .347 185.1 175.7  .950  16.9
5 .R36 1404.5 1224.7 480.7  ,342 199.1 171.5 < .ue1 19,1
6 .927 1227.3 1050.9 375.5  .306 152,3 143,14  .939 18,7
7 .913 1393.3 1202.9 467.3  ,338 193.0 174.5 .a25 17,0
B .814 1134,8 931.2 359.7  .317 146.1 113.7  .778  15.1
9 . .936 1185.6 1005.9 398.3 336 149.4 139.1  ,931 16,9
10,068 712,4 1268.3 123.0  ,173 277.5  =,0 =,000 11.7.
11 .308 344.2 0.6 0.0 0,000 30,0 L0 000 5,3
12 © .R55 1085,5 919.9 304.4 280 45.8  45.8 1,000 18,2
13,568 728.4 548.2 162.6  .223 -.0 =.0 1,000 13,8
14 932 1413.3 1194.9 404.4  ,286 43,9 43,9 1.000 17.9
15,981 1499.9 1294,3 455,24 304 42.2 42,2 1,000 18,4 3
16 . .982 1499.0 1304.0 484.8 323 132.8 132.8 1.000 18,6
17 7,765 1464.1 1254.1 515.6  ,352 262.2 191.6  ,731 18,9
18,785 1441.8 1234,2 487,88  .338 240,7 190.6 .792  17.4
19 .836 1361.7 1153.8 466.0  ,342 218.7 186.1  .851  16.6
20 717 969.5 845.3 321.8  .332 159.4 112.2  .704  13.0
21 935 1268.5 1124.0 420.8  ,332 140.6 135,84  .962  1h.6
122 .B17 1213.5 1009.8 369.7  .305 154.8 126.6  .818  18.8
23 .800 1189.9 983.6 393.9  .331 199.4 164.3  .R24. 16.H
24 ¢ (610 1114,6° 927.5 371.2  .333 227.0 135.3  .596  14.8
25 .424 1032.0 863.4 276.5 .268 246.7 97.8  ,396 15,0
26 - 064 744.0 497.1 141.7  ,190 211,9 W3 001 31,2
277 609 1427.0 1254,7 481.7  ,338 330.0 197.4  .508 18,0
28 «719 1391,5 1217.3 454.3 +326  238.7 178.4  ,7aH 17.1
29 .950 1448.6 1269.5 462.6 .333 117.1 117,01 1,000 18,7
30 .978 1447.4 1111.2 474.2  ,328 163.9 163.9 -1.000  1R.0
TOTAL . .749 36382, 31127, 11378,  ,313 4818.8 3494,0 . .725 4RS,.7
DAILY  .749 1212,7 1037.6 379.3  .313 160,6 116.5 725 16.2
MONTH - 749 36382, 31127. 11378,  ,313 4818.8 3494.0  ,725 4RS5,.7

ALL DATA IN MEGAJOULES
*BASED ON 54.2 $Q. M COLLECTOR AREA




Table C-4C.

crwceekNERGY REQUIREDeeeew

ooy S8 BlZ:
HEAT= COQOG-
ING ING
4 .0 . 295.9
2 .0 470,0
3 .0 190.4
4 .0 2819
5 0.0 643.5
6 .0 345,7
7 0.0 284,2
@ 0,0 448,.3
Q 0,0 104,4
10 0.0 - 91,9
11 0.0 427.5
12 0.0 267.0
13 0.0 210,5
14 0,0 0.0
‘15 0.0 2570
16 0.9 - 0.0
17 0.0 0.0
TOTAL 0.. 4318,
pAILY . 0.0 '254,0
- MONTH 0. 4318,

312
JLT
WATFFR
REAT=
IRG
47.3
42.3
45,4

46,3

- 49,6

37.8

45,7

51,5

49,7".

51.9
39.7
3.4
16.9
58.7
19,9
27.4
15.1
676.

39.8"

676,

ALL DATA IN MFGAJOULES -

& BASFED' ON 54,2 'SQ4M COLLECT

CSU Solar House I System Performance for Month of October,

TOTAL 5 ﬁ%%
HEAT=
ING
343,2 0.0
51243 0,0
©235.8 0.0
328,2 . 0.9
6931 0.0
383.5 0,0
329.9 0.9
499.8 0.0
154.0 0.0
143.9 0.0
4617,2 0.0
298.5 . . 0,0
227,4:. - 0,0
58,7 0,0
276.9 0.0
27.4 0.0
15.1 0.0
4995, 0.
293.8 0.0
4995, 0.
YOR ARFA:

i
STORAGE
LOSSES
75.1
66,0
69.3
79,0
63,7
56,9
62.1
©53.5
64,3
33.9
55,6
49.9.
53,5
66.5
45,6
40.9
A9,.8
1006,
59,2
1006,

R Gl

TOTAL

STURAGE

USEFUL LNSSES

T HEAT=

ING
0.0

=]
s o e s e & o
S @

> o o0 50 o 200 ©° 02 e 9 e 3
e o Y . . ) . » .
., D e

.
5 0 0 & 2 O 9 O D 9 OO0 9w

FSTT=
MATED

46.5
44,2
42,5
4s.9
43,1
42,6
43,9
43.7
37.1
34.2
4.3
42.1
46,3
46.9
43,3
42,4

44,6

131,
43,0
731,

S
cong,-

“IMG

295.1
404,7
190,.4
281.9
516.4
335,7
284,2

426,0
99.5.
91,9

329.8
233,2
210.5

0,0 -
257.0

0,0
0.0
3966,
233.3

3966,

BEFmmemeeenanen.
8%
A

]
CE-

313
or’
WATER
HEAT=
ING
35.4

31,8

T 34,3

37.0
37.7
26,0
34,6
41,0
31,5
30,3
29.3
20,4
6.2
45.5
8,0
16.5

4,0 .

469,

. 27,6

469,

612
TOTAL

USEFHI, HEAT=
EMERGY ING

330,5
436,5
224.7
3168,9
554,1
371.6
318.8
467,0
131.1
122,3
359.1
253.5
216.7
45.5
265,0
16,5
4.0
4436.

'260,.9

4‘36.

uaé\llX]'lqrg&RY F
SPACE = SPACE HOT
ConNf,= WATER
1NG "HEAT=

ING

0, .8 11,9
. 65.3  10.5
.0 0.0 11,1
. 0.0 9.3
.0 127.1 11,9
.0 0.0 11.8
.0 0.0 11,1
. 22.2 - 10.6
0.0 4,8 18,1
0.0 0,0 . 21.6
0.0 97,8, 10,4
0.0 33,9 11,1
0.0 0.0 10,7
0.0 0,0 - 13.2
0.0 0.0 11.9
0.0 0.0 11.0
S 0,0 0.0 11,1
v, 352, 207,
0.0° 20.7 12,2
"o, -352. 207,

g5 Voelr ™

TUTAL

12.7
75.8
1.1
9.3
139.0
11,8
11.1
32,8
23.0
21.6

.. 108.1
44,9
10,7
13.2
11.9
11.0
11.1
559,
32.9
‘559,

1979

- -

"N401
SPACF.
HEAT=
ING .

0,000 -

0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000

0,000

0,000
0,000

' 0,000

0.000
0,000

0,000

0,000
0.000
0,000:
0.000.

SNeBt FRARI°

2hice
ING
«997
.861
1,000
1,000
SH02
1,000
1,000
+950
+954
1.000

<771
«873:

1.000
0,000
1,000

0,000
0.000

918

918"

«918

HOT
wATER
HFAT=
ING

. 748
752

«756 -

«799°
« 760

<687
<757

«795

«635.

+584
«738
«648

«369:

#1715
<402
+60%

+267

«694
2694
«694

181
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‘Table C-4C (continued)

- ---FOLLF(|OR PEREFNRMANCE «== =CHELLER PFERFORNANCE=

oar 0L FORe  FWawe BAL AWN%ce L0 Wihe WA EI03

SOLAR* WHEN DELIV= EFFICe QUTPUT UUTPUT TION BY

ankECT' ERED IENCY v . SUOLAR E303

1 .963 1443,5 1249,0 438.9 .304 154.,9 15%4,9 1.000 17,1
2 <852 1114,4 923,2 302.2 271 245.,2 212.9 LY 17.0
3 .953 1240.4 1126,2 409,2 330 90,0 90,0 1,000 16,H
4 2972 1452,1 1235.2 427,3 «294 . 137.2 137.2 1,000 17.5
5 <799 1410,7 11959,0 4H1.6 .341  321.5 261.8 A4 16,9
6 2969 1432,2 1243.1 476,1 .332  169.0 169.0 1,000 19,2
7 .966 1340.6 1153.2 426.9 L3318 138.6 138.6  1.000 16,8
8 934 1296.6 1135,0 399,7 308 225.9 213.9 +947 17.1
9  .B51 252.6 1.3 0.0 0,000 -3 -.2  L60A 4,7
10 .850 122R,0 1043.6 414.5 .338 -.2 -.2 1,000 17.2

11 «769 1219,6 1022,2 384,.7 «315 228,07 177.7 «179 17.1
12 +849 1393,0 1231.0 471.,9 .339‘ 143,55 126.9 .H884 18,0
13 <953 1223,.8 1042,4 381,6 L3312 108.3. 108,3 1.000 15.5

14 L775 491.4 254.3 49,4 L1018 - =0 =0 1,000 8.7
15 957 906.7 649.2 194.8 215 141.8 141.8 1.000  14.7
16  .601 893.,6 631.7 162,9 182  =,0  =.0 1,000 12.5
17 .267 497.6 162,01 23.4 ,047 =0 =.0 1,000 5,5

TOTAL .888 18837, 15307, 5445, .289 2103,3 1932.5 .919 252.j
» DATLY .R88 1108.1 900.4 320.3 «259 123.7 113.7 «919 14,4
MONTH .888 18837, 15307, 5445, 4289 2103,3 1932,5 .919 252.3

ALL DATA IN MEGAJOULES
*BASED ON 54.2 SQ. M COLLECTOR AREA
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" B APPENDIX D
CALCULATION OF PRIMARY HEAT FLOW QUANTITIES




(1)

(3)

(4)

(5)
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CALCULATION OF PRIMARY HEAT FLOW QUANTITIES

&

The useful heat delivered to the storage tank from the collectors
is calculated by:
N
TFC
QU =IFXx[ _f p(T) Cp(T) dT ]
v TTC

where IFX is the integrated flow to the collector and TTC and TFC
are the temperatures to and from the collector measured at the heat
exchanger. :

The house heating or cbo]ing load is given by:

TTL
Q402 = IFL x [ f o(T) C_(T) dT ]
TFL P -

where IFL is the integrated load flow rate and TTL and TFL are the
temperatures to and from the heating coil or Arkla chiller genera-
tor.

The heat removed from the house by the Arkla chiller is given by:
TFCH
Q =1IFCHx[ [ o(T) ¢ (T) dT ]
TTCH P

where IFCH is the integratea'chi11ed water flow rate and TTCH and

- TFCH are the temperatures to and from the cooling coil..

The cooling load type is determined by the value of the solar/

“auxiliary valve position indicator. The assignment is determined

by:

QAIRCS

QLOAD if the valve is in the solar position
QAIRCG

= QLOAD if the valve is in the auxiliary position
where QAIRC is the heat delivered to the Arkla chiller and the S or
G indicates the source of heat, solar or electricity, respectively.

_The solar heat removed from the house by solar is given by:

Q = QCOOL‘if the valve is in the solar position
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The solar heat in storage above 20°C is given by:

~ TSTOR
Q205 = VST x [ / o(T) C (T) dT ]
20°C P

where VST is the volume of water in the storage tank and TSTOR is
the average of the thermocouple temperature readings W1th1n the
tank.

The change in solar storage from time (t]) to time (tz) is given
by:

AQ205 = QSTOR(tZ) - QSTOR(t])

The heat delivered to the preheat tank (when the tank is in the
storage loop) is given by:

: TTL
Q310 = IFL x [ [ o(T) C (T) dT ]

TTPHE P
where IFL is the integrated flow to the load and TTPHE and TTL are
the temperatures to and from the domestic hot water heat exchanger.

The heat delivered by solar to the hot water tank is given by:

| TP
Q311 = HWLIT [ [ o(T) Cp(T) dT ]

H20T

where HWLIT is the integrated service hot water demand and TP and

“Ho0T are the temperature of the top of the preheat tank and the
water main temperature, respectively.

The auxiliary heat de]ivered to the‘hotvwater tank iS given by:

‘ ' TSHw f
Q301 = HWLIT x [ [  ~e(T)C (T) dT ] + Q352 - Q308
TP

where TSHW is the temperature of the top of the service hot water
tank and all other quantities are as defined previously.
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| (11) The Change in preheat tank energy from time (t1) to time (tg) is
| given by:

DELQPH = mC(T) x [ TPAVG(t,) - TPAVG(t;) ]

where me(T) js the mass-specific heat product of the tank and
TPAVG is the average of the preheat thermocouple temperature
readings.

¢ U.S. GOVERNMENT PRINTING OFFICE: 1981-740-145/2252




