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Abstract

The description, successful operation,
and per formance estimate for each of
15 passive solar heated buildings are
gIven. Technical evaluation methods
and general economic factors are also
considered.
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PASSIVE SOLAR BUILDINGS

SECTION 1

INTRODUCTION

"Passive solar heating and cooling" is a new name for an ancient

craft. Socrates (circa 400 B.C.) described a passive solar heating

and cooling technique: "Now in houses with a south aspect, the sun's

rays penetrate into the porticos in winter, but in summer the path of

the sun is right over our heads and above the roof, so that there is

shade. If, then, this is the best arrangement, we should build the

south side loftier to get the winter sun and the north side lower to

keep out the cold winds."* American Indians used passive solar tech­

niques as long ago as A.D. 1100 in the construction of dwellings in

Chaco Canyon and Mesa Verde. These skills have long been neglected,

and the design of modern buildings relies on cheap fossil fuels for

heating and cooling. The sharply r ising costs of fossil fuels make

solar systems once again a desirable option. The ar t and science of

passive solar building design has been rediscovered and is being rap­

idly developed.

Cr i tics of solar energy have scoffed, saying that any building

can be 100 percent solar heated if the occupants will agree to live in

the cold. But it is hard to scoff at success. This report documents

a selection of successful passive solar heating systems which not only

derive the major part of their heating energy from the sun, but also

provide a comfortable environment. As the price of heating fuels and

electr ici ty continues to escalate, add-on systems which can supply

heat and reduce fuel bills for existing structure become more

*Xenophon, Memorabilia Socratis
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attractive. The greenhouse designs included in this report are in

this category. Passive solar heating is not restricted to residential

buildings; it can also be applied to commercial buildings. Several of

these applications have been included.

Design Procedure

The buildings and solar systems described here illustrate the

basic ideas and concepts of passive solar systems. Translating these

ideas and concepts into firm plans for a new building is a difficult

task. Designing a building with the single-minded purpose of saving

energy is a mistake: the function of the building must take prece­

dence; the solar system should complement the building and not domi­

nate it. Since passive solar systems, by their nature, are so closely

integrated with the building itself, the incorporation of the solar

system must proceed step by step with the building design, starting

with the initial layout. In the early stages of design, rough guide­

lines are needed to estimate the size and performance of the solar

components without resorting to time-consuming calculations. Edward

Mazria has prepared a design procedure which lists a set of rules-of­

thumb for sizing the solar components. An introduction to this proce­

dure is given in his paper, which is included in the appendix of this

report. The complete details can be found in his book The Passive

Solar Energy Book (Rodale Press, 1979).

Performance Calculations

Once a preliminary design is completed using the rule-of-thumb

procedure, detailed performance calculations can be made. This can be

an iterative process in which the preliminary design is adjusted and

modified to correct deficiencies in performance identified by the de­

tailed calculations. Then a second round of calculations checks out

the effect of the modifications. This cyclic procedure is repeated

until the desired performace is achieved or until it is determined

that the basic building design cannot meet the performance specifica­

tions. In the latter case, a new preliminary design would be re­

quired.
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Performance predictions inevitably involve the solution of a set

of simultaneous equations in which the unknowns are the temperatures

at cri tical locations in the building. The mathematical theory and

computational methods available are more than adequate for this task,

but it is tedious to "do it yourself" or expensive to "hire it out."

Fortunately a short-cut method developed by the Los Alamos Scientific

Laboratory (LASL) is available. The method is based on several hun­

dred year-long, hour-by-hour performance calculations at 29 different

cites and for 6 different building loads in each city.

computer simulation analysis techniques were used to accomplish

this huge task. The simplified method relies on the use of a corre­

lating parameter, the Solar Load Ratio (SLR), and an empirical fit to

the large ensemble of data from the computer analysis. The method is

limited to thermal wall, waterwall, and direct-gain systems. The LASL

papers describing this simplified performance prediction method are

reprinted in their entirety in the appendix. The method has been ap­

plied to each of the buildings described in this report, and complete

results are presented.

By combining under one cover the descriptions of a series of pas­

sive solar buildings, the rule-of-thumb design procedure, and the sim­

plified performance prediction method this report presents a compre­

hensive background in passive solar technology.

An earlier report provided descriptions and performance data on

five passive solar buildings and some general information on passive

building design. * At that time, performance data was scarce. Most of

the available data came from a series of buildings instrumented by

personnel from the Los Alamos Scientific Laboratory (LASL). The pur­

pose of that report was to document and publicize the attractive char­

acteristics of passive solar buildings. The scope of this report has

been expanded to include

*R. P. Stromberg,and S. O. Woodall, Passive Solar Buildings: A Com­
Ei1ation of Data and Results, SAND77-1204 (Albuquerque: Sandia
Laboratories, August 1977).
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1. A larger number of buildings with more detailed information,

2. The rule-of-thumb design procedure by Edward Mazria,

3. The LASL simplified performance prediction method, and

4. Examples of performance prediction (supplied by LASL) for
each building described.

Passive Versus Conventional Design Techniques

The methods described in the appendix for estimating the perfor­

ma!)ce of passive solar buildings are far different from the conven­

tional methods still commonly used to calculate the heating (and cool­

ing) requirements of a building. The conventional method pictures a

building as a closed but leaky box with a furnace which supplies heat

at the exact rate necessary to keep the inside air at a constant tem­

perature. Heat is lost from the box by conductance through the walls

and by infiltration of air through the leaks. The rate of heat loss

is proportional to the inside-to-outside temperature dif~erence. The

proportionality factor is called the "building loss coefficient."

This model has proven useful in determining the size of a furnace

needed in a house to meet the needs of the worst expected conditions

(i.e., the "design day" conditions). The limitations of the model are

best shown by using an actual-data example. The Bruce Hunn house

(Section 10) has a building loss coefficient of 14,100 British thermal

uni ts per degree-day (Bt u/dd) . The indoor and outdoor temperatures

during the period December 20-27, 1978 are shown in Figure 1-1. The

average indoor temperature was 54°F. The average outdoor temperature

was 27.5 ° F. Accord ing to the conventional model, the fur nace should

have been supplying 373,650 Btu's, or about 110 kilowatt-hours (kWh)

of electr ic furnace heat, to the house each day. Being unoccupied,

the house had no internal heat sources or unaccounted losses such as

the opening of doors or windows. The house was for all reasonable

purposes a closed box, just like the conventional model. Despi te

these ideal conditions, the conventional model fails to predict

accurately the total energy needs of the house. This failure ar ises

from the omission in the model of any means to account for the effects

of solar energy and the ability of the house to store heat during the

day for reemission at night. The performance prediction methods
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described in the appendix account for these effects and are capable of

providing accurate predictions of total energy needs.

60 INDOOR TEMP-LL.
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Figure 1-1. Indoor and Outdoor Temperatures for the Bruce
Hunn House, December 1978

Passive Solar System Forms

It is instructive and convenient to categorize the various forms

of passive solar systems. The buildings described in this report can

all be classified as one of the following five forms or as combina­

tions of these forms.

Direct Gain -- The simplest passive solar system is the direct­

gain system, which consists of a well-insulate-d house with a large

expanse of south-facing windows. The south windows admit the slanting

rays of the winter sun. In summer, the high angle of the sun reduces

the insolation admitted by the south windows, and a short roof over­

hang can exclude the sun completely. The house needs a large thermal

mass to. store heat dur ing the day and to reemi tit at night to keep

the house warm. The thermal mass is usually in the form of masonry

walls insulated on the outside or concrete slab floors with perimeter

insulation. Heat can be transferred into the storage mass by thermal

tr ansfer wi th the air in the 1 i v ing space. This is a rela tively' in­

efficient process. If the sun shines directly onto the storage mass,
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more energy is stored and at a higher temperature.

provides a more effective system.

The latter case

Thermal Storage Wall -- In the thermal storage wall system, the

thermal storage mass for the house is a south-facing wall. The out- .

side surface is glazed to reduce heat losses to the outside air. The

wall can be thick masonry construction or can be buil t as a water .

storage container (a waterwall). For masonry walls on a cloudless

day, the outer wall surface temperature can exceed 140°F. The heat

conducts slowly through the wall thickness. When it reaches the inner

wall surface, it is transferred to the living space by radiation and

convection. Vents can be placed at the t0P and bottom of the wall to

allow prompt transfer of heat to the living space by convection cur­

rents. For a waterwall, the heat is transferred quickly through the

wall by convection currents in the water,; the temperature will be

near ly uni form through the thickness of the wall. There will, how­

ever, be a vertical temperature gradient: the top of the wall will be

warmer than the bottom. Because the heat is distributed rapidly

through the entire mass of the wall, the outer surface temperature

does not get as high as it does in a masonry wall, which makes the

waterwall a more efficient solar collector. Water has the advantage

ofa high specific heat (about five times as high as concrete or

brick) so that waterwalls can be smaller and lighter while having the

same thermal mass as a masonry wall.

Greenhouse -- This form consists of a greenhouse built on the

south side of a building, separated from the building by the thermal

storage wall. The thermal storage wall serves to stabilize the tem­

perature in both the greenhouse and the house. Normally, the green­

house does not need to have its temperature regulated closely and is

not supplied with any auxiliary heat. During the day, heat that

builds up in the greenhouse can be· tr ansfer red to the house. At

night, the greenhouse can be closed off to prevent heat loss through

it from the main building. The roof of the greenhouse admits sun all

year long, and large vents high on the wall or in the roof are needed
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to flush out excess heat in the summer. Besides providing additional

living space, the greenhouse can be used to grow food and flowers.

Roof Pond -- For this form, a flat roof is designed to hold and

. support a pond of water. The pond acts as the thermal storage mass

and solar collector. Movable insulation is required. In the heating

. mode, the pond is exposed to the sun dur ing the day, then covered by

the movable insulation at night. The stored heat in the pond is

transferred to the living space by radiation and convection from the

ceiling which supports the pond. In the cooling mode, the insulation

shields the pond during the day but is removed at night so that the

water can cool itself.

Thermosiphon The thermosiphon, also known as a convective

loop, consists of a solar collector and a thermal storage tank. The

collector is at a lower elevation than the tank. Tubes connect the

top of the collector to the top of the storage container. The bottoms

are also connected. The whole system is then filled wi th water or

antifreeze fluid. The sun shining on the collector heats the fluid,

which expands and flows upward into the tank. Cold fluid is displaced

from the tank back to the collector, where the sun warms it; the cycle

continues as long as the sun shines.

Air can be used as the heat-transfer fluid, in which case the

tank is replaced with a container filled with stones or pebbles. The

movement of the air will be the same as for the water. As the heated

air passes through the rock bed, the heat is transferred to the rocks,

and the cooled air is recycled to the solar collector.
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SECTION 2

UNIT ONE, FIRST VILLAGE

Figure 2-1. Exterior View of the J. Douglas Balcomb House

BUILDER: Wayne and Susan Nichols
DESIGNER: Susan Nichols, William Lumpkins

OWNER: . J. Douglas Balcomb
TYPE: Single family, 1 unit

AREA: 2,300 square feet
GENERIC TYPE: Attached solar greenhouse, hybrid.

LOCATION: Santa Fe, New Mexico
LATITUDE: 36°N.

ELEVATION: 7,700 feet
CLIMATE DATA: Annual heating degree-days (dd): 6,000

Design temp: 11°F
Horizontal insolation (January day):

1,090 Btu/ft2
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Figure 2-2. Interior of Greenhouse Looking Northeast
toward Circular Staircase

Figure 2-3. Interior of Greenhouse Looking West
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Figure 2-4. Floor Plan of unit 1, First Village
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Figure 2-5. Thermal Flow Diagram

Collectors -- The south-facing greenhouse serves as a direct-gain

collector. The total glass area of the greenhouse is approximately

412 square feet.

Storage -- The primary storage is the adobe mass wall which sepa­

rates the greenhouse from the house and the floor of the greenhouse.

Solar radiation incident on these surfaces is absorbed and stored

directly. Secondary storage is achieved by two fan-powered ducts

which pull heated air from the upper level of the greenhouse into two

separate rock storage bins underneath the floor, with the exhaust air

being returned to the greenhouse.
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Distr ibution -- Distr ibution of heat to the greenhouse is by

radiation and convection of absorbed solar heat from the floor and the

back adobe walls. Primary distribution of solar heat to the house is

by radiation and convection from the adobe wall, which functions

largely as a Trombe wall. There is also some thermocirculation of

warmed greenhouse air to the house through opened doorways during the

day. Secondary distr ibution is by passive conduction of heat up

through the concrete floor slab and subsequent convection and radia­

tion to the groundfloor rooms.

Auxiliary Heat -- Baseboard electric heaters, a fireplace, and a

wood-burning stove provide the auxiliary heat.

Domestic Hot Water -- A separate flat-plate collector provides

preheat for the hot water supply.

Controls -- A differential thermostat controls the fan forcing

airflow into rock storage beds. Individual thermostats control base­

board electric auxiliary heaters.

Description

First Village is a planned communi ty of solar residences on a

40-acre tract of land in Santa Fe, New Mexico. The tract is subdi­

vided into eight lots of 5 acres each. Unit 1, the first house con­

structed in the communi ty, is a two-story house wi th an "L" shaped

floor plan. The angle of the "L" encloses a greenhouse which is the

major component of the solar heating system. On the first floor are

the living room, dining room, and kitchen. The living room and dining

room open onto the greenhouse area. The kitchen has a window opening

into the greenhouse. A breakfast nook juts out from the kitchen on

the east corner of the house and its large window area catches the

early morning sun. At the angle of the "L" (the north corner of the

greenhouse) there is a circular staircase which leads from the green­

house to a second floor balcony which overlooks the greenhouse area

and provides access to each of the three bedrooms on the second floor.

The lot slopes slightly toward the south and the house is set below
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grade. The north corner is approximately 4-1/2 feet below grade,

while the greenhouse floor at the south wall is on grade.

The south wall of the greenhouse is made of eight panels of·tem­

pered, double-glazed, sealed thermal glass units, each measuring 34 by

76 inches. The roof of the greenhouse slopes upward at an angle of 50

degrees from the horizontal. It is composed of 16 panels of double­

glazed thermal glass units also measuring 34 by 76 inches each. This

glass greenhouse roof meets, and is supported by, a flat, buil t-up

roof which is an extension of the roof of the house. This arrangement

provides 276 square feet of glass for the sloping roof and 136 square

feet of glass for the vertical south wall.

The greenhouse space is separated from the living space by adobe

walls 14 inches thick on the first floor and 10 inches thick on the

second floor. A wall of adobe brick surrounds the circular staircase.

These massive walls serve as thermal storage. Addi tional thermal

storage is provided by two rock beds: one under the living room is 2

feet deep by 10 feet wide by 19 feet long (14 cubic yards); the other

under the dining room is 2 feet deep by 10 feet wide by 15 feet long

(11 cubic yards). These b~ds are filled with 3- to 5-inch round

riverbed rock. Air ducts form a circui t from the top of the green­

house, through the rock bed, and back to the floor of the greenhouse.

Two 1/3-horsepower fans power these ducts.

The outer walls of the house are framed with 2- by ~-inch studs

at 16-inch intervals. The space between the studs is insulated with a

layer of 1-1/2- inch rig id f iberg lass over a 6- inch f iberg lass batt

with the vapor barrier on the interior side. The outer surface of the

wall is stucco. The below-grade portions of the wall are made of

8-inch concrete block with all the cells filled with cement. The wall

is waterproofed with plastic roofing cement and insulated with 2

inches of rigid polystyrene.

Operation

During the day, solar radiation, direct and indirect, enters the

greenhouse through the glass walls, and falls upon the interior adobe
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walls and floor. Part of the energy is absorbed by the adobe walls

and floor, part is transferred to the air in the greenhouse, and an­

other fraction is transferred back through the glass and lost. The

heat absorbed by the adobe wall slowly conducts through the wall until

it reaches the other side, where it is transferred by convection and

radiation to the inter ior of the house. It takes 7 to 8 hours for

heat to be conducted through the 14-inch adobe wall, so the heat of

the day reaches the inter ior of the house dur ing the evening hour s

when it is needed most. The heat absorbed by the floor of the green­

house is reemitted during the night into the greenhouse space, keeping

the space warmer than the outdoor ambient temperature.

Heated by the warm objects in the room, the air in the greenhouse

rises and collects under the roof of the greenhouse and is pulled

through the fan-powered ducts into the rock beds, where its heat is

transferred to the rocks for storage. 'I'he cooled exhaust air is re­

turned to the floor of the greenhouse to be recirculated. The heated

rocks warm the 7-inch-thick concrete and tile floor slab and the liv­

ing spaces above it. The fans are controlled by one differential

thermostat which senses the temperature of the air at the top of the

greenhouse and the temperature in the rock bed. The fans automati­

cally turn on whenever the air temperature exceeds the rock bed tem­

perature by 15°F. Override switches allow the fans to be turned on or

off manually when desired.

Control of temper ature wi thin the 1 iv ing space of the house is

not entirely automatic. The heat flow from the greenhouse to the

living space is controlled by opening or closing the doors of the

rooms which open onto the greenhouse. For example, as the morning sun

raises the greenhouse temperature in the winter, the doors can be

opened, allowing the warm air to heat the living space directly. When

the sun sets and the greenhouse temperature drops, the doors are

closed, trapping the heat within the interior of the house. It should

be noted here that the greenhouse area in Unit 1 is not designed for

use as a daylong living space. The large area of glass, while double

glazed, is not shuttered or insulated, so the greenhouse temperature
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falls well below comfortable living temperature on cold nights. Con­

versely, on warm summer days, the solar input to the greenhouse pro­

vides an excess of heat which must be vented. Two of the glass panels

on the south wall and the two access doors can be opened to let out­

side air enter the greenhouse. A window at the top of the circular

staircase can be opened so that the staircase well acts as a chimney,

venting excess heat from the greenhouse to the outside. During summer

nights these vents are left open, and the doors to the rooms opening

onto the greenhouse are also opened. In this way the entire house and

the inter ior adobe walls are cooled. In the afternoon, the living

space doors are closed, and the cool adobe walls act as an efficient

(and quiet) air conditioner for the whole day.

A more 'subtle seasonal temperature control system is achieved by

the greenhouse roof and the balcony. Both the greenhouse roof and the

balcony floor are horizontal planes projecting out on the south side

of the adobe wall. Dur ing summer, when the sun's midday al ti tude

angle is high (or zenith angle is small), these projecting planes

shade the adobe wall from direct incidence of the sun's rays. The low

altitude angle of the sun during the winter allows the sun's rays to

undershoot these proj ecting planes and fall directly onto the adobe

wall, which then acts as an efficient solar collector and thermal

storage system. The resul t for the annual seasonal cycle is that

unneeded summer solar energy is largely prevented from enter ing the

greenhouse or living spaces, while winter solar energy is efficiently

collected, stored, and used to keep the living spaces at comfortable

temperatures.

A two-panel, flat-plate collector array located northeast of the

house provides preheat for the domestic hot water system. Propylene

glycol is used as the heat transfer fluid to prevent freezing during

the winter. A single wall heat exchanger transfers the heat from the

propylene glycol to the water in the domestic hot water system.

Auxiliary heat is supplied by baseboard electric heaters in each

room, controlled by individual thermostats. A wood-burning stove is

used occasionally for both ambience and heat.
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Performance

The dominant temperature control feature of Unit 1, First

Village, is the massive adobe wall separating the greenhouse from the

living space. It performs three functions: (1) its thermal mass mod­

erates the temperature extremes, (2) it acts as a collector for solar

energy, and (3) it distributes heat to the living space. Two arrays

of temperature sensors (thermocouple rakes) have been imbedded within

the walls to measure the temperature. The geometry of these rakes and

their temperature records for the first floor wall and the second

floor wall are shown in Figures 2-6 and 2-7, respectively. Each day,

when the sun falls upon the wall, the outer surface temperature rises

to 100°F or more. 'I'his energy is either transferred back into the

greenhouse area by reradiation and convection, or it moves by conduc­

tion through the wall. As the conducted energy flows through the

wall, the thermocouples register its passage as a temperature pulse.

The thermocouple records show that the amplitude of the pulse is re­

duced and its width is broadened as it moves through the wall. The

pulse takes 7 to 8 hours to travel from the outer surface to the inner

surface. This means that the heat collected by the adobe wall from

the midday sun is delivered to the living space in the evening--an

ideal balance of the physical characteristics of the system with the

human requirements.

Heat transfer from the adobe wall to the living space is convec­

tive and radiative. Convective transfer depends on the temperature

difference between the wall surface and the air. The radiative ef­

fects of the adobe wall are impor tant. The large area of the adobe

wall continuously radiates energy to the other walls, which then

reradiate. The room is filled with a low-level radiant energy flux,

which warms the occupants of the room. A pleasant comfort level is

achieved when the actual air temperature is significantly lower than

would be required in a house heated by a forced hot air system. A

secondary benefit is that, since the air temperature is lower, the

house heat losses are reduced, and less energy is needed to keep the

house comfortable.
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FIRST FLOOR ADOBE WALL TEMPERATURES

64

1
J\
f\
I ,
I \
I .~.

3

---------- INSIDE SURFACE
-'-'-8 INCHES FROM OUTSIDE SURFACE
- --1/8 INCH FROM OUTSIDE SURFACE

130

120

110

~

Vl

~ 100
""<.!l....
C>

.... 90
""::::>
I-

~.... 80Q.

:E.... ,.
I-

70

60

50
1 2

FE8RUARY 1978

Figure 2-6. Temperatures within First Floor Adobe Wall

6 INCHES
9 INCHES

~ ~'.:.'!':: ~ -.: ';.. ::' ....
C>
~

Vl
z:
~

~

~ ,~~~' .:0 ..;;';-:.

o :. .;;: :<. ~ ~~

-----3/4 INCH FROM OUTSIDE SURFACE
6 INCHES FROM OUTSIDE SURFACE

---- 1 INCH FROM INSIDE SURFACE

63 4

FEBRUARY 1978

i1I..,
I.-,,.

130

120

110
.....
Vl r,~ 100
""<.!l ,-....
C> ,
.... 90 ..
""::::>
I-
~....
Q. 80:E....
I-

70

60

50
1

Figure 2-7. Temperatures within Second Floor Adobe Wall

28



Figure 2-8 is a compilation of data taken from the Balcomb house

from December 26, 1978 to January 8, 1979. A few hours of data were

lost on January 3, 1979, which accounts for the break in the records

on that date. The period is characterized by extremely cold weather

(down to -12°F) and a succession of days with poor insolation. It is

a period of extreme test for a solar house.

The temperatures near the inside and outside surfaces of the

adobe wall are the second pair of traces shown in Figure 2-8. This is

the same type of data as shown in Figures 2-6 and 2-7, but with less

detail. During the sunless days the wall loses heat steadily, and its

temperature drops. Some of the heat flows into the house, but some is

also lost to the outside through the greenhouse area.

The next pair of traces shows the temperature of the surface of

the dining room floor above the rock bed. The same general character­

istic shown by the adobe wall is repeated: temperatures rise rapidly

during sunny days but fall steadily without the sun's heat. On the

nigh t of December 30 the floor temper a tur e rises sever al deg rees.

This was caused by heat delivered from the wood stove in the dining

room which was used on that night. The on-off periods of the circu­

lating fan for the rock beds are shown on the very bottom edge of

Figure 2-8. As would be expected, the rock bed temperature rises each

time the fan is on.

The fourth set of traces shows the air temperatures for the

greenhouse and dining room. The large temperature swings in the

greenhouse are apparent. The temperature swing in the dining room is

moderated to about 8°F. Over the winter of 1977-78, the interior

temperature both upstairs and downstairs, normally remain in the mid­

and upper-60's. Dur ing the per iod of cold and relatively sunless

weather, the dining room temperature drops to the lower 60' s and is

maintained above 65°F by the auxiliary heating system. The last pair

of traces in Figure 2-8 shows the total electric power consumed in the

house and the power consumed by the baseboard heater (the auxiliary
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heating system).. The baseboard heater s turn on fairly consistently

every time the dining room temperature drops below 65°F.

The greenhouse temperatures were recorded at a level of 8 feet

above the floor at the center of the greenhouse. When the fan is on,

circulating air through the rock bed, there is very little temperature

stratification in the greenhouse. The greenhouse temperature shown in

Figure 2-8 is essentially the temperature of the air entering the duct

for delivery to the rock beds. At night, with the fan off, there is a

10°-15°F stratification between the floor and the roof of the green­

house.

The electr ic util i ty (Publ ic Service Company of New Mexico) in­

stalled two meters--a main meter which records all electricity used in

the house and an auxiliary meter which records only the electr ici ty

used for auxiliary heat. The values recorded are shown in Table 2-1.

The installed capacity of the auxiliary heating system is 9.5 kW,

corresponding to the conventional design load of the house. Exper i­

ence has shown that 3 kW is the maximum required.

Addi tionally, wood was burned in the fireplace and stove. The

total wood consumption was not accurately moni tored but amounted to

about 1,200 pounds overall.

For the per iod shown in Figure 2-8, the total electr ic consump­

tion was 728 kWh, with auxiliary heating system accounting for 79 kWh

of the total. The average ambient temperature for this per iod was

22.7°F. These figures do not account for the hours during january 3,

1979,.when data was lost.

Owner Observations and Comments

As noted earlier, one of the temperature control mechanisms for

Unit 1 is the opening or closing of doors onto the greenhouse. Mrs.

Balcomb, who has 1 i ved in the house for mor e than a year, ind ica tes

there is nothing critical about this operation; in fact, no particular

attention is paid to it at all. The doors are left open when the
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TABLE 2-1

Electric power consumption for the Balcomb house,
20 June 1977 to 19 April 1979

Meter Reading Date Main, kWh Auxiliary, kWh

20 Jun 1977
787 0

20 Jul 1977
578 0

18 Aug 1977
805 0

19 Sep 1977
802 0

18 Oct 1977
1054 NOT AVAILABLE

17 Nov 1977
1258 39

20 Dec 1977
1671* 198

20 Jan 1978
1663* 265

20 Feb 1978 581 kWh
1107 34

21 Mar 1978
1046 30

20 Apr 1978
1102 15

19 May 1978
1104 0

20 Jun 1978
795 0

20 Jul 1978
826 0

18 Aug 1978
1154 0

19 Sep 1978
961 0

18 Oct 1978
1152 8

16 Nov 1978
1930* 243

19 Dec 1978
1810* 222

745 kWh19 Jan 1979
1534* 219

19 Feb 1979
991 45

20 Mar 1979
882 8

19 Apr 1979

*Solar water heater out of service during all or a portion of
these months. A new, enlarged solar water heater was in-
stalled during February 1979.

32



greenhouse environment

operation of the doors

on a schedule.

is agreeable and shut when it is not. The

is natural and not a specific routine performed

The large area of greenhouse glass needs cleaning about once a

year. Most of the inside glass can be cleaned while standing on the

greenhouse floor or on the balcony. A ladder is needed to reach some

areas. A long-handled brush and squeegee is all the equipment needed

for the job.

During the winter the house is kept tightly closed, with little

ventilation from outside air. No stuffiness or stale air has re­

sulted. Mrs. Balcomb surmises that the circulation of air through the

rock beds may be helping to freshen the house air, since the rock beds

themselves may be acting as filters. The plants in the greenhouse

probably al so help. The greenhouse al so adds humid i ty to the ai r ,

eliminating the problem of dryness which often occurs in the arid

southwest region or in almost any region during winter months.

Mrs. Balcomb, a native of New Mexico, is familiar with the usual

duties and complaints associated with a house in this area and has

been pleased to find that Unit I is nearly free from all these duties

and complaints--no thermostats to keep adjusting or drapes to open and

shut, no water pipes to worry about freezing, no drafts from cold

walls or leaky· doors. The temperatures wi thin the house are very

uniform; there is no "warm part" or "cold part" in the house; it is

comfortable throughout. Even after a year in the house, it still

comes as a surpr ise to the Balcombs that the thermometer reads only

65°P while the house feels warm and comfortable. The house has not

imposed i tsel f on the Balcombs; instead, it has made it eas i er for

them to maintain their lifestyle in greater comfort and satisfaction.

Mrs. Balcomb recommends one change: that the window at the top

of ~he stairwell be modified so that it can be opened or closed with­

out standing on a chair or ladder. Since the window only needs open­

ing once a year, this is not a critical problem.
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Designer/Builder Comments

Dur ing construction of Unit 1, there was some question about

whether or not the greenhouse would overheat during the summer months.

Accordingly, the window at the top of the stairwell was changed at

this time from a fixed glass pane to an operable window. The venting

effect of this window proved to be so efficient that the two manually

operated vents planned for the greenhouse roof were eliminated.

The collector panels for the domestic hot water (DHW) system were

shipped with the wrong size clips for the glazing. The collectors

were placed on the ground to the east of the house rather than on the

roof, as originally planned. The preheat water tank was defective and

sprung a leak after about 18 months of service; it had to be replaced.

Some difficulty was experienced in adjusting the controls for the hot

water preheat system. There has been no difficulty with the collector

itself or with the heat exchanger in the preheat tank.

The main air ducts as actually constructed had a smaller cross

section than the or ig inal design. This caused the fans to be noisy.

The fan size and model were changed, but they were still noisy. By

custom-fitting the fan mounts and platforms, adding extra vibration

isolators, and installing extra sound board around the fan' closets,

the noise problem was finally solved. These problems would never have

arisen with properly sized ducts and bigger fan closets.

The differential thermostats used for fan control are difficult

to adj ust for an air system. Sever al probe locations were tested

before proper on-off cycling was achieved.

Wooden mullions ·support the glass in the greenhoup'e. The mul­

lions were difficult to custom cut. The original glass lites measured

34 by 76 inches; when fitted into the mullions, the net area was

reduced to 29-1/2 by 73 inches. Sheet metal mullions would be better

from a construction point of view, but would not be as satisfactory

aesthetically.
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'I'he design of the solar system for Uni t 1 was infl uenced by

prev ious exper ience in the appr aisal of solar homes. For one home

with an air/rock system, the collector was mounted on the roof, and

the hot air was pumped to the rock bed beneath the house. Al though

the system cost $9,000, the appraiser assigned it no value. In a

second house of similar basic design, the collector was a greenhouse,

and the appraiser assigned a value of $20 per square foot to the

greenhouse because it was usable space. This anomaly in appraiser

requirements resulted in the selection of the greenhouse design.

Construction and Cost

Construction of the house began in January 1976 and was completed

in August 1976. 'I'he total cost was approximately $104,000, which

includes $24,000 for the lot. An $A,OOO grant, awarded directly to

the builders by HUD dur ing the first cycle of the 1974 Solar Demon­

stration Act, offset about two-thirds of the cost of the solar portion

of the house.

The usable area inside the house is approx imately 1,950 square

feet. The greenhouse adds another 350 square feet, which are usable

dur ing the summer and dur ing the daytime in the winter. The passive

solar heating system is well designed. Once inside the house, it is

difficult distinguishing it from an airy, nonsolar adobe house.

The cost of installing a conventional forced-air heating system

in this house would have been appr ox ima tely $12,000. The sol ar in­

stallation cost was $12,000, but additional living area in the form of

a greenhouse has been provided. The passive solar heating system

appears to be a wise investment for this property.

Performance Estimate

A standard heat loss analysis indicated that the total building

loss coefficient is 15,920 Btu's per degree-day (Btu/dd), or 8.64

Btu/dd ft
2

. (In this report, degree-days are heating degree-days:

one degree-day is recorded for each Fahrenhei t degree of departure
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below a certain standard during a single day.) The loss rate from the

living space through the adobe wall, greenhouse, and greenhouse glaz­

ing was computed by assuming a steady-state heatflow in which the

amount of heat lost from the living space through the adobe was equal

to the heatflow through the greenho'use glazing to the outside. A

performance estimate for unit 1, First Village was made using the

methods outlined in the appendix. The resul ts are shown in Table

2-11. These methods cannot account for the heat delivered to the

living space by the active transfer of heat from the greenhouse via

the- fan-powered ducts into the rock beds and thence into the living

space. The method was, therefore, modified to include this heat

source, as indicated in the last three columns of Table 2-11. The

heat contr ibution credi ted to the rock bed system was a maximum of

47,000 Btu/day. The annual solar heating fraction (SHF) is 84 per­

cent. The house appears to be performing at least as well as the

performance estimate indicates, which is very well indeed.
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TABLE. 2-II

Performance Estimate for the Balcomb House

Solar Solar
Radiation Solar Heat Delivered

Internal Net on Horiz. Radiation (MBtu) Aux.
Degree- Gross Sources Load Surface Absorbed Direct I Through Energy

Month Day's__ (MBtu)* _LMB1:.11_)_ ~t'!L -.U3_~'Y.:f t_~:-'IT!~L (MBtu) .EJ.R SHF Rockbed (MBtu)

January 1,091 17.37 2.87 14.50 35,458 15.49 1. 07 0.52 7.60 2.89 4.01

February 882 14.04 2.60 11. 44 43,890 15.21 1. 33 0.61 6.94 2.61 1. 89

March 828 13.18 2.87 10.31 58,075 13.69 1. 33 0.61 6.25 2.89 1.17

April 513 8.17 2.78 5.39 70,566 10.71 1. 99 0.76 4.07 1. 32 0

Eay 258 4.11 2.87 1. 24 81,164 8.92 7.22 1 1. 24 0 0

June 68 1. 08 2.78 0 83,220 8.15 - 1 0 0 0

July 5 0.08 2.87 0 79,279 8.08 - 1 0 0 0

August 21 0.33 2.87 0 73,507 9.36 - 1 0 0 0

September 116 1. 85 2.78 0 61,560 11. 81 - 1 0 0 0

October 409 6.51 2.87 3.64 50,654 14.91 - 1 3.64 0 0

November 774 12.32 2.78 9.54 36,708 14.73 1. 54 0.66 6.33 2.80 0.41

December 1,042 16.59 2.87 13.72 31,806 14.62 1. 07 0.52 7.17 2.89 3.66

Annual 69.78 11.14

ANNUAL SHF = 0.84

*MBtu = million Btu



SECTION 3

MARK JONES HOUSE

Figure 3-1. Exterior View of the Mark Jones House

BUILDER: Mark Jones
ARCHITECT: Mark Jones

OWNER: Mark and Faith Jones
TYPE: Single family residence

AREA: 2,650 square feet
GENERIC TYPE: Hybrid/hot air thermosiphon to rock bed storage,

with forced-air distribution
LOCATION: Santa Fe County, NM

LATITUDE: 36°N
ELEVATION: 6,750 feet

CLIMATIC DATA: Heating dd: 6,100
Design temp: O°F

Horiz. insolation (Jan. day):
1,090 Btu/ft 2
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Figure 3-2. The Greenhouse in the Mark Jones House

Figure 3-3. View of the House from the West
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Figure 3-4. Floor Plan for the Mark Jones House
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Figure 3-5. Thermal Flow Diagram of the Hot Air Thermosiphon
System

Collector -- The collector for this system is a site-built, air­

cooled, single-glazed flat plate tipped at 45 degrees from the hori­

zontal. Net effective collection area is 532 square feet.

Thermal Storage -- 500 cubic feet (30 tons) of washed river rock

(2 to 4 inch) provide thermal storage. The rock bin measures 4 feet

by 32 feet in cross section and is 4 feet deep. Masonry interior

walls provide additional storage mass within the house.

Distribution -- Hot air is supplied to the living areas through a

conventional forced-air heat system driven by the fan in the auxiliary

heater unit.

Auxiliary Heat -- A 50,000-Btu electric furnace supplies auxilia­

ry heat.
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Domestic Hot Water -- A liquid, flat-plate, thermosiphon solar

heating system provides preheat for domestic hot water. The collector

is an integral part of the collector array for the house heating

system.

Controls -- Manual dampers prevent back siphoning through the

rock bed. The fan and damper for the forced-air heating system are

thermostatically controlled. The electric heating coils in the auxil­

iary furnace are controlled by a thermostatic sensor located wi thin

the rock bed.

Description

The Mark Jones house is located in Santa Fe County, New Mexico,

several miles northwest of the ci ty of Santa Fe. The si te is on a

knoll wi th excellent v iews to the east and nor theast. The sever al

interior levels of the floor plan follow the topography of the knoll.

The collector array is on the south slope of the knoll and lies en­

tirely below the upper floor levels of the house. This placement al­

lows the use of the thermosiphoning system and prevents the large col­

lector array from becoming the dominant architectural feature of the

house.

The house has an "L" shaped floor plan. The north wing of the

"L" contains a work room, kitchen-breakfast area, dining room, and, at

a lower level, the living room. The many windows take advantage of

the view to the east and northeast.

The south wing of the "L" is mul ti-Ievel; the upper level con­

tains the master bedroom and bath. Offset to the west, and at a lower

level, is a second bedroom and bath combination. Beneath the master

bedroom is a bedroom and bath. This level also contains the mechani­

cal room for the heating system, the rock bed, and the greenhouse and

solar collector array.

The walls of the house are a double-layer wood frame with 2- by

6-inch studs on the outside, 2- by 4-inch studs on the inside, and a
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2-inch dead air space between. Fiberglass batt wall insulation is

placed between the studs of both the outside and inside framing. The

exterior and interior are finished with stucco.

Except for the master bath and hallways, the flat roof is sup­

por ted on exposed 6 - by 10- inch beams. The beams are over laid with

plywood, and a grid system of sleepers is laid on the upper surface.

The space between the sleepers (10 inches deep) is filled with fiber­

glass batting for insulation. This is sheathed with another layer of

plywood and the surface weatherproofed with built-up asphalt roofing.

The roof over the master bath and hallway is conventional construction

wi th 2- by 10- inch cei 1 ing j oi sts. The spaces between j oi sts are

filled with fiberglass batts. Both the walls and the roofs have a

rated "R" value of 30. Part of the walls on the west and northwest

are bermed. The below grade portions of the walls are concrete block

insulated with 2-inch rigid polystyrene.

The foundation perimeter is insulated with 1 inch of polystyrene

down to the depth of the footing.

Starting at floor level of the master bedroom, the solar collec­

tor slopes downward to the south at a 4S-degree angle. The glazed

area measures 18-1/2 feet by 34 feet. The glazing is a single layer

of Kalwall@ fiberglass-reinforced plastic sheeting. Beneath the glaz­

ing are metal pans which are inlaid with three layers of mesh wire

lath. The lath and the pans are painted with a flat black, high­

temperature enamel. The 2- by 10-inch joists supporting this solar

collector array are sealed with high-temperature enamel to prevent

outgassing from the wood. Part of the collector area is devoted to

the water preheat system. The absorber in this part is copper sheet­

ing with 1/2-inch copper tubing brazed to it. The tubing is filled

with an antifreeze fluid which carries the collected heat to a heat

exchanger in the preheat tank of the domestic hot water system. Some

areas of the solar ar ray have no collector at all; the sunl ight is

merely admitted directly into the greenhouse area beneath. The total
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glazed area is about 600 square fee t. Of thi s, 476 square feet fur­

nish hot air for the rock bed storage, 56 square feet are used in the

water heating system, and about 70 square feet are direct gain into

the greenhouse.

Operation

Sunlight transmitted through the glazing of the collector array

is absorbed on the black-painted surfaces of the wire mesh and collec­

tor pan, raising the temperature of the metal. The layers of mesh

provide a large surface area for the transfer of the absorbed energy

from the metal to the air within the collector channel. As the air is

warmed, it expands, its density decreases, and it tends to flow up the

collector channel into the plenum above the rock bed. As long as the

rocks are cooler than the air, they will absorb heat from the air,

cooling it. The cooled air becomes denser, and it will flow downward

through the rock bed back into the greenhouse where it is available

for recycling through the collector. On each cycle, it picks up heat

in the collector, transfers the heat to the rocks, and returns to the

greenhouse. No blower or pump is needed to power this flow.

When the sun sets, the collector quickly cools below the tempera­

ture of the rock bed. The air in the collector channels is then dens­

er than the air in the rock bed, and the thermosiphon flow will re­

verse itself. The effect of the reverse flow is to transfer heat from

the rock bed back into the collector, where it is lost through the

glazed sur face to the outside. To prevent this loss, both the upper

and lower plenums of the rock bin are fitted with manually operated

dampers which, when closed, shut off the flow of air to the collector

channels and the greenhouse.

Heat is transferred from the rock bed to the house by the auxili­

ary furnace fan, which draws air upward through the rock bed (where it

is heated) and delivers it to the living spaces through ducts. Return

air ducts from the living space to the lower rock bed plenum complete

the circuit. When heat is being discharged from the rock bed into the

house, the fan-powered flow is upward through the rock bed; when the
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rock bed is being charged, the thermosiphon-powered flow is downward

through the rock bed. This pattern assures that the hottest air pos­

sible is delivered to the house. The electr ic heating coils in the

auxiliary furnace are ~ontrolled by a thermostat located in the upper

plenum of the rock bed. If the air exi ting the rock bed is not hot

enough to effectively heat the house, the thermostat turns on the

electric coils to provide auxiliary heat. The fan itself is control­

led by a thermostat located on the living room wall.

The solar preheat system for the domestic hot water supply is

also a thermosiphon. Copper tubing forms a closed circuit which runs

from the solar collector panels to a heat exchanger within the preheat

water tank and back to the collector. The collector is a black paint­

ed copper sheet to which the tubes are brazed. Sunshine absorbed by

the collector warms the antifreeze solution in the tubes, and it flows

upward to the heat exchanger where its heat is delivered to the water

in the tank. The cooled solution, now denser, flows out of the heat

exchanger and back to the solar collector to be recycled. A check

valve prevents reverse flow when the sun is not shining. The thermo­

siphon system is at atmospheric pressure, whereas the hot water supply

system is pressurized so that antifreeze cannot contaminate the water

supply even if a leak develops in the heat exchanger coils. Figure

3-6 diagrams the hot water system.

Performance

The solar system for this house has been well instrumented and

monitored. Temperature data from 28 thermocouples in the collector,

rock bin, and greenhouse, as well as the insolation and outside ambi­

ent temperature, have been recorded h~urly.

Thermocouples installed at the center of one collector module on

each of the three layers of wire mesh that form the absorber showed

peak temperatures of 194°F while the system was in the charging mode

on a clear February day. The maximum difference between the outer and

inner mesh temperatures, which occurred during the peaks, was approxi­

rna tely 11 °F. Under stagnant cond i tions (roc k bin damper s closed so
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Figure 3-6. Domestic Hot Water Supply System, Mark Jones House

that there is no air flow through the collector) the peak mesh temper­

atures reached 22DoF.

Temperature measurements were taken along the length and across

the width of the rock bin to check uniformity of flow through the bin.

The maximum temperature difference across the 3D-foot length of the

rock bin was 7°F, indicating uniform flow patterns in this direction.

Across the 4-foot width of the bin, the maximum difference was over

22°F, indicating some "channeling" resulting from the collector dis­

charge air flowing across the rock bed upper plenum to the rear

(north) side before descending through the rocks.

Figure 3-7 is a compilation of data recorded at the Jones house

during the period December 26, 1978 to January 8, 1979 .. The weather

is shown by the insolation and ambient temperature graphs. It is a
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Figure 3-7. Recorded Data for the Jones House
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per iod mar ked by sever al cloudy days and some very cold nights. The

coldest night (January 1-2, 1979) follows a succession of cloudy days,

a very demanding sequence for the solar system.

The temperatures at several levels within the rock bin are shown

in Figure 3-7. ~he thermosiphon flow of air enters the rock bin at

the top and exits at the bottom, transferring its heat to the rocks as

it passes through. The top layers of rock are therefore the hottest.

The characteristics of the thermosiphon system can be illustrated by

observing the temperatures that occur along the flow path on a typical

day. The week of December 20-27 was a succession of similarly sunny

days. The ambient temperature ranged from 10° to 15°F at night to 45°

to 50°F in the day. After a week of this type of weather, the long­

term (over several days) transients have died out. Taking December 27

as the reference day, the following pattern is observed:

1. The wire mesh at the top of the solar collector reaches a

peak temper atur e of about 182 ° F. Thi s peak occur s at solar

noon when the insulation rate is also at its peak (about 300

Btu/ft 2• h) .

2. The output air temperature of the solar collector reaches

172°F at this same time.

3. By solar noon the top rock bin zone has reached a temperature

of about 105°F. The peak temperature of 146°F is reached

about 5 hour s past solar noon (wi thin 1 hour of sunset).

This peak occurs when the temperature of the outlet air from

the collector has dropped to the same temperature as the

rocks in the top of the bin.

4. The bottom rock bin zone reaches a peak temperature of 62°F.

This peak coincides in time with the peak in the top zone.

5. From the bottom of the rock bin the air flows back to the

greenhouse to be recycled. The temperature at the floor of

the greenhouse, where the collector inlet is located, reaches

a peak of 80°F about 2 hours past solar noon.
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During the house-heating cycle, air is pulled upward through the

rock bin by the furnace fan and then distributed to the living space.

The return air ducts run under the floor in the crawl space and pro-

vide the air supply to the bottom of the rock bin. It appears that

the return air reaches the rock bin at a temperature of about 50°F,

since the lowest level of the rock bin drops to that ,temperature each

night. On very cold nights, it drops even lower (e.g., on January 8

and 9, 1979).

Owner/Designer Comments

The hybrid passive/active air thermosiphon system described here­

in has been quite successful in operatio~ over its first two heating

seasons. Temperatures in the house were continually maintained in the

65 0 to 70 0 F range during the latter part of the 1977-78 heating season

without the use of auxiliary heat. Some auxiliary heat was required

in the 1978-79 heating season dur ing cloudy and cold per iods such as

December 28-January 1, shown on Figure 3-7. The combination of the

thermosiphon (pass i ve) stor age charg ing mode and the blower-dr i ven

(active) distribution mode simplified the air-handling design and cur­

rently saves significant blower energy.

The solar heating system is providing a very stable temperature

range and more than adequate comfort. The space-heating characteris­

tics of the system are essentially identical to those of a convention­

al forced-air heating system. There are no hot spots or cold spots

because the ductwork is dampered to balance the distribution of heat

throughout the house.

A major objective in designing this house was to incorporate the

solar features such that they would not totally dominate other archi­

tectural features. Fitting the house into the topography of the site

required a very complex framing plan.

Bruce Hunn performed the calculations for the solar system and

assisted in the engineering design of the heating system.
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Costs

The cost of the collector array (including domestic hot water

collector) and greenhouse was $4,100. The rock bin, solar ductwork,

damper, controls, and domestic hot water heat exchanger cost $2,400.

The total cost of the solar system was $ 6,500, or $12'.22 per squar e

foot of collector surface.

Performance Estimate

The calculated modified building loss coefficient for the Jones

house is 20,105 Btu/dd, or 7.59 Btu/dd.'ft 2 . Since the methods for

estimating performance (see appendix) cannot accommodate the collec­

tor/rock-bed system which is the major solar contributor in the house,

the collector/rock-bed system performance was first analyzed separate­

ly. By using the measured changes in temperature through the rock

bed, the daily energy flow through the system could be calculated ~

Compar ing this to the solar energy incident on the collector array

gave an estimate of the overall efficiency of the collector/rock-bed

system in transferring solar energy into the house. The overall effi­

ciency for the thermosiphon system in the Jones house was 31 percent.

This contribution was then treated as an internal source of energy, as

shown in Table 3-I. The performance estimate computations were then

completed in the normal manner, treating the house as a direct-gain

system. The windows provide the direct gain, and they contribute just

10 percent of the house heating requirements. The collector/rock-bed

system provides 74 percent of the heating requirements for overall SHF

of 84 percent.
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TABLE 3-1

Performance Estimate for the Jones House

Heat Supplied Solar Solar
By Radiation Radiation

Internal Net Collector/Rock Remaining on Horiz. Absorbed, Aux.
Degree- Gross Sources Load Bec,j. System Load Surface Windows SLR SHF Energy

Month ~ (MBt~ (MBtu) (MB~ (MBtu_)__ (MBtu) (Btu/ft2 . mol (MBtu) (Windows) (Windows) (~1Btu )

January 1,091 21. 94 3.13 18.81 10.83 7.98 34,410 3.62 0.45 0.27 5.81

February 882 17.73 2.82 14.91 10.22 4.69 39,732 3.07 0.65 0.39 2.86

March 828 16.65 3.13 13.52 11. 56 1. 97 58,358 3.09 1. 57 0.78 0.43

April 513 10.31 3.02 7.29 11. 20 0 68,460 - 1

May 258 5.19 3.13 2.06 10.89 0 78,740 - 1

June 68 1. 37 3.02 0 0 80,760 - 1

July 5 0.10 3.13 0 0 72,819 - 1

August 21 0.42 3.13 0 0 71,331 - 1

September 116 2.33 3.02 0 0 59,730 - 1

October 409 8.22 3.13 5.10 11. 78 0 49,135 - 1

November 774 15.56 3.02 12.54 10.61 1. 93 35,610 3.70 1. 92 0.85 0.28

December 1,042 20.95 3.13 17.82 10.23 7.59 30,845 3.76 0.50 0.30 5.34

Annual 92.05 14.72

ANNUAL SHF = 0.84 (Direct Gain = 0.10 )
Collector/Rockbed = 0.74



SECTION 4

THE WILLIAMSON HOUSE

Figure 4-1. The Ralph williamson House

BUILDER: Hamilton Migel and Assocs. (Tesuque)
DESIGNER: Dorothy Williamson, with Hamilton

Migel and Jeffrey Acyrigg
OWNER: Ralph E. and Dorothy S. Williamson

TYPE: Single family residence
AREA: 1,265 square feet

GENERIC TYPE: Direct gain
LOCATION: Santa Fe County, New Mexico

LATITUDE: 36°N.
ELEVATION: 6,655 feet

CLIMATE DATA: Heating dd: 6,100
Design temp: O°F
Horiz. insolation (Jan. day):

1,090 Btu/ft2
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Figure 4-2. Sunlight from Clearstory Windows Falling on
Adobe North Wall of the Williamson House

Figure 4-3. Living Room Windows
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Figure 4-4. Floor Plan of the Williamson House
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Figure 4-5. Thermal Flow Diagram of the Williamson House

Collectors -- South-facing windows serve as direct-gain collec­

tors. The total south-facing glass area is approximately 310 square

feet.

Storage -- The adobe walls and brick floor provide the thermal

storage mass for this house.

Distr ibution -- The solar heat absorbed by the br ick floor and

adobe walls is distr ibuted to the living space by convection and

radiation.

Auxiliary Heat -- Electric baseboard heating units provide auxil­

iary heat.

Domestic Hot Water -- A flat-plate solar collector provides pre­

heat for the domestic hot water system.

Controls -- Turbine-type ventilators allow venting of excess heat

when desired. The auxiliary electric baseboard heating units are con­

trolled by individuaY thermostats in each room.
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Description

The Williamson house has a simple and straightforward floor plan.

The basic shape is a rectangle with the long axis oriented east-west.

The kitchen, a pantry, and a utility'room with a half-bath .are located

on the east end of the rectangle. Two bed~ooms and a full bath are on

the west end. In the middle are aliv ing-dining area and a study.

The garage is on the north side with access through the ·pantry.

Running down the middle of the roof for over half the length of

the house on the west end is a large clearstory window array. There

are five windows in the array, each measuring 46 by 76 inches. The

windows face south and are til ted approximately 20 degrees from the

vertical. Sunlight entering through these clearstory windows falls on

the north adobe wall of the house. Seven more windows of the same

size (46 by 76 inches) are in the south wall. Sunlight entering these

windows falls on the floor and furnishings of the house. There are no

overhangs to shade any of these windows, but projecting roof beams

provide the structural support for an overhang if it proves desirable.

All windows are double glazed.

Underneath each of the seven major windows in the south wall are

small (10- by 28-inch) operable windows for ventilation. The kitchen

has standard wood-framed double-glazed windows on the south and east

walls.

The exter ior walls of the house are 10-inch-thick adobe. The

north wall is insulated on the outside with 2 inches of polystyrene

and 1 inch of urethane foam. The remaining exterior walls are insu­

lated with 2 inches of polystyrene. The exterior finish for all walls

is stucco. The interior walls for the bedrooms are also adobe, medium

brown in color. The north wall is bermed to a depth of about 30

inches. The bermed part of the wall is constructed of cement block.

The roof is supported by exposed, rough-sawn 4- by 10-inch beams,

decked with l-inch-thick lumber. The roof insulation is 4 inches of

polystyrene covered with Celotex and sealed with built-up asphalt

coating. The floor is red brick laid in sand.
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The house water supply comes from a well drilled on the property.

A flat-plate collector provides preheat for the domestic hot water

supply. The collector is a "drain-down" type. Some trouble has been

experienced with this system failing to drain down, resulting in

freezing and rupturing of the tubes in the collector. When function­

ing properly, the system preheats water to about l40°F.

A large Spanish-style fireplace is located on the north wall.

The fireplace is provided wi th an outside intake for combustion air

and is fitted with a metal faceplate, which is set in place to seal

off the fireplace at night and to prevent the warm house air from es­

caping up the flue. The faceplate can be installed even if the fire

is still burning.

Operation

The large expanse of south-facing glass admits a correspondingly

large amount of sunshine into the inter ior of the Williamson house.

The red br ick floor and brown adobe walls absorb most of the energy

and convert it to thermal energy, which is then transferred to the

living space by convection and radiation. The large thermal mass of

the walls and floor plays a vital role in this process. Due to this

large thermal mass, the temperature change in the material is moder­

ate, e~en when large amounts of solar energy have been absorbed. When

the sun has set, the absorbed energy is slowly reemitted into the liv­

ing spaces. The overall effect is to reduce the peak temperatures

created by the sun and to spread the warmth of the day into the night

and evening hours.

With such a large amount of direct-gain glass, overheating is a

distinct possibili ty. By opening the small operable windows beneath

the main glazings on the south wall and by opening the turbine vents

in the roof, excess heat can be quickly flushed out of the interior of

the house.

The circulation pump for the solar hot water preheating system is

controlled by a temperature sensor on the flat-plate collector. When
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the sun is shining and the collector is warm, the circulation pump is

turned on, pumping water from the preheat tank through the collector
and back to the tank again. When the sun is not shining and the col-

lector is cool, the pump remains off. A drain-down system clears the

water out of the collector pipes when the circulation pump is off in

order to avoid freezeup. A malfunction of this drain-down system re­

sulted in damage to the collector. The electric hot water heater is a

standard commercial 42-gallon, 3800-watt system.

The oper at ion of the aux iIi ary heating system is au toma tic, re­

quiring only the adjustment of thermostat settings.

Performance

Figure 4-6 is a compilation of data recorded at the Williamson

house from December 26, 1978 to January 8, 1979. The period comprises

sunny days and cloudy days, and includes some very cold nights, as

shown in the insolation and ambient temperature records. The per iod

was preceded by 5 successive sunny days with the ambient temperature

ranging between 15° and 40°F.

The air temperature in the Williamson house was not recorded.

Instead, the "globe temperature" was recorded. The globe temperature

is the temperature registered by a thermocouple inside of a blackened

hollow copper sphere. This sphere is suspended near the ceiling of

the living room. The black sphere response to both the room air tem­

perature and to any radiation incident on its surface, so the thermo­

couple inside is responding to both of these phenomena and not to the

usual air temperature. The black sphere surface also emits radiation,

so it can lose energy to a cold source and therefore be cooler than

the surrounding air. This sensor is exposed on one side to the north

wall of the house and on the other side to the windows along the south

wall. During the day, radiation reflected from, and emitted by, the

north wall probably causes the high peak temperatures shown. Like­

wise, at night, the lows may be below the actual room air temperature

because radiant losses from the sphere to the cold windows. The

sphere is never exposed to direct sunlight. However, it is close to
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Figure 4-6. Recorded Data for the Williamson House
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the fireplace and responds to the infrared radiation emitted whenever

there is a fire (e.g., 7 p.m. on December 28, 1978, and 8 p.m. on

December 29, 1978.

The temperature data for the back wall (also shown in Figure 4-6)

was recorded from a thermocouple buried 2 inches deep in the north

wall. This location is exposed to the sun entering through the clear­

story windows at this time of year. The record shows the normal

diurnal cycle for sunny days and the steady decay of temperature for

cloudy days. This north wall is insulated on the outside to reduce

heat loss.

The set of floor temperatures shown in Figure 4-6 were recorded

at a point 7-1/2 feet from the windows on the south wall, where it is

shaded by the placement of living room furniture from direct exposure

to sunshine. The diurnal temperature cycle is, nevertheless, very

clearly shown at the 1/2-inch and 2-inch depth levels. At the 6-inch

level the temperature cycling is pretty well damped out. Other tem­

perature sensors (not shown in Figure 4-6) set at the 1/2-inch depth

level, but in a position exposed to direct sunshine, consistently show

temperatures of 100°F on each sunny day.

Figure 4-7 shows the temperatures recorded at three different

locations in the floor of the living room. The floor near the

southern windows is exposed to the sun and is heated to a temperature

of approximately 100°F on sunny days (solid curve in Figure 4-7).

During the night the absorbed heat is given back to the room until the

floor temper a tur e is the same as the room temper ature. Decembe r 17

and 18 were cloudy days with no sun, and the floor surface shows no

temperature pulse on those days. The dashed curve in Figure 4-7 is

also a floor surface temperature measurement, but at a point too far

from the windows to receive any sun. The moderate daily temperature

pulse is due to (1) heat transferred to the floor, (2) reradiation

from the sunlit surfaces in the room, and (3) transfer from the warm

room air. It is interesting to note that this part of the floor warms

up on December 17 and 18 (the cloudy days). The warming is due to
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heat from the fireplace, which is used during the evening hours on

each of these 2 days. The thermocouple location is ab9ut 10 feet from

the fireplace. The dotted curve in Figure 4-7 shows temperatures at a

depth 6 inches below the surface. Because of the large mass of mate­

rial involved, only minor temperature changes occur, even on the sun­

less days.

In summer, this house has proved to be a very pleasant place to

live. Even though the windows have no overhangs, little sun enters

the house. A ventilation flow from the low operable windows on the

south side through the turbine vents on the roof quickly flushes any

excess heat. The cool air at this high altitude is essential to this

ventilation feature. In late summer/early fall (near the fall equi­

nox), the windows admit lots of sunlight, while the outside ambient

temperature has not yet dropped significantly. The sunlight areas of

the house get hot but the shady areas remain pleasant. This effect is

not repeated during the spring equinox, probably because the outside

ambient temperature is lower and there is more cloudiness.

In winter, the house is cool in the mornings, and the auxiliary

heating system is sometimes used to warm it up. If the morning is

sunny, the house warms quickly without the auxiliary heat.

An exceedingly severe storm struck the Santa Fe area in early

December. Table 4-1 lists temperatures recorded at the Williamson

house dur ing this extreme weather per iod. These are the lowest tem­

peratures experienced in the house to date.

All utili ties in the house are electr ically operated. They in­

clude auxiliary heat, a TV, a frost-free refrigerator, the kitchen

stove and oven, a washer-dryer, the lighting, and a 2-1/2 horsepower

motor for the pump on the 600-foot-deep water well. The electric con­

sumption runs between 400 and 500 kWh per month in both winter and

summer.
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TABLE 4-1

Temperatures Recorded at the Williamson House,
December 7-10, 1978

Outdoor Indoor
Ambient Mean Radiant

Date Time Weather Temp. (OF) Temp. (OF)

7 December 070.0 Snow 8 62

8 December 0700 Sunny -1 55

9 December 0700 Sunny -6 58

10 December 0700 Sunny 2 62

Owner Comments

Before occupying this house, the Williamsons were living in a

condominium. The dramatic rise in fuel cost in the last few years,

and resultant rise in utility bills, taught them the economy of keep­

ing the thermostat turned down, living in a cooler house, and wearing

sweaters. Their present house was designed to conserve on utility

costs, and has proved a pleasant and satisfying place to live. Their

habi t of wear ing extr a clothes has continued dur ing cold and cloudy

weather. The improvement is that during Periods of sunny weather, the

house is comfortable and warm without running up the utility bill.

The designer and contractor for this house were not experienced

in solar technology. There was difficul ty set tling on the construc­

tion plans, and the construction costs exceeded the initial estimates.

Some problems have occurred. The drain-down system on the solar water

heater failed, putting the system out of commmission and requir ing

repair.. On two occasions, seals between glazings in the clearstory

windows have ruptured. The caulking in one place around the clear­

story windows is faulty and leaks water. The owners also have noted

that the house is not tightly sealed and has air leaks that are no­

ticeable on windy days.
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Costs

The construction costs for this house were approximately $85,000,

which considerably exceeded the construction cost estimate.

Performance Estimate

The modified building loss coefficient for the Williamson house

is 14,008 Btu/dd, or 11.07 Btu/dd a ft 2 • An infiltration rate of one

air change per hour was used. The performance estimate methods de­

scribed in the appendix apply directly to the Williamson house without

any mod ifications. The estimates ind icate that the Will iamson house

rece i ves 72 percent of its heat ing r equ i rements f rom the sun. The

performance estimate is detailed in Table 4-11.
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TABLE 4-11

Performance Estimate for the Williamson House

Solar
Radiation Solar

Internal Net on Horiz. Radiation Aux.
Degree- Gross Sources Load Surface Absorbed Energy

Month Da~ (MBtu) (MBtu) (MBtu) (Btu/ft 2 .mo) (MBtu) SLR SHF (MBt1.!l
January 1,113 15.59 2.34 13.25 34,403 11.41 0.86 0.64 4.83

Pebruary 907 12.70 2.11 10.59 39,746 10.25 0.97 0.68 3.38

f'1arch 856 11. 99 2.34 9.65 56,348 10.09 1. 05 0.71 2.79

April 555 7.77 2.27 5.51 68,468 7.91 1. 44 0.82 0.97

l-1ay 295 4.13 2.34 1. 79 78,751 6.63 3.70 1 0

June 90 1. 26 2.27 0 80,745 6.09 - 1 0

July 18 0.25 2.34 0 76,922 6.06 - 1 0

August 44 0.62 2.34 0 71,321 7.31 - 1 0

September 147 2.06 2.27 0 59,729 9.02 - 1 0

October 442 6.19 2.34 3.85 49,148 11. 33 2.94 0 ..96 0.08

November 792 11. 09 2.27 8.83 35,616 11.11 1. 26 0.73 1. 95

December 1,048 14.68 2.34 12.34 30,860 10.90 0.88 0.64 4.38

Annual 6,155 65.81 18.38

ANNUAL SHF = 0.72



SECTION 5

THE GUNDERSON HOUSE

Figure 5-1. The Gunderson House

BUILDER: Wayne Nichols
DESIGNER: Wayne and Susan Nichols and Bill Lumpkin

OWNER: Dave Gunderson
TYPE: Single family dwelling

AREA: 2,200 Square feet
GENERIC TYPE: Direct gain and waterwall

LOCATION: Santa Fe, New Mexico
LATITUDE: 36°N.

ELEVATION: 7,000 feet
CLIMATE DATA: Heating dd: 5,586

Design temp: 11°F
Horiz. insolat~on (Jan. day):

1,090 Btu/ft
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Figure 5-2. A View of the Direct-Gain Windows of the
Living Room from the Patio

Figure 5-3. Interior of West Bedroom Showing Water­
wall and Clearstory Window
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Figure 5-5. Thermal Flow Diagram of Waterwall

Collectors -- The south walls of two of the bedrooms are double­

glazed waterwalls. These collectors have movable insulation. The
windows facing onto the garden and the clearstory windows all serve as

direct-gain collectors.

Storage -- The masonry interior wall, the masonry north wall, and

the tile floors provide thermal storage for the direct gain. The two

waterwalls are the thermal storage for the two bedrooms on the south
side of the house.

Distr ibution -- The large

. components (wall s and floor s)

radiation and convection.

surface areas of the thermal storage

transfer heat to the living space by

Auxil iary Heat -- Each room has electr ic baseboard heater s to

provide backup heating.

Domestic Hot Water -- A flat-plate collector on the southeast
side of the house provides preheat for the hot water supply.
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Controls -- Movable shutters control the solar gain and thermal

losses of the two waterwall s¥stems. Manually operated vents located

high on the wal~ of the living space provide, in conjunction with the

windows, ventilation for dumping excess heat. Individual thermostats

for each room control the electric backup heat.

Description

Dave Gunderson's house is located on a 5-acre lot 6 miles south­

east of Santa Fe, New Mexico. The house is the fourth unit built in a

planned solar community called First Village. The control section of

the house comprises the living-dining room, kitchen, master bedroom

and bath. The kitchen, master bedroom and bath are grouped on the

north side of this section and are heated by direct gain through large

clearstory windows. Part of the sunlight which enters the kitchen

through this clearstory passes through a second, inner clearstory to

enter the bathroom.

The south windows of the living-dining area look out upon a large

garden and patio area. Two identical wings enclose the east and west

sides of the patio. Each wing consists of a bedroom and bath, and

each is connected to the central section through a small greenhouse.

These two greenhouses serve as airlock entryways to the house and also

thermally isolate the two bedroom wings from the central section. The

south side of the patio is enclosed by a Spanish-style adobe wall and

wooden gate.

The south wall of each of the two bedroom wings is constructed of

four precast concrete sections. Each section has a 6-inch-thick cav­

ity which is lined with a plastic bag and filled with water. The ex­

terior side is painted black and double glazed. An insulating shut­

ter, hinged at the bottom, is fitted over the glazing. The shutter is

lowered dur ing the day, and its inside sur face of pol ished al uminum

reflects the sunlight onto the waterwall to increase its thermal gain.

The shutter is manually operated by a crank and cable system mounted

on the bedroom ceiling.
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The north wall of the house is 12-inch-thick concrete block, with

the cells filled with concrete. The interior wall of the central sec­

tion of the house is 8-inch-thick concrete block, again with the cells

filled with concrete. The west wall of the central section is also

8-inch-thick concrete-filled concrete block, and its exterior is insu­

lated with 2 inches of styrofoam. All the other exterior walls of the

house are of stud frame construction, with 2- by 8-inch studs at 24­

inch intervals. The outside is sheathed with 1/2-inch celotex sheet­

ing and finished wi th stucco. The inside is sheathed wi th gypsum

board and finished with a thick layer of plaster.

The floor is a 4-inch-thick concrete slab insulated by an18-inch

wide strip of 2-inch-thick styrofoam laid horizontally beneath the

slab perimeter. The floor is set 2-1/2 to 4 feet below the grade to

further reduce the perimeter heat loss.

The roof is supported by rough-sawn lumber laid over 8- by 10­

inch exposed beams. The flat portion of the roof is insulated with

4-inch styrofoam covered wi th 2 to 4 inches of pumice graded for

drainage and sealed with asphalt and gravel. The tilted portion of

the roof has 2 by 10' s on edge over the rough-sawn boards. This is

sheathed with plywood and finished with cedar shingles. The cavities

between the 2 by lOIs are blowri full of cellulose fiber.

The south-facing

are thermopane units.

units.

living room windows and the clearstory windows

All other windows are double-glazed, wood-frame

Operation

Unit 4, First Village is a strictly passive solar system, and its

operation is correspondingly simple. The central section receives its

solar heating from direct gain only. The south-facing living room

windows provide 87 square feet of collector area. The clearstory pro­

vides 137 square feet of collector area for the master bedroom, bath,

and kitchen. The masonry walls and tile floor provide the thermal

sink for absorbing the maj or part of the solar energy admi tted by
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these windows. When the sun sets, this energy is slowly released to

the interior to maintain a stable temperature. Without these thermal

sinks, the solar energy would be immediately converted to sensible

heat, and this part of the house would be uncomfortably warm during

the day. Conversely, at night, the temperature would fall to uncom­

fortably cold levels. The thermal masses modulate the temperature

swing through the diurnal cycle. Excess heat can be flushed from the

central section through vents located high on the walls near the apex

of the tilted roof section. This ventilation can be enhanced by open­

ing the small windows on the north wall, creating a chimney-like flow.

Overhangs on all windows limit the solar collection during summer

months, when the heat is not needed.

The solar systems for the two bedroom wings are unvented water­

walls. Sunshine passing through the vertical, south-facing double

glazing is absorbed on the black absorbing sur face. The glazing is

unvented, and stagnant hot air builds up here. Part of the absorbed

energy is reradiated or conducted back through the stagnant air space

and glazings to the outside and is lost. The remaining energy is con­

ducted through the 2-inch-thick concrete and heats the water contained

in the wall cavity. The heat is rapidly transferred across the 6-inch

water cav i ty by convection cur rents and del ivered to the inner con­

crete shell, which is also 2 inches thick. After traversing this last

layer of concrete, the heat is transferred to the bedrooms by convec­

tion and radiation from the inner wall surface. There is a narrow

clearstory window above the waterwall section which admits some direct

gain to the bedrooms. The bathrooms in these wings also adjoin the

waterwalls and are heated in the same way as the bedrooms.

The movable insulating shutters for the waterwall systems are

active (manual) control systems. Dur ing winter days, when they are

lowered, their reflecting surfaces increase the solar gain to the

waterwall, and at night, when they are raised, they reduce heat losses

from the waterwall. In the fall and summer, the shutter can be left

in the raised position during the day to prevent overheating. Opening

doors and windows creates cross ventilation that flushes out excess

heat from each bedroom wing.
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The small greenhouse rooms which link the bedroom wings to the

central section are airlock entryways and also isolate the wings, so

that each of the three major sections of the house can be maintained

at its own temperature level.

The solar hot water system is a standard commercial model with 33

square feet of collector and propylene glycol for the heat transfer

fluid. An electric pump moves the fluid from the collector to the

heat transfer coils in the 40-gallon preheat tank. The preheated

water flows into a 40-gallon electric hot water heater before delivery

to the hot water distr ibution pipes. The electr ic system is rarely

used; it is turned on only on cloudy days. On the normal, sunny Santa

Fe days there is plenty of hot water accumulated from the solar system

to supply the household needs, and the housekeeping routine has ad­

justed to this timing.

The fireplace is a "Heatilator" model. One hot air vent from the

heatilator opens to the master bedroom. The other hot air vents open

directly into the living and dining area.

Performance

Data recorded at the Gunderson house from December 26, 1978 to

January 8, 1979 is shown in Figure 5-6. The insolation and ambient

temperatures shown are the same as for the Balcomb house, since the

families are neighbors. The two bedroom wings are nearly identical in

construction, and their thermal performances have been the same, so

only the records of the west bedroom wing are shown. The week preced­

ing the period of record shown in Figure 5-6 was a succession of sunny

days with the ambient temperature ranging between 40°F during the day

and 20°F at night. The water in the waterwall toward the end of this

week was rising to a peak temperature of about 90°F and dropping to

about 70°F during the night. Peak temperatures for the outer surface. .
of the waterwall were consistently reaching 140 of. As the clouOY

weather moves in, the t"emperatures in the wall gradually decay to a

level of approximately 50°F. On December 31, 1978, a small bit of sun

raises the wall temperatures a few degrees. It seems that the movable
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insulation is not lowered until about noon, when the sharp spike ap­

pears in the outer wall temperature. The warming of the bedroom dur­

ing the morning is from the direct gain through the clearstory and

patio windows. On the night of December 31, 1978, the ambient temper­

ature drop~ to O°F, and the outer wall temperature drops significantly

below the temperature of the water. During this period the waterwall

is taking heat from the bedroom rather than providing it. Fortunate~

ly, the sun comes out on January 1, 1979 (Happy New Year!), and the

wall is restored as a heating unit. A very similar pattern is shown

for the period January 5-8, 1979.

The living room and master bedroom section of the Gunderson house

is thermally isolated from the two wings. The solar system in this

section is direct gain through the south windows into the living room

and through the clearstory windows into the bedroom. The sun through

the clearstory falls on the north wall, which is masonry, and acts as

thermal storage for the master bedroom space. Figure 5-6 shows the

temperatures for this wall as recorded on the inside surface and on

the outer surface just beneath the outside insulation. The air tem­

perature in the master bedroom is also shown. The clearstory provides

a boost in temperature for the master bedroom each sunny day. The

surface temperature of the storage wall is nearly always lower than

the bedroom air temperature, and hence cannot contribute much to the

heating of that space. The mass of the wall will assist in stabili­

zing the temperature.

Temperature records taken for the living-room space (not shown in

Figure 5-6) are similar to those shown for the master bedroom.

Owner Comments

Dave Gunderson has found the house to be very comfortable through

the year. The temperature var ies diurnally by 10 0 F, which is more

enj oyable than obj ectionable. The peak temper atures occur when the

house is closed, especially during the fall months. These peaks are

immediately reduced by opening doors and windows to vent the excess

heat. During the summer, the waterwall shutters are kept closed, but
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-no other actions are taken to exploi t summer cool ing capabi 1 i ties.

The house is cool enough at night all summer to require a blanket

while sleeping. So far, the peak temper ature d ur ing the summer has

been 75 0 F, and the peak dur ing the fall has been 78 0 F. The minimum

temperature in the house dur ing its recorded year of occupancy was

55 0 F, and this occur red dur ing a prolonged per iod in Febr uary 1978

when the house (including the waterwall shutters) was closed up, the

auxiliary heat was turned off, and the area suffered a ser ies of

cloudy days.

Living in this solar house has made Dave Gunderson very aware of

the weather: the sun, the wind, the temperature, and cloudy skies.

The weather has a definite psychological effect--cloudy days are not

good days, they mean a cold house. No changes are recommended in the

design. The house is comfortable and livable. It would be nice if

the waterwall shutters were motorized and automated, but the expense

for such a system is too great.

Performance Estimate

The modified building loss coefficient for the Gunderson house is

24,887 Btu/dd, or 11.31 Btu/dd· ft 2 . The house combines direct gain

with a waterwall system; the SHF was calculated for both types of sys­

tems and a weighted average taken of the two resul ts. The weighting

factor was proportional to the amount of energy absorbed by the two

different types of systems.
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TABLE 5-1

Performance Estimate for the Gunderson House

Solar
Radiation Solar

Internal Net on Horiz. Radiation Aux.

Degree- Gross Sources Load Surface Absorbed Energy

Month Days (MBt~ (MBtu) (MBtul.. (Btu/ft 2 ·mo) (MBtu) SLR SHF (MBtul

January 1,113 27.70 3.28 24.42 34,403 20.70 0.85 0.63 9.04

February 907 22.57 2.96 19.61 39,746 18.62 0.95 0.68 6.31

March 856 21. 30 3.28 18.02 56,348 18.33 1. 02 0.71 5.28

April 555 13.81 3.18 10.63 68,468 14.38 1. 35 0.82 1. 97

I"lay 295 7.34 3.28 4.06 78,751 12.03 2.96 0.99 0.06

June 90 2.24 3.18 0 80,745 11. 03 - 1 0

July 18 0.45 3.28 0 76,922 10.99 - 1 0

August 44 1.10 3.28 0 71,321 12.95 - 1 0

september 147 3.66 3.18 0.48 59,729 16.39 33.92 1 0

October 442 11. 00 3.28 7.72 49,148 20.58 2.67 0.99 0.05

November 792 19.71 3.18 16.54 35,616 20.17 1. 22 0.78 3.67

December 1,048 26.08 3.28 22.80 30,860 19.79 0.87 0.64 8.21

Annual 124.28 34.59

ANNUAL SHF = 0.72



SECTION 6

THE SHANKLAND HOUSE

Figure 6-1. The Shankland House as Seen from the South

BUILDER: Ken Meyer
ARCHITECT: Gerrit W. Zwart

OWNER: T. J. and R. H. Shankland
TYPE: Single family residence

AREA: 2,000 square feet (living area)
GENERIC ~YPE: Passive direct gain

Active storage rock bin
LOCATION: White Rock, New Mexico

LATITUDE: 35.8°N.
ELEVATION: 6,400 feet

CLIMATE DATA: Heating dd: 6,350
Design temp: -10°F
Horiz. insolation (Jan. day):

1,090 Btu/ft2
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Figure 6-2. The North Side of the Shankland House
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Figure 6-3. The Living and Dining Area of the Shankland House
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Figure 6-5. Thermal Flow Diagram for the Shankland House

Collectors -- The collectors for this house are direct-gain win­

dows. The south wall has 270 square feet of windows, and the south

slope of the roof has 75 feet of louvered skylights. A 30-square-foot

Trombe wall supplements the direct gain.

Thermal Storage -- Pr imary storage consists of the adobe walls

and brick floor of the first story. Two rock beds ·provide an active

supplemental storage system. The rock beds are heated by warm air

that collects at the apex of the loft.

Distribution -- Radiation and convection from the adobe walls and

brick floor distribute heat from the passive storage. Two fans, cou­

pled by ductwork to the two rock beds, distribute heat from the rock

beds to the house.

Auxiliary Heat Two wood stoves and two electr ic furnaces can

provide auxiliary heat when required.
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Domestic Hot Water -- A standard commercial electr ic hot water
heater provides hot water for the house. This system is not inte.;..

grated with the solar system.

Controls -- A thermostat high in the loft of the house controls

the fans for storing heat in the rock beds. A thermostat in the liv­

. ing room contr ols the forced hot air d istr ibut ion and the aux il iary

heat supply.

Description

The dining room, living room, and study are arranged along the

south wall. On the north wall next to the dining room are the kitch­

en, pantry, and a half-bath. In the center of the north wall is the

entryway and stairwell. The garage is located on the west end of the

north wall and offers the house partial protection from winter winds.

The living room ceiling extends up through the full two stories and is

fitted with three skylights of 25 square feet apiece.

At the top of the stairwell, a wide balcony overlooks the living

room and is used as a work space. The master bedroom and bath are on

the east end of the second floor; there are two bedrooms on the west

end. The floor space totals 2,000 square feet.

The first floor is a 6-inch-thick concrete slab surfaced with red

brick. The walls, both exterior and interior, are adobe up to the

level of the second story. The second story has 2- by 6-inch stud

walls finished on the outside wi th I-inch insulating sheathing and

5/B-inch plywood. The inside is finished with 5/B-inch wood paneling .

. The voids between the studs are filled with fiberglass batts.

The windows are all wood frame and double glazed. The skylights

over the living room are fitted with a" system of automatic operating

louvres, manufactured by Zomewor ks, called Skyl id s~ • There are five

small skylights on the north slope of the roof; they are double

glazed with plastic domes. Glazing on the south wall includes 30
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t
square feet of Trombe wall. The total glazed area of the house is 505

square feet, distributed as follows:

• South glass 270 square . feet

• East glass 100 square feet

• West glass 30 square feet

• North glass 5 square feet

• Skylids~ 75 square feet

• Skylights 25 square feet

It is worth noting that only 30 square feet, or about 6 percent of the

total, face toward the north.

The roof is supported on 2- by 10-inch rafters covered with ply­

wood, felt, and 1 inch of urethane insulation. The outside is fin­

i shed wi th asphal t shing les; the inside, wi th sheetr ock. The voids

are filled with 8-inch-thick fiberglass batt insulation.

Two rock beds are buil t beneath the floor of the 1 iv ing room ~

Each bed is connected by ductwork to a grille located high in the loft

over the living room. Two fans pull air from the loft, pass it

through the rock beds, and exhaust it into the 1 iv ing room at floor

level. The sides of the rock beds are insulated with 1 inch of poly­

styrene. The exhaust from the rock beds is distr ibuted to both ends

of the house.

Operation

The solar system of the Shankland house is primarily direct gain,

and its operation is consequently very simple. The large glass areas

admit sunlight which is largely absorbed jnto the thermal mass of the.

floor and walls. Later, when the sun sets, this heat is reemi tted by,

radiation and convection to maintain the temperature in the living.

space. The ki tchen, dining room, and master bedroom all have east­

facing windows, and the morning sun warms these rooms early. The re­

mainder of the house is dependent on south-facing windows for its

direct gain.
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The two-story height of the living room encourages temperature

stratification of the air. As the sun pours in through the many win­
dows and the three Skylidse , the warm air rises, with the hottest air

collecting in the apex of the loft~ The thermostats in the loft turn

on the fans, and this hot air is pulled through ductwork down to the,.
rock beds, where the heat is transferred to the rocks. The exhaust

air flows back into the living room at floor level to be reheated and

recirculated. The rock beds hold 16 tons of rock, which is a small

thermal mass in comparison to the thermal mass of the floor and adobe

walls (over 100 tons), but it is sufficient to moderate the tempera­
ture peaks during the day and provides storage for heat that would

othewise be lost or vented.

In the summer the Skylids e are kept shut to exclude sunlight and

prevent excessive temper atures. The small (30-squar e-foot) Trombe
wall section was installed to provide heat storage and to shade part

of the hou~e from the glare of direct gain. The Trombe wall outlet is
in the upstairs southeast bedroom and provides addi tional heat for

that area.

When the house needs heat, the fans can be o~erated to pull heat

from the stor age rock beds and distr ibute it to the house. If the

rock beds are too depleted to provide sufficient heat, the electr ic

furnace is turned on.

Performance

This house has been monitored by LASL. Figure 6-6 is a graph of

. data recorded during the period February 21-25, 1978.

The wall and floor temperatures, shown in Figure 6-6(a), display

the characteristic diurnal temperature oscillation. Also, the
correspondence of temperature modulation to depth into the medium is

apparent. In the case of the floor at a depth of 18 inches, the peaks

are altogether wiped out, and only long-term, gradual trends can be
distinguished.
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Figure 6-6 (b) shows temperature var iations at var ious locations

within the rock bed. Figure 6-6(c) shows the air temperatures in the

loft and in the downstairs hallway. The most obvious character istic

is the strong daytime temperature stratification. Loft temperatures'

reach 80°F while the hallway temperatures are· in the 60 1 s. The

upstairs hall is always warmer by several degrees than downstairs. Af

night the loft temperature drops into the 50's--sometimes lower than

the downstairs hallway temperature.
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Figure 6-6. Performance Data for the Shankland House,
February 21-25, 1978
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The peak temper ature in the house d ur ing summer was 85°F. The

lowest temperature, which occurred after a severe winter storm in

December 1978, was a very cool 44°F when the outdoor temperature was

·-15°F. The Shanklands have never used the auxiliary heating system in

this house, even our ing the Decembe r 1978 storm, but they often use

the wood stoves. The fireplace has seldom been used.

Owner Comments

Torn Shankland remarks that this "house follows the weather." The

house is often cool, but the backup heating system has not yet been

used. Draperies for the windows help conserve heat at night, but they

were not hung until February 1978, after th~ dates for the data shown

in the figures.

Very few changes in the design would be recommended. Water pipes

are embedded in the north wall, and this is a mistake. The wall is

cold, and the pipes are subj ect to freezing. As a solar house, the

windows are the collectors, and the ratio of window area to floor area

should be greater for an optimum solar system; but it would be diffi­

cult to increase the south facing window area over what is already in

the house. The skylights on the north roof are noticeable heat leaks

even though they are double glazed. It might be better to leave them

out.

The house itself is of very tight construction and has an excep­

tionally low infiltration rate.

Designer Comments

This project represents an effort to provide the basic hous­
ing needs of a family of four, to take advantage of a spec­
tacular site and to make the sun the major source of heating
in winter without overheating in summer and without the high
costs associated with 'active' solar systems. Completed in
July of 1977, this is basically a passive house with an 'ac­
tive' circulation and storage system. The system results in
reduction of the peak highs and lows of the temperature
curve which are common to many passive designs.
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The preceding is quoted from a report by Gerrit Zwart, A Hybrid

Solar System in Los Alamos, New Mex ico. Ger r.i t Zwar t also indicates
that in doing the design again he would make the rock beds larger,

underlying the whole living room area, and would insulate the~

underneath~

Costs

The construction costs for this house were $65,000, excluding the

land costs.

Performance Estimate

The modified building loss coefficient for the Shankland house is

21,181 Btu/dd, or 10.59 Btu/ft 2 .dd. The rock bed contribution of

67,200 Btu/day was based on an average temperature swing in the rock

bed of 15°p each day. This rock bed contribution was added to the
heat absorbed by the direct-gain system before computing the solar

load ratio (SLR). The gross load shown in the performance estimate is
about 10 to 15 percent higher than that used by the architect in the·

design analysis. The internal source estimate used by the archi tect

was 3.5 MBtu/mo. Also, the architect's calculation of solar radiation'

absorbed was 10 to 15 percent higher than what was calculated for the

performance estimate, winter gains being higher and summer gains

lower.

The performance estimate is summarized in Table 6-1.
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TABLE 6-1

Performance Estimate for the Shankland House

Solar
Radiation Solar

Internal Net on Horiz. Radiation Rock Bed Aux.
Degree- Gross Sources Load Surface Absorbed Contribution Energy

Month Days (MBtu) (MBtu) (MBtu) (Btu/ft 2 .mo) (MBtu) (MBtu) SLR SHF (MBtu)

January 1,113 23.57 3.898 19.68 34,403 10.63 2.08 0.65 0.52 9.39

February 907 19.21 3.521 15.70 39,746 11. 04 1. 88 0.82 0.62 6.00

March 856 18.13 3.898 14.24 56,348 11. 61 2.08 0.96 0.68 4.59

April 555 11. 76 3.773 7.99 68,468 10.08 2.02 1. 51 0.84 1. 27

May 295 6.25 3.898 2.35 78,751 9.17 2.08 4.79 1 0

June 90 1. 91 3.773 0 80,745 - - - ~ 1 0

July 18 0.38 3.898 0 76,922 - - - 1 0

August 44 0.93 3.898 0 71,321 - - - 1 0

September 147 3.11 3.773 0 59,729 - - - 1 0

October 442 9.36 3.898 5.47 49,148 12.16 2.08 2.61 0.97 0.19

November 792 16.78 3.773 13.01 35,616 11. 48 2.02 1. 04 0.71 3.80

December 1,048 22.20 3.898 18.31 30,860 11.17 2.08 0.72 0.57 7.93

Annual 6,155 96.74 33.16

ANNUAL SHF = 0.66

co
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SECTION 7

THE DOVE PUBLICATIONS BUILDING

Figure 7-1. The Dove publications Building at the
Benedictine Abbey, Pecos, New Mexico

BUILDER: Mike Hansen
DESIGNER: Mike Hansen

OWNER: Benedictine Monastery
TYPE: Warehouse and office building

AREA: 7,700 square feet
GENERIC TYPE: Waterwall and direct gain

LOCATION: Pecos, New Mexico
LATITUDE: 36°N.

ELEVATION: 7,000 feet
CLIMATE DATA: Heating dd: 6,600

Design temp: 27°F (65°F inside)
Horiz. insolation (Jan. day):

1100 Btu/ft2
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Figure 7-2. An Office within the Dove Publications Building

Figure 7-3. The Warehouse Space in the Building
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Figure 7-4. Floor Plan for the Dove Publications Building ~



~SOUTH

, '--WATER
6,-oJ DRUMS

~:::::::::::::lSTORAGE
SHELVES

Figure 7-5. Thermal Flow Diagram

I o.

Collectors Three rows of windows running the length of the

south wall are the collectors for this building. The bottom row' ad­

mits sunlight to the drum storage system. The middle row provides

direct gain to the office spaces. The top row provides direct gain to

the warehouse area.

Storage -- 138 water drums (55-gallon capacity each) provide the

primary thermal storage. An internal sand-filled concrete block wall

supplements the primary thermal storage.

Distribution -- Heat from the water drum storage is delivered to

the office space by convection. vents between the warehouse area and

the office spaces allow heat to be transferred to the warehouse area

if required.

Auxiliary Heat -- Electric radiant panels mounted on the office'

walls provide backup heat in the office space. There is no backup

system for the warehouse area.

Domestic Hot Water A flat-plate collector suppl ies the hot

water for the apartment included in the building.
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Controls -- Manually operated vents control the flow of heat from

the water drum area into the office space. Other manual vents con­

trol the flow of heat from the office space into the warehouse area.

Description

The Pecos Benedictine Monastery lies in the narrow valley' of the

Pecos River 25 miles east of Santa Fe, New Mexico. A subordinate or­

ganization called Dove Publications edits, stores, and distributes

printed religious literature. The growth of this operation required

the construction of an expanded facility. In addition to offices, a

warehouse was needed to store printed material prior to its distribu­

tion. The building concept selected was a combined office and ware­

house structure. Because of rising fuel costs, it was decided to in­

corporate passive solar heating into the design. The building was

designed by architect Mike Hansen in conjunction with Steve Baer and

his Zomeworks firm.

The building is a rectangle 140 feet long by 55 feet wide, with

the long axis running east-west. The offices, a mailroom, and an

apartment (for a full-time occupant) are arranged along the south

wall. Two rows of windows run the entire length of this wall and oc­

cupy its entire area (with the exception of an entryway). The

ground-level row of windows admits sun to the inside of an insulated

cabinet containing 55-gallon drums filled with a mixture of water and

propylene glycol, with a little 10-weight oil added as a rust inhibi­

tor. The floor of the cabinet is countersunk below the office floor.

The top of the cabinet is at a convenient working height and serves as

a wide shelf and counter. Each window is fitted with an aluminum cov-

·er hinged along its lower edge so that it can be laid flat on the

. ground as a reflector or raised at night as a cover. On the inside,

. two sets of louvered grilles allow air to circulate into the cabinet,

around the drums, and back to the office space. The grilles are manu­

ally opened or shut~ There are 33 double-glazed windows in the row,

each measuring 41 by 44 inches. There are 138 drums in the cabinet.
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A second row of 33 windows runs parallel to, and directly above,

this ground-level row. These windows open directly into the office

space. There are 33 double-glazed windows in the second row also, but

they measure 41 by 42 inches.

The entire north side of the building, 36 feet wide and 140 feet ..

long, is open warehouse space. A sand-filled cement block wall sepa­

rates the warehouse space from the offices. Above this wall is a row

of clearstory windows which admit sun into the warehouse space. There

are 34 of these windows, each measuring 41 by 53 inches.

The north, east, and west walls are 8-inch cement block, insu-

lated on the inside surface with a 2-inch layer of styrofoam. The

floor is a concrete slab. The foundation perimeter is insulated with

I-inch styrofoam to a depth of 2 feet below grade.

The roof is supported on 10-inch-diameter vigas (poles). The

vigas are covered with a layer of I-inch rough-sawn boards, on top of

which is erected a grid of 2 by 6's. The space between the 2 by 6's

is filled with fiberglass insulation, and the whole array is covered

with corrugated galvanized iron and sealed with felt and asphalt.

The apartment is supplied wi th hot water by a flat-plate solar

collector.

Backup heat is supplied by nine 1,440-watt electric radiant heat­

ing panels mounted on the office walls. The panels are controlled by

manually operated switches. There is no auxiliary heating system for
. )

the warehouse area. The north wall of the warehouse is penetrated by

a 12- by 8-foot g_arage door insulated wi th 1 inch of fiberglass.

Operation

Solar insolation through the lower row of windows is collected by

the stacked water drums, which are painted black. The water in the

drums is warmed, but the insulated cabinet prevents the heat from be­

ing transferred to the office space unless the ventilating louvers are
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opened. If the louvres are opened, air moves by natural convection

through the floor vents into the cabinet space, where it is warmed by

the water drums. The warm air rises, passes through the vents along

·the upper edge of the cabinet wall, and flows into the office space.

Normally th~ louvres are closed during the day and opened during the

-night. The upper-row windows provide direct-gain heating for the of­

fices dur ing the day. The clearstory windows provide direct-gain

heating into the warehouse area.

The water drums are the maj or thermal storage component. The

concrete floor slab and internal, sand-filled cement block wall sup­

plement the water drums. Vents in the cement block wall can be opened

to transfer warm air by natural convection from the office space into

the warehouse. The east and west end walls are provided with vents in

case the warehouse overheats.

Performance

Instrumentation provided by LASL has been used to moni tor the

temperature performance of the drumwall. Figure 7-6 illustrates rep­

resentative data collected during the period February 18-22, 1977.

Notice that the office temperatures range from 62° to 78°F and the

warehouse temperatures average above 50°F during this period, even

though the outside temperature often drops below 20°F.

A predictable 12°F temperature var iation in the warehouse from

the winter to the summer has been observed. Al though the warehouse

was designed to maintain a minimum temperature of 45°F, the average

minimum temperature experienced thus far has been 50°F, and the lowest

. temperature in the warehouse has been 48°F, which was seen on only two

or three occasions dur ing the winter. The solar heating system has

. usually maintained a temperature of 62° to 65°F in the offices when

the doors are closed, and the lowest temperature seen in the offices

(55°F) occurred only during nonworking hours.
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Figure 7-6. Representative Data Traces from the
Dove Publications Warehouse

Vents on the east and west walls of the building have never been

used, as no overheating problems have been experienced. The vents be­

tween the office area and the warehouse are normally kept closed, but

on occasions when they have been opened, warehouse temperatures have

increased by as much as IO°F.

Fuel costs for this building have been minimal since the backup

heating system has rarely been needed. In fact, the one full-time

occupant who resided in the building during an entire winter did not

find it necessary to use the electric backup heating at all. Only
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during March and April, when several sunless days occurred, was it

necessary to employ the backup heating system during working hours.

The total cost of heating electr ici ty for this building from August

1977 through June 1978 (nearly 11 months) has amounted to only $80.63.

Designer/Builder Comments

The design of this building was started in late 1972. Construc­

tion began in mid-1973 and continued into 1975. The major portion of

the construction was accomplished by only three people, one of whom

was the designer, Mike Hansen.

The occupants of the building have noted that it is comfortable,

quiet, and without drafts. It has been described as a "very gentle"

building, an appropriate characteristic for a monastery. The building

is the best-heated structure in the whole monastery complex, but it

should be noted that the monastic life is not devoted to high building

temperatures. On spring mornings, before the sun heats the offices

"through the direct gain windows, it is qui te cool. The vents to the

water storage cabinet are kept closed during the day to store heat.

oAt night they are opened to keep the offices warmed and prepared for

the start of the next day.

In the design of the building, the two sections--the front office

section and the rear warehouse section--were treated separately ac­

cording to their individual functions. The office space needs higher

and more uniform temperatures, while the warehouse space temperature

can vary a considerable amount without discomfort to people engaged in

active work.

The key features are the drumwall and the direct gain into the

. warehouse. The extensively glazed south wall required special design

attention to assure it would be able to carry the roof and snow loads.

Construction of the south-facing walls had to be very precise because

the glass lites cannot accommodate to any errors or variations in di­

mensions.



There is not enough thermal mass in the office section (the drum

storage is thermally isolated), and the offices tend to overheat in

the fall. Cloudiness in the spring prevents overheating in that sea-.
son. The curtains on the windows block direct sunlight but do not

screen out the sun's heat.

Cost

The total construction cost of approximately $130,000 corresponds

to a unitary cost of only $13 per square foot. Of that total, approx­

imately $8,500 is attributable to the solar portion of the building,

and this amount is expected to have a 2-year payback. Three people

worked full-time during the construction and required 1-1/2 years to

complete the building for operation.

Performance Estimate

The performance estimate for the Dove Publications building con­

siders the office area only. Heat flowing from the office area to the.

warehouse area through the masonry wall separating them was treated as

part of the heat load on the office area. The modified building loss ..

coefficient for the office area is 24,650 Btu/dd using an infiltration

rate of one air change per hour. The data are summarized in Table

7-1.
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TABLE 7.,..1

Performance Estimate for the Dove Publications Building

Solar
Radiation Solar

Gross Warehouse Internal Net on Horiz. Radiation Aux.
Degree- Load Load Sources Load Surface Absorbed Energy

Month ~ (MBtu) (MBtu) (MBtu) (MBtu) (Btu/ft 2 'mo) (MBtu) SLR SHF (MBtu)

January 1,113 27.44 3.13 1. 94 28.62 34,403 37.89 1. 32 0.71 8.33

February 907 22.36 2.83 1. 75 23.43 39,746 35.16 1. 50 0.76 5.58

Yiarch 856 21.10 3.13 1. 94 22.29 56,348 34.30 1. 54 0.77 5.08

April 555 13.68 3.02 1. 88 14.83 68,468 24.94 1. 68 0.81 2.86

May 295 7.27 3.13 1. 94 8.46 78,751 19.11 2.26 0.90 0.82

June 90 2.22 3.02 1. 88 3.36 80,745 - 1 0

July 18 0.44 3.13 1. 94 1. 63 76,922 - 1 0

August 44 1. 08 3.13 1. 94 2.27 71,321 - 1 0

September 147 3.62 3.02 1. 88 4.77 59,729 - 1 0

October 442 10.90 3.13 1. 94 12.08 49,148 38.85 3.22 0.98 0.30

November 792 19.52 3.02 1. 88 20.67 35,616 37.20 1.80 0.83 3.49

December 1,048 25.83 3.13 1. 94 27.02 30,860 35.93 1. 33 0.71 7.81

Annual 162.17 34.27

ANNUAL SHF = 0.79



SECTION 8

THE CHAVEZ HOUSE

Figure 8-1. The Chavez House and Attached Solar Greenhouse

BUILDER: Bill Yanda and Solar Sustenance Crew
DESIGNER: Traditional design

OWNER: Bernardo Chavez
TYPE: Single family dwelling

AREA: 896 square feet
GENERIC TYPE: Greenhouse

LOCATION: Anton Chico, New Mexico
LATITUDE: 35°N.

ELEVATION: 5,000 feet
CLIMATE DATA: Heating dd: 3,795

Design temp: Unknown
Horiz. insolation (Jan. day):

1,200 Btu/ft2
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Figure 8-2. Interior of Greenhouse Showing Flower Bed

Figure 8-3. Plan of Chavez House and Greenhouse
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Figure 8-4. Interior of Greenhouse Showing Water Drums
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Figure 8-5. Elevation Drawing of North Wall of Greenhouse
(South Wall of House)

Figure 8-6. Thermal Flow Diagram



Collectors -- The south-facing greenhouse serves as a direct-gain

collector. The total glazed area of the greenhouse is approximately

420 square feet.

Storage -- The thick adobe walls df the house provide the primary

thermal storage. Additional thermal storage is provided by the earth

floor of the greenhouse and water drums along the wall.

Distribution -- Solar energy, absorbed by the adobe walls during

the day, is conducted to the inner surface and delivered to the living

space by radiation and convection. Warm air from the greenhouse is

delivered to the living room through the door and window which' open

into the greenhouse. Conversely, during cold spells heat is provided

to the greenhouse from the living room.

Auxiliary Heat -- A wood-burning stove in the house provides au~­

iliary heat.

Domestic Hot Water -- The domestic hot water system is not con­

nected to the solar heating system.

Controls Opening and closing

greenhouse controls the flow of heat

greenhouse.

Description

the door and window into

between the living space

the

and

Approximately 15 miles northwest of Santa Rosa, New Mexico, lies

the small rural village of Anton Chico. An attached solar greenhouse

was constructed in this communi ty as part of the Solar Sustenance

proj ect sponsored by the Energy Resources Board of the State of New

Mexico. Th is proj ect, d ir ec ted by Wi 11 iam F. Yanda, was responsible

for the construction of many similar demonstration greenhouse uni ts

through New Mexico. The house selected at Anton Chico for the addi­

tion of the attached solar greenhouse is owned by Bernardo Chavez. It

is a fine example of the traditional adobe construction methods still
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found in the southwest reg ions of the united States.

Chavez house were constructed over 100 years ago.

Parts of the

The basic house plan is a rectangle 16 feet wide by 56 feet long.,

The south wall faces 15 degrees east of south. The walls are adobe 18

inches thick. The roof is supported by 10-inch-diameter vigas. The

vigas are covered with rough-sawn lumber which supports a I-foot-thick

earth roof. In recent years, a corrugated sheet-metal pitched roof

was erected over the earth roof. The floor of the house is set

slightly below grade so that the ceiling height in the interior mea­

sures 9 feet, 3 inches. There are no windows on the north wall.

A 36-foot-long greenhouse was constructed along the south wall,

as shown in Figure 8-1. The general design for this greenhouse was

developed by William Yanda. The roof slopes at an angle of 15 degrees

to the hor i zontal . The uppe r hal f of the roof is cor r ug ated sheet

metal insulated on the underside with 6-inch fiberglass batting. This

section of the roof shades the adobe wall and prevents overheating

during summer months. The lower half of the roof is corrugated fiber­

glass paneling. The south wall is flat fiberglass paneling sloped at.

an angle of about 75 degrees. The end walls are also flat fiberglass

pane 1 ing . The f r ame-suppor ting structur e is buil t of 2- by 4- inch

lumber. The entire inside of the greenhouse is sheathed with 6-mil

polyethylene plastic sheeting, and a removable panel in each end wall

provides cross ventilation through the greenhouse to vent excess heat

when necessary. A door in the east wall of th~ greenhouse provides an

entryway and can also be opened for increased ventilation. The green­

house wall foundation consists of two courses of concrete block insu­

lated on the outside wi th 1 inch of beaded polystyrene covered wi tho

chicken wire and· plaster. The floor of the greenhouse, like the floor

of the house itself, is set below grade.

The section of wall against which the greenhouse rests contains a

door and a window. These may be opened and shut to control the ex­

change of air between the house and greenhouse. Nine 55-gallon drums

filled with water are set inside the greenhouse along the adobe wall.
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Operation

The greenhouse design fostered by William Yanda is intended to

provide a suitable space for growing vegetables as well as a solar

heating system. The sun entering through the glazed portion of the

roof and the sloping south wall heats the adobe wall and floor of the

greenhouse. These sur faces. warm the air in the greenhouse, and thi s

heat can then be transferred to the house by opening the door and win­

dow of the house that look into the greenhouse space. Part of the

energy delivered to the adobe wall will conduct slowly through the

wall to the interior where it will transfer by radiation and

convection to heat the interior of the house. It is also possible to

transfer heat from the house into the greenhouse during periods of

cloudy weather with cold nights to keep plants from freezing.

The insulated portion o£ the greenhouse roof (actually an exten­

sion of the house roof) shades the adobe wall in summer and aids in

preventing overheating of both the house and the greenhouse. The

steep slope of the greenhouse wall (75 degrees from the horizontal)

provides a very shallow angle of incidence to the sun's rays in sum­

mer, so a large fraction of the solar energy is reflected off and not

transmitted into the greenhouse space. Conversely, in the winter, the

angle of incidence is much nearer a right angle, and most of the solar

energy is admitted to the greenhouse and not reflected.

The vents are located at floor level on the west side and near

the eave on the east side. In summer, the prevailing winds are out of

the west, so this scheme enhances the displacement of heated green­

house air with fresh outside air. The fresh air entering the low vent

provides beneficial circulation for plants in the greenhouse beds.

The door on the east wall is in the best position for protection

against cold northwest winds in the winter.

The thick adobe walls and earth roof provide the Chavez house

with an extraordinary amount of thermal mass which strongly modulates

daily temperature swings in the interior. The nine water drums per­

form the same temperature-modulating function wi thin the greenhouse

space.
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Performance

Data recorded at the Chavez house for the period January 20-24,

1977, is shown in Figur e 8-7. The weathe r is par tly cloudy dur ing.
these days, and the ambient temperature drops to freezing or below

during the' nights and climbs to the 40°-50°F range during the day. ,

The solar insolation and ambient temperature traces in Figure 8-7 show

this pattern.

Temperatures within the adobe wall are also shown in Figure 8-7.

One trace shows the temperature at a depth of 6 inches from the outer

surface, and a second trace shows the temperature at a depth of 15

inches from the outer surface. The traces show the character istic

pattern of a mass wall: at greater depths within the wall, tempera­

tures peak at lower amplitudes and at later times. The greenhouse air

temperature, also shown in Figure 8-7, is maintained about 15°F above

ambient during the night but peaks to 85° or 90°F on sunny days. It

must be noted that, for the period of this record, the nine water bar­

rels had not been installed in the greenhouse. After the water bar-'

rels were set in place, the greenhouse air temperature moderated.

In this particular application, the effect of the water barrels

in the greenhouse is worth consideration. Even without the water bar­

rels the greenhouse has a very large thermal mass contained in the

adobe wall and greenhouse floor. Placing the barrels along the adobe

wall increases this thermal mass, but it also shades a large fraction

of the wall from the sunshine. As a resul t, this part of the wall

does not receive a daily pulse of energy to be conducted through the

wall to the interior of the house; instead, the energy is stored in,

the water bar reI s and slowly reemi tted to the greenhouse dur ing the .

night. This would appear to improve the environment of the greenhouse.

at the expense of the energy contr ibution to the inter ior of the'

house. This may be a desirable result if food production in the

greenhouse is improved.
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Owner Comments

Mrs. Chavez indicates that their house has the capability, even

without the added greenhouse, of maintaining its interior temperature

above freezing during the winter for indefinite periods of time, while

unoccupied, and with no internal sources of heat. The massive walls

and roof and minimum window area are, no doubt, the keys to this char­

acter istic. The complementary char acter istic is the abil i ty of the

house to maintain comfortable interior temperatures during hot summer

days.

The greenhouse has been a very satisfactory addition to the

Chavez's house. It is an efficient solar collector and reaches a

temperature of at least 65°F on even the coldest winter days, provided

the sun is out. When the sun sets, the temperature drops rapidly. On

cloudy days, the greenhouse can become quite cold, but it never gets

below freezing.

The garden area within the greenhouse has been a source of plea­

sure and benefit to the Chavez family. Vegetables have been grown in

the garden beds, and shelves along the adobe wall hold numerous potted

plants. However, the runoff from water ing the potted plants created

too much humidity. The humidity was absorbed by the adobe walls with­

in the house and caused some of the finish painting to.lift off. This

problem has been corrected by reducing the number of potted plants and

exercising more care in the watering.

Mr. Chavez believes that the extraordinarily large mass of the

house--the sod roof and the thick adobe walls, particularly the south

wall--are what make the greenhouse work so well. A frame or cinder­

block house might have difficulties achieving similar results. The

lack of any windows in the north wall helps keep the house warm in

winter. In summer the greenhouse is well ventilated by the prevailing

westerly breeze. Also, the greenhouse has more height than the ordi­

nary design, and this may be helping to cool the space during summer.
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If it were to be done over again, Mr. Chavez says he would en­

large the door and window that open into the greenhouse to incorporate
the greenhouse space more closely with the living space.

Costs

The type of greenhouse erected by Bernardo Chavez is designed for

the do-it-yourself homeowner. It was erected as a community educa­

tional project under the auspices of the New Mexico Solar Sustenance

project, directed by William Yanda. The costs and benefits associated

with a greenhouse have been estimated at the New Mexico Highlands Uni­

versity by Mr. Michael Coca. Material costs are estimated' at $2.50

per square foot of greenhouse floor area. Construction of the green­

house should require about 1 hour of labor per square foot of green­

house area. The total costs can vary widely depending on the locality

and the talents of the builder. The estimated benefits accruing from

a 160-square-foot greenhouse are $98-per-year fuel savings and the

annual production of about $250 of fresh food. Assuming a $4-per-hour

construc tion labor rate, the greenhouse should cos t $1,040, and the

breakeven point on the accumulated returns from the greenhouse should

be less than 3 years.

Performance Estimate

The summarized results of the performance estimate for the Chavez

house are shown in Table 8-1. The skin conductance of this building

is about 420 Btu/h.oF. Infiltration was estimated at one-and-one-half

air changes per hour. This resulted in a modified building loss coef­

ficient of 13,541 Btu/dd. Over half of this loss is through the adobe

.walls and earth roof, which illustrates the poor insulating abilities

. of these materials (U = 0.21). On the other hand, the high thermal

mass .of the roof and wall s con tr ibu tes s igni f icantly to the over all

. per formance of the house. The heat loss r ate from the living space

through the separating wall (with its door and window) into the green­

house space and thence to the outside was calculated on a steady-state

basis. The calculation shows that the addition of the greenhouse re­

duces heat loss through this part of the wall by 22 percent.
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The total glazed surface of the greenhouse is about 420 square

feet. Over the 212-day heating season (October through Apr il) this

glazing collects an average of 1,010 Btu/ft
2
.day.

The final result of the performance estimate is a solar heating

fraction of nearly 73 percent.
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TABLE 8-1

Performance Estimate for the Chavez House

Solar
Radiation Solar

Gross Internal Net on Horiz. Radiation Aux.
Degree- Load Sources Load Surface Absorbed Energy

Honth D~ (HBtu) (HBtu) (HBtu) (Btu/ft 2 ·mo) (HBtu) SLF SHF (HBtu)

January 812 10.99 1. 99 9.00 34,410 12.77 1. 42 0.631 3.32

February 633 8.57 1. 80 6.77 39,732 12.22 1. 80 0.722 1. 88

l1arch 555 7.52 1. 99 5.53 56,358 13.43 2.43 0.826 0.96

April 261 3.53 1. 93 1. 61 6a,460 12.85 7.97 1

r-1ay (52) - - - 78,740
'!-:

June - - - - 80,760

July - - - - 72,819

August - - - - 71,331

September (22) - - - 59,730

October 227 3.00 1. 99 1. 02 49,135 14.02 13.80 1

November 540 7.31 1. 93 5.39 35,610 12.61 2.34 0.814 1. 00

December 772 10.45 1. 99 8.46 30,845 12.05 1. 42 0.633 3.11

Annual 3,795 51. 39 13.61 37.78 89.95 0.728 10.27

ANNUAL SHF = 0.73



SECTION 9

MOBILE/MODULAR HOME II

Figure 9-1. Mobile/Modular Home II

BUILDER: Navajo Nation
DESIGNER: The Architects Taos

OWNER: U.S. Government
TYPE: Single family mobile home

AREA: 1,090 square feet
GENERIC TYPE: Modified roof pond
LOCATION: Los Alamos, New Mexico

LATITUDE: 36°N.
ELEVATION: 7,600 feet

CLIMATE DATA: Heating dd: 6,000
Design temp: OaF
Horiz. insolation (Jan. day):

1,090 Btu/ft 2
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Figure 9-2. Interior View of Mobile/Modular Home II

Figure 9-3. Roof Aperture on Mobile Modular Home II



CEILING PANELS

Figure 9-4. Cross-Sectional Drawing of Roof Aperture Construction

/- 43 FEET -I

t
5 BEDROOM BEDROOM LIVING

ROOM

BEDROOM

Figure 9-5. Floor Plan for Mobile/Modular Home II
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Figure 9-6. Thermal Flow Diagram for Mobile/Modular Home II

Collectors -­

primary collectors.

mentary direct gain.

Four rows of south-facing roof apertures are the

Large windows on the south wall provide supple-

Storage -- Waterbags resting on the ceiling panels absorb the

solar radiation collected through the aperture.

Distribution -- Heat from the waterbags is conducted through the

aluminum ceiling panel and radiated directly to the house inter ior.

Direct-gain energy admitted through the south windows is first ab­

sorbed by the house furnishings and then distributed by convection.

Auxiliary Heat -- An electric furnace with forced hot air distri­

bution provides auxiliary heat.

Domestic Hot Water -- The hot water system is not integrated into

the solar heating system.
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Controls Movable insulation panels over the waterbags can

block the gain of solar energy when required. The auxiliary heat is

thermostatically controlled.

Description

This home is the result of a project funded by the United States

Energy Research and Development Agency through LASL. The obj ect of

the project was to (1) investigate passive solar heating systems for

their applicability to the mobile/modular horne industry, (2) select a

single system, (3) design and build a house, and (4) measure its per­

formance. Of the many concepts studied and analyzed, the roof-mounted

system offered the most freedom from possible site restrictions: the

roof apertures are relatively clear of shading from neighboring homes,

trees, etc.; the design can be altered to face the apertures in any

direction with respect to the house orientation; the house does not

require any site preparation other than that normally required for a

modular horne; and the water for thermal storage can be loaded into the

plastic bags after the house is established on its permanent site,

reducing the over-the-highway shipping weight.

In order to meet the width limitations of highway transportation,

the house is constructed in two units, each measuring 13 by 43 feet.

The two units are bolted together onsite to form a single house. One

unit contains a living room, two bedrooms, and a small utility center

for a washer-dryer combination; the second unit contains the kitchen,

master bedroom, and two baths.

The walls are standard frame construction using 2 by 6' s for

,studs. The inside is finished with drywall material, and the outside,

with wood paneling. The voids between the studs are filled with cel­

lulosic fiber insulation.

The floor joists are 2 by 31 S which are sheathed, top and bottom,

with plywood. Again, the voids are filled with cellulosic fiber.

When emplaced on concrete block piers at its permanent site, a fiber­

board skirting is attached around the perimeter to seal off the space
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between the floor and the ground. This skirting can be insulated on

the inner side to further reduce heat losses through the floor to the

outside.

The roof is supported by open-web ~etal trusses. Corrugated alu­

minum ceiling panels rest on the lower flanges of the trusses and on

top of these panels lie the water-filled thermal storage bags. An

angle-iron framework on top of the trusses supports the sawtooth roof

structure. The south-facing surfaces are double glazed; standard

patio doors were used in this model. The north-facing surfaces are

sheathed wi th plywood and covered wi th pol ished aluminum sheeting,

which acts as a reflect9r. A 3-1/2-inch layer of urethane foam insu­

lates the underside of the plywood sheathing. Within each of the saw­

tooth apertures, an insulating panel rests on the top flange of the

roof trusses, insulating the water stor age bags that 1 ie beneath.

These panels are hinged along their north edge and can be lifted by a

cable-and-pulley mechanism to expose the waterbags to sunlight admit­

ted through the glazed, south-facing surfaces of the sawtooth roof.

These panels are made of plywood bonded to 2-inch-thick rigid urethane

foam. The bottom side of each panel is covered with polished aluminum

sheeting which, when the panel is raised, reflects incident sunlight

onto the waterbags lying below. In this model, the panels are raised

and lowered by an electrically powered automatic system keyed to

photoelectric sensors in the apertures.

Operation

This solar system is totally passive in operation except for the

action of the movable insulation over the waterbags. When the sun is

shining, the insulating panels are raised, allowing the solar energy

to fallon, and be absorbed by, the water-filled bags. The reflecting

surfaces on the north slopes of the sawtooth roof and on the underside

of the insulating panels direct addi tional sunlight onto the water­

bags, increasing the overall gain of the apertures. At night, or on

cloudy days, the insulating panel is closed, and thermal radiation

from the waterbag is returned to it by reflection. A flexible rubber

seal around the per imeter of the insulating panel prevents warm ai r
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around the waterbags from seeping into the aperture space, where the

heat would be lost to the outside through the glazing.

The waterbags rest on the aluminum ceiling panels. Heat is con­

ducted fr~m the waterbag through the panel and transferred by radia­

tion and convec tion to the living space. Convect i ve heat tr ansfer

from the warm ceiling to the air below is rather inefficient, hence

the radiative mode accounts for most of the heat transfer.

The geometry of the sawtooth roof was optimized by computer simu­

la tion method s. Optimum d imens ions wer e sel ected based upon min imum

annual auxiliary energy requirements as determined from the computer

s imula tion analys is. Ther e ar e two cr i tical des ign par ameter s: the

angle of tilt of the glazing and the length of the roof overhang. The

transmittance of the glazing (the fraction of sunlight which actually

passes through both panes of glass) varies with the angle of incidence

of the sunlight on the glass surface. The more obliquely the sunlight

strikes the glass surface, the less of it is transmitted through the

glass and the more of it is reflected away. The overhang shades the

glass beneath it--the longer the overhang, the more glass is placed in

the shade. In summer, the overhang provides more shade than in win­

ter. The effects of this combination of reflecting and shading char­

acteristics was explored by the computer simulation, and the optimum

geometry for full-year performance was chosen. The glass tilt angle

is 65 degrees from the horizontal. The overhang extends about I foot

beyond the front plane of the glass. These parameters would be dif­

ferent for different latitudes and for localities with different an­

nual insolation patterns. The width of the glazing in the apertures

is about 26 inches, and each of the four apertures extends the full

length of the house.

The waterbags can be filled to a maximum depth of 8 inches. At

this maximum capacity, the thermal storage mass is 40,000 pounds of

water (about 4,800 gallons). This works out to a thermal storage ca­

pacity of about 40 Btu/oF for every square foot of floorspace in the
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house. The design of the house includes additional structural support

for this added mass.

The 12 south-facing windows admit direct-gain solar energy to the

house interior to supplement the ro~f-pond aperture system.

Performance

Th is house was completed and transpor ted to its si te at Los

Alamos in September 1977. Installation of instrumentation for moni­

toring the performance of the house was complet~d in January 1978.

Performance data has been recorded continuously over a period of at

least 1 year.

A series of typical data records covering the period March 23-25,

1978, are shown in Figures 9-7(a) through 9-7(c). The first two days

are cloudy, while the third day is clear and sunny, as is shown by the

insolation curves. Outdoor ambient temperatures are about the same

for each of the three days and are relatively moderate, so these re­

cords do not illustrate a severe test of the solar heating system.

The responsiveness of room temperature to the sun is clearly il­

lustrated on March 23. An early morning burst of sunshine is followed

by more than an hour of cloudiness with the sun obscured. The room

temperature climbs rapidly in response to the direct gain coming

through the large south windows. During the cloudy period, the room

temperature ini tially drops rapidly and then levels out as thermal

equilibrium is established. In general, whenever the insolation curve

shows sharp variations due to cloudiness, the room temperature curve

is correspondingly ragged.

On the sunny day, March 25, the movable insulation panels in the

apertures open at about 8:40 in the morning, when the insolation level

was already up to about 180 Btu/ft2 . h. The waterbag temperature be­

gins to climb immediately, as shown by the sharp change in the slope

of that curve. The waterbag temperature peaks just before 1600 hours

(4 p.m.), when the insolation curve is on a decreasing slope, 'and has
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reached about 195 Btu/ft 2 .h. The insulating panel does not close as

the sun's insolation drops below the 180 Btu/ft 2 .h mark; instead, it

remains open until the sun has apparently set at 1800 hours (6 p.m.).

During these last 2 hours that the panel is open, the thermal storage

mass is cooling, not warming. The~ rate at which the waterbags are

cooling is promptly slowed when the insulating panel finally closes.

(Determining these operating characteristics is one of the objectives

of the LASL monitoring program.)

The high interior temperatures shown should not be taken as typi­

cal. During the period that the data were taken, the house was unoc­

cupied and kept tightly closed so that heat flow parameters could be

accurately determined. House temperatures can easily be reduced to

desired levels by venting excess heat to the outside.

Cost

The construction of this mobile home was accomplished by Navajo

Indian students at the Fort Wingate School near Gallup, New Mexico.

The work was supervised by the instructors at the school in a program

designed by the XYZYX Information Corporation.

The construction cost for this model building was about $40,000,

which is not a competitive figure for the modular home industry. How­

ever, estimates for construction on a mass-production basis indicate

the cost could be reduced to about $25,000. The solar features,

mainly the extensive glazing and complicated roof structure, represent

$4,000 to $5,000 of this cost.

Performance Estimate

The modified building loss coefficient for this modular home is

14,675 Btu/dd, or 13.46 Btu/ft2 .dd. Slightly more than half of the

heat loss from this house is through the south-facing glass in the
walls and roof. An infiltration rate of one air change per hour was

)-

used in this estimate. The data are summarized in Table 9-I.
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TABLE 9-1

Performance Estimate for Mobile/Modular Home II

Solar Solar
Internal Net Radiation Radiation Aux.

Degree- Gross Sources Load on Horiz. Absorbed Energy
Month Days (MBtu) (MBtu) (MBtu) (Btu/ft 2 ·mo) (MBtu) SLR SHF (MBtu)

January 1,113 16.33 2.48 13.85 34,403 18.18 1. 31 0.83 2.42

February 907 13.31 2.24 11. 07 39,746 16.34 1. 48 0.87 1. 46

March 856 12.56 2.48 10.08 56,348 16.08 1. 60 0.89 1. 09

April 555 8.15 2.40 5.74 68,468 12.60 2.20 0.96 0.21

May 295 4.33 2.48 1. 85 78,751 10.56 5.72 1 0

June 90 1. 32 2.40 0 80,745 9.69 - 1 0

July 18 0.26 2.48 0 76,922 9.66 - 1 0

August 44 0.65 2.48 0 71,321 11. 36 - 1 0

September 147 2.16 2.40 0 59,729 14.37 - 1 0

October 442 6.49 2.48 4.00 49,148 18.06 4.51 1 0

November 792 11. 62 2.40 9.22 35,616 17.70 1. 92 0.94 0.57

December 1,048 15.38 2.48 12.90 30,860 17.38 1. 35 0.84 2.12

Annual 68.70 7.87

ANNUAL SHF = 0.89



SECTION 10

THE HUNN HOUSE

Figure 10-1. The Bruce Hunn House

BUILDER: Jose Herrera and Sons
DESIGNER: Bruce and Joyce Hunn with Manock Comprehensive

design and Theodore R. Cole
OWNER: Bruce and Joyce Hunn
TYPE: Single family, 1 unit

AREA: 1,955 square feet
GENERIC TYPE: Trombe wall, direct gain,

hybrid passive/active
LOCATION: Los Alamos, New Mexico

LATITUDE: 35.8°N.
ALTITUDE: 6,370 feet

CLIMATE DATA: Heating dd: 6,300
Cooling degree-hours: 1,000
Design temp: OaF
Horiz. insolat~on (Jan. day):

1,090 Btu/ft
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Figure 10-2.
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Interior of Trombe Wall, upstairs Living Room
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Figure 10-4. Schematic of Thermal Flow Diagram

Collectors -- A south-facing, two-story, 250-square-foot Trombe

wall and 140 square feet of direct-gain windows are the collectors.

..

Storage primary storage is the- thermal mass of the Trombe

wall, which is made of slump rock. Secondary storage is provided by a

rock bed charged by hot air drawn from the Trombe wall system. Addi­

tional thermal mass is provided by slump rock walls in the interior of

the house.

Distribution -- The Trombe wall heats the living space by radia­

tion and convection from its inner surface. A forced-air system draw$

heat from the rock bed for distribution to the house.

Auxiliary Heat -- A gas-fired furnace provides auxiliary heat.

Domestic Hot Water -- A flat-plate liquid collector provides pre­

heat for the hot water supply.
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Controls A differential thermostat controls the fan which

charges the rock bed. A standard thermostat in each of three thermal

zones controls the separate forced-air distribution within the house.

Description

The house, owned by Bruce and Joyce Hunn, is located in Los

Alamos, New Mexico. This community is a residential area supporting

LASL and is set on top of a mesa just west of the Rio Grande Gorge.

The altitude of 6,370 feet, combined with the arid southwest climate,

ensures brilliantly clear skies and warm sun nearly every day of the

year, but winter can be very cold.

'I'he main section of the house is two story, with the kitchen,

family, and dining spaces on the first floor, and the living room,

study, master bedroom, and bath on the second floor. A single-story

wing on the west side contains two bedrooms and a bath. The garage is

on the north side of the two-story section, where it partially pro­

tects the house from the northerly winds characteristic of this region

in the winter.

The south side of the two-story section inco.rporates a Trombe

wall with an effective area of 250 square feet. The wall is made of

12-inch-thick open slump rock filled with cement and reinforced with

No.2 rebar. The wall is double glazed with 3/16-inch plate glass,

with 1 inch separating the glass plates and a 2-inch space between the

inner glass plate and the slump rock wall. The outer surface of the

wall is stained a dark brown to increase its solar absorptivity to a

value of 0.91. The interior side of the Trombe wall is untreated and

provides a pleasing architectural motif to the family area on the

first floor and the living room on the second floor. The first floor

is a single open space which allows free circulation of air (and heat)

from the Trombe wall to the north side. On the second floor there is

a 3-foot gap between the ceiling and the top of the partition separa­

ting the living room and the bedroom so that air can circulate freely

throughout the second floor also.
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~Vith the exception of the Trombe wall, the exterior walls are

frame construction using 2 by 6's on 16-inch centers with fiberglass

batts (R = 19) between studs for insulation. The outside is surfaced

wi th stucco, and the inside is standard drywall finish. The masonry

architectural motif of the Trombe wall is extended through the inte­

rior of the house by adding a 4-inch-thick inside layer of slump rock

around the entryway, and by using 8-inch-thick slump rock for the rear

wall of one bedroom in the west wing. These inter ior masonry walls

increase the thermal mass of the house and contr ibute to the archi­

tectural unity.

The roof slopes from a height of 27 feet at the south wall to 12

feet at the north wall of the garage. The rafters are 2 by 6'8, and

fiberglass batts (R = 19) insulate the roof. A 3-foot overhang on the

south side shades the Trombe wall during the summer. The roofed space

over the garage helps to buffer the north wall from heat losses. It

is used as an unheated storage room. The roof is sheathed with white

asphal t shingles. The 1 ight color was chosen to reduce the summer "

heat gain.

The foundation of the house is insulated to a depth of 2 feet

with a 2-inch layer of rigid expanded polystyrene. The wooden floor

is built over a crawlspace where the rock bed storage is located. The

rock bed is 3 feet deep, 6 feet long in the airflow direction (hori­

zontal), and 12 feet wide. The rock bed rests on a concrete base, is

framed with 2 by 4's sheathed with 3/4-inch plywood, and is insulated

wi th 2- inch- thic k ex tr ud ed polystyr ene (R ~ 9) •

.,,-.

The house has 140 square feet of effective direct-gain area. All

windows are wood framed and double glazed. Most of the window area is

concen tr a ted on the south wall s for d ir ec t sol ar gain. Two doubl e­

glazed skylights, each measuring 2 by 4 feet, are mounted on the roof

of the west wing and provide additional solar heating to the two bed­

rooms in that wing.
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Between the two skylights on the west wing is mounted a 40­

square-foot flat-plate collector for domestic hot water preheating.

The auxiliary heating unit is a 75,000 Btu/h (input rating) gas­

fired furnace.

Operation

The solar heating system for the Hunn house has been operated in

two distinct modes: as a purely passive thermal storage wall system

and as a hybrid passive/active system. In the passive mode, all vents

between the Trombe wall air space and the heated space are closed.

Solar radiation, direct and diffuse, passes through the glazing, falls

upon the wall surface, and is absorbed by the masonry, warming it.

The masonry wall then transfers this thermal energy by several concur­

rent processes. Part of the energy is reradiated as infrared radia­

tion back to the glazing and is lost. Part of the energy is transfer­

red by convection to the air trapped in the space between the glazing

and the wall. The air, now warmer than the glazing, loses heat

through the glazing until an equilibrium temperature is reached.

Since warm air rises, heat tends'to be transferred upward, and verti­

cal temperature gradients are established in the air space and in the

Trombe wall. The last method of energy transferral is by conduction

through the masonry to the inside surface, where the energy is trans­

mitted to the interior space by radiation and convection. During the

time that it takes for the thermal pulse to transit the wall, the

energy is stored in the wall.

In the active mode, a fan pulls air from the top of the space be­

tween the Trombe wall and the glazing and delivers it through insula­

ted ducts beside the Trombe wall to the rock bed, where its heat is

transferred to the rocks. The cooled air is returned to the bottom of

the Trombe wall to be reheated and recirculated. In the Hunn house,

the rock bed is thermally isolated (i.e., insulated) from the rest of

the house. When the house requires heat, a separate fan (the furnace

fan)-and-ducting system pulls air backward through the rock bed, heat­

ing it, and delivers it to the house through the distribution system.
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A thermostat moni tors the temperature of the air comi.ng out of the

rock bed; when this temperature is too low to effectively heat the

house, the furnace is turned on to supply auxiliary heat.

In the summer, vents between the Trombe wall air space and the

living space are opened to allow air to be discharged outdoors through

roof vents to prevent overheating of the wall.

Performance

Figure 10-5 is a compilation of data collected at the Hunn house

during the period December 26, 1978 through January 8, 1979. This is

the same time period as is shown for other houses in the Los A1amos­

Santa Fe area. Some very cloudy weather is interrupted by sunny days,

and the ambient temperature drops below 10°F on several nights. This

is shown by the ambient temperature and insolation graphs in the fig-

ure.

Also, from December 16, 1978 until 9 p.m., January 1, 1979, the

Hunns were, away from home, the house was closed, and the thermostat

was set at its lowest level. The week of December 20-27, which pre­

cedes the week shown in Figure 10-5, was one of monotonously sunny

days and moderate ambient temperatures. The house, with no one around

to disturb it, responded in an equally monotonous manner. The down­

stairs family room air temperature rose each day to a peak of 58°F,

the peak occurring right at sunset. During the night, the temperature

dropped at a uniform rate to a low of 50°F, the low occurring at sun­

rise. The average peak ambient temperature and the average minimum

ambient temperature were 40° and 15°F, 'respectively, for this week.

There is no indication that the auxiliary furnace turned on during

this period.

On December 28 the good weather falters (see Figure 10-5) and

without the sun, the family room temperature begins to drop. In the

ear 1 y m0 r n i ng 0 f Jan ua r y 1, 1 9 7 9 " aft e r 4 c loud Y days, the min i mum 0 f

47°F occurs. New Year's Day is sunny, and the family room air temper­

ature increases to 53°F. That evening, at about 8:30 p.m., the Hunns
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return horne and turn up the thermostat. The living room air tempera­

ture rises sharply as a resul t. For the remaining record shown in

Figure 16-5, internal sources and solar gains are sufficient to keep

the family room minimum te~perature above the 60°F thermostat setting.

A set of thermocouples was bur ied in the wall at the IS-foot

level, at var ious depths from the surface. Me'asured from the outer

surface, the depths were 1, 3-1/2, 6, and 11 inches. The temperatures

recorded by these the rmocouple s ar e shown in Figure 10- 5. On each

sunny day, the wall receives a high temperature pulse on its outer

surface. As the pulse travels through the wall, its amplitude is re­

duced. It takes about 5-1/2 hours for the temperature peak to travel

tl1e 10 inches from the outer thermocouple to the inner thermocouple,

or about 1.8 inches per hour. Since the wall is 12 inches thick, it

should take over 6-1/2 hours for the pulse to travel the f'ull thick­

ness of the wall. At 2:30 p.m. on January 2, 1979, the outer thermo­

couple reacl1es a peak temperature of 147°F. At this same time the

thermocouple at 3-1/2-inch depth records a temperature of 112°F. The

average temperature gradient between these two thermocouples (spaced

2-1/2 inches apart) is 14°F per inch. Extrapolating this gradient

back to the outer surface indicates the temperature at the outer sur­

face was about 161°F.' This estimate is probably low because the tem­

perature gradient at this time of day is higher at points nearer the

surface than it is at the deeper depths in the wall.

Measurements of the wall temperature at the I-inch depth were

also taken at the 4- and IS-foot levels. These are shown as a sepa­

rate pair of traces in Figure 10-5. A modest temperature stratifica­

tion is indicated.

During November and December 1977, the differential controller

for the rock bed was activated, and the bed was placed in the charging

mode. Inlet air temperatures to the rock, bed from the Trombe wall

were too low to charge the bed adequately, so the blower was turned

off at the end of December and has not been used since. The suspected
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reasons for this poor per1;'ormance are (1) cold air leakage into the

system, (2) duct losses, and (3) too high an air flow rate. It was

discovered that the facia-board at the top of the wall is poorly

sealed and leakage at the vents is evident. Also, the design air flow

rate of 2 cubic feet per minute per square foot (2 ft
3
/min e ft 2 ) of

collecting surface is too high. This value is about optimal for ac­

tive collectors. However, since the wall absorbs one-half to two­

thirds of the energy incident at the surface, a value of about 1

ft 3/min e ft 2 is appropriate.

Owner Observations and Comments

Because the thermostats were normally set at 60°F, the two-story

section very rarely required auxiliary heat during clear weather. This

section of the house would cool to 60° to 62°F in the early morning

and warm to 65 ° to 70 ° F by the afternoon. Wi th the wall charged,

these temperatures created comfortable conditions in the room. How­

ever, when the wall was not charged, the room was uncomfortable unless

the temperature was 65°F or greater. Thus the thermostat was set at

65°F during a cloudy day following I or more cloudy days.

The single-story wing, which does not communicate directly with

the Trombe wall, required intermittent auxiliary heating from about 8

p.m. to 8 a.m. No data were taken in this wing.

Future steps to improve the performance of the system when in the

active mode will be to (1) slow the blower speed to achieve 200 to 250

cubic feet per minute, (2) seal the system air leaks as far as possi­

ble, and (3) reverse the flow pattern over the wall to reduce the

length of the warm air duct-runs into the rock bed.

Operation in the rock-bed charging (ac~ive) mode has not yet been

successful because the bed inlet temperatures are not sufficiently

high. Considerable care· must be taken to design for a charging air

flow rate of less than I ft 3/min e ft 2 of collecting surface when using

this hybrid configuration. System air leaks and duct losses must be

avoided unless an under-floor, low-temperature rock bed is used.

141



Bruce Hunn also recommends increased roof insulation for future

designs, and he proposes to add a greenhouse to the west wing in the

future.

construction and Cost

The construction firm of Jose Herrera and Sons, Fairview, New

lVlex ico, which had no prev ious exper ience with solar houses, was the

builder. A conventional mortgage, obtained from a local savings and

loan company, financed the project. No difficulty was encountered in

obtaining the building permit.

Material costs for the space-heating and domestic h9t water sys­

tems are listed in Table 10-1. A breakdown of installation costs is

also given in the table, but these represent estimates, since most of

these costs were simply part of the overall contract. The total (net)

space-heating system cost (installed) was $5,436, including allowance

for the exter ior wall that was replaced by the 'Irombe wall. The do­

mestic hot water system cost (installed) was $1,260. This $6,700 in­

cremental initial cost attributable to the solar heating system repre­

sents about 10 percent of the .total construction cost of the house.

This does not include the cost of the interior slump block in the

entryway.

However, New Mexico allows an income tax credit of 25 percent of

the equipment cost (excluding labor) for a solar heating/cooling sys­

tem. This resulted in a $1,000 refund, the maximum allowable.

Performance Estimate

A performance ·estimate using the methods described in the appen­

dix has been made for this house. The modified building loss coeffi­

cient used is 19,554 Btu/dd, which disagrees with one calculated by

Bruce Hunn, largely because the two calculations were based on differ­

ent estimates of the infiltration rate. Bruce Hunn used 1/2 air

change per hour, while LASL used 1. 37 air changes per hour. 'I'he re­

sults of the performance estimate are shown in Table 10-11.
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TABLE 10-1

Solar Heating System Cost Estimate

Materials
Installation

Labor

-1575

$ 51 $ 50

150 }
134 200

54
77 50

$ 466 + $ 300 766

$ 525 $ 240

208 20

200 60

$ 933 + $ 320 1253

$5436

Space-Heating System

Trornbe Wall
1. 300 square feet of l-foot-thick

slump block
2. Masonry cement, sand, and mortar

coloring
3. Concrete block fill
4. Concrete footings
5. Rebar and Durowall reinforcing
6. Wood framing for glazing
7. Glazing
8. Stain
9. Ductwork

Subtotal

Less allowance for the 6-inch
frame wall that was replaced;
300 square feet at $5.25/per
square foot

Rock Bed Storage
1. 12 tons washed gravel
2. Framing
3. Insulation
4. Miscellaneous hardware
5. Angle-iron

Subtotal

Extra Ductwork (including motor­
operated dampers and backdraft
dampers)

Rock-bed Charging Blower, 500 ft 3/m
New York blower

Controls (including one Rho Sigma
Model 106 controller and furnace
burner thermostat)

Subtotal

Total Space-Heating

$ 825)

233 {

280 j
219
231

62
846

25
325

$3046 +

$1262

208
300

80
96

$1946 $4992

Domestic Hot Water System

Two Miromit Model 200 flat-plate
collectors (single-glazed, water­
white crystal glass, 20 square feet
each)

Differential controller, Rho Sigma
Model 106

Circulating pump, Grundfos Model VPS
20-42

50-gallon preheat/storage tank with
finned-tube heat-exchanger coil

Associated plumbing (including sole­
noid vent valves)

Total Domestic Hot Water Heating

Grand Total, Space Heating and
Domestic Hot Water Heating

$ 400 $ 100

$ 90 $ 30

85 30

350 45

80 50

$1005 + $ 255 $1260

$6696

143



~he annual net load computed in the performance estimate 1S 93.25

MBtu's. 'I'his results in an annual auxiliary energy prediction of

40.17 MBtu's. ~he actual fuel consumption records for the house indi­

cate that this estimate is too high. 'I'he high infiltration rate used

may account for this discrepancy.
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TABLE 10-II

Performance Estimate for the Hunn House

Solar
Radiation Solar

Gross Internal Net on Horiz. Radiation Aux.
Degree - Load Sources Load Surface Absorbed Energy

Month Days (MBtu) (I-lBtu) (MBtu) (Btu/ft 2 ·mo) (MBtu) SLR SHF (r1Btu)

January 1,113 21. 76 3.09 18.67 35,452 15.20 0.814 0.464 10.01

February 907 17.74 2.79 14.94 43,890 14.64 0.979 0.541 6.~6

March 856 16.74 3.09 13.65 58,075 13.45 0.985 0.544 6.22

April 555 10.85 2.99 7.86 70,566 10.55 1. 342 0.673 2.57

May 295 5.77 3.09 2.68 81,164 8.83 3.297 0.952 0.13

June - - 2.99 - 83,220 - - 1.'0 0

July - - 3.09 - 79,279 - - 1.0 0

August - - 3.09 - 73,507 - - 1.0 0

September 147 2.87 2.99 - 61,560 - - 1.0 0

October 442 8.64 3.09 5.55 50,654 15.10 2.719 0.912 0.49

November 792 15.59 2.99 12.50 36,708 14.80 1.185 0.621 4.74

December 1,048 20.49 3.09 17.40 31,806 14.53 0.835 0.474 9.15

Annual 93.25 0.569 40.17

ANNUAL SHF = 0.569



SECTION 11

THE HINESBERG GREENHOUSE

Figure 11-1. Exterior View of the Hinesberg Greenhouse

552 Btu/ft2

369 Btu/ft~
785 Btu/ft

day) :
day) :
day) :

BUILDER: Doug Taff and Robert Holdridge
DESIGNER: Robert Holdridge and Doug Taff

OWNER: Robert Holdridge and Doug Taff
TYPE: Add-on greenhouse (retrofit)

AREA: 98 square feet
GENERIC TYPE: Passive greenhouse

LOCATION: Hinesberg, Vermont
LATITUDE: 44.4°N.

ELEVATION: 150 feet
CLIMATE DATA: Heating dd: 8,100

Design temp: -20°F
Horiz. insolation (Jan.

(Dec.
(Feb.
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Figure 11-2. Interior View of the Hinesberg Greenhouse

Figure 11-3. Water Drum Thermal Storage for the Hinesberg Greenhouse
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Figure 11-4. Plan for the Hinesberg Greenhouse
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Figure 11-5. Thermal Flow Diagram of the Hinesberg Greenhouse
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Collector -- The south-facing wall of the greenhouse is glazed

with Sunwall~ translucent fiberglass paneling units tilted 60 degrees

from the horizontal. Three 4- by 8-foot units are used for a total of

96 square feet of collector area.

Storage -- A row of four 55-gallon drums painted black and filled

with water provide the thermal storage mass.

Distribution Natural and forced convection distribute the

solar heat collected within the greenhouse.

Auxiliary Heat Additional heat can be admitted to the green-

house from the house to which it is attached if this is desired.

Normally, excess heat generated by the greenhouse supplements the

heating system of the house.

Domestic Hot Water -- Not applicable.

Controls A differential thermostat controls two small fans

buil t into the wall between the house and greenhouse. The door and

window into the greenhouse can be opened or closed to control natural

convection.

Description

The Hinesberg 'greenhouse is attached to an older horne of about

1,800 square feet of floor area. It is a lean-to design, with the

south-facing glazed area tilted at 60 degrees to the horizontal. The

glazing is two layers of fiberglass-reinforced plastic sheeting bonded

to a rigid aluminum frame. An air space of 1-1/4 inches separates the

two fiberglass sheets.

The floor joists are 2 by 10 1 S s uppor ted on c inderbloc k pie r s.

Plywood (3/8- inch thick) has been laid ove r the j 0 i sts and the uppe r

surface is finished with quarry tile. The voids between floor joists

have been filled with fiberglass batting and sheathed with 1/4-inch

plywood nailed to the bottom of the joists.
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The walls are 2-by-4 stud construction. Fiberglass batts are

pressed between the studs. Rigid styrofoam, 2 inches thick, is laid

over the studs and the inside is finished with hardboard. The outside

is sheathed with 3/S-inch plywood and finished with 1/2-inch redwood

clapboard. A small portion of each of the end walls is double glazed

with fiberglass sheeting. The ceiling of the greenhouse is insulated

with 12 inches of fiberglass.

A row of four 55-gallon drums filled with water is placed along

the wall which separates the greenhouse from the main house. These

drums are set on cinderblocks, with their hollow cores oriented to

allow air to flow horizontally underneath the drums from the wall side

toward the greenhouse space. Two fans are set in the wall: one near

the floor and one near the ceiling. The one near the floor blows air

from the house into the greenhouse, where it is warmed. The upper fan

then pulls this warmed air from the greenhouse and delivers it to the

main house. The hollow cores of the cinderblock provide the passage

for this flow of air beneath the water storage drums.

An insulating shade has recently been installed and can be seen

in its raised position at the top of the glazing in Figure 11-2. In

the down position, the edge guides hold the curtain close to the glaz-

ing and reduce the loss of heat through the glazing.

Operation

The Hinesberg greenhouse is designed to optimize collection of

solar energy dur ing the winter while minimizing heat losses to the

outside. The main glazed surface of 96 square feet (sloped 60 degrees

from the horizontal) faces due south. For this latitude, the sun's

altitude angle at noon on the winter solstice is 22.1 degrees, so the

midday sun I s rays are nearly normal (perpendicular) to the glazing

surface dur iog the winter months. This feature maximizes the trans­

mi ttance of solar energy through the glazed sur face into the green­

house, where it is absorbed and converted to thermal energy. Since

the walls, ceiling, and floor of the greenhouse are heavily insulated,

the heat losses are small; more energy is being collected than is
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being lost. As a result, the greenhouse interior temperature rises

and can become excessively hot. Transfer of this excess heat to the

main house not only helps to heat the main house, but also moderates

the greenhouse temperature.

Two fans are mounted in the wall between the greenhouse and the

main house and circulate air between the two. A differential thermo­

stat turns. the fans on when the temper a ture d i f fer ence reaches 4 0 F.

This heat-exchange process takes place only duri~g daytime, when the

house heat demand is the least and it is possible that the heat will

be wasted. This si tuation is alleviated by stor ing some of the col­

lected heat for use at a later time--the four water drums perform this

function. Sunlight falling on the drums is transferred to the water

within the drum instead of heating the air in the greenhouse. Because

of the large amount of water in the drum and its high heat capacity,

the temperature of the water rises very slowly. At the end of the

day, when the sun goes down, the greenhouse temperature drops below

the water drum temperature and the stored heat is released, lengthen­

ing the period when heat can be transferred to the main house and mo­

derating the temperature extremes (both high and low) experienced

within the greenhouse. It appears that the overall effect of the

drums is to allow more usab~e heat to be delivered to the house, even
though the total amount of heat delivered may be reduced.

During the summer, the altitude angle (69 degrees at noon, summer

solstice) of the sun creates a sharp angle of incidence for .the sun's

rays on the greenhouse glazing, causing much of the incident solar

energy to be reflected off. Furthermore, the amount of solar energy

intercepted by the glazing surface is proportional to the cosine of

the angle of incidence. The combination of these two effects sharply

reduces the amount of solar energy admitted to the greenhouse, so that

overheating is not a problem in the summer.

It is estimated that the insulating curtains will reduce the heat

loss through the glazing by a factor of 3 (from 0.56 Btu/ft 2.h to 0.18

Btu/ft2.h).
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Performance

This greenhouse has been moni tored continuously since November

1976. Daily maximum and minimum temperatures have been recorded for

both the interior of the greenhouse and the outside ambient air. The

daily average temperature of the water storage has also b~en recorded.

These data for the period February and March 1977 are shown in Figure

11-6. Dur ing this per iod, the greenhouse is isolated and insulated

from the house, except for the operation of the dual fan system de­

scribed previously. Heat can flow only from the greenhouse to the

house under these condi tions. At night, the greenhouse must survive

by i tsel f wi thou t drawing supplemental heat from the house. Despi te

frigid nighttime ambient temperatures, the greenhouse temperature

rarely drops below 50°F and generally maintains itself above 55°F.

Insolation data has not been recorded for this per iod, but the.
days on which precipitation occurred are marked. Also, the hours per

day of fan operation are shown. The amount of heat delivered to the

house from the greenhouse should be roughly proportional to the number

of hour s of fan oper at ion. In Febr uary, ther e are per iod s when the

fan operates nearly continuously. In March, the hours of fan opera­

tion drop off, even though the greenhouse temperatures are high and

there must be at least as much heat available for transfer as there is

dur ing February. The controlling factor may be the much higher out­

side ambient temperature in March compared to February (approximately

40 ° F ver sus 15 Q F) . Apparently, as the house heat load is decreased,

the amount of heat drawn from the greenhouse decreases also, and the

house furnace continues to operate.

During February the greenhouse stays about 45°F above the outside

ambient temperature, and the temperature fluctuations within the

greenhouse are less than those of the ambient temperature. In March,

the greenhouse is only about 30°F warmer than the outside, and the

fluctuations in temperature within the greenhouse are greater than the

ambient temperatures. Doug Taff has made a regression analysis of the

maximum and minimum ambient temperatures and the greenhouse tempera­

tures. The results are plotted in Figure 11-6 and clearly show these

tendencies.
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In

shown.

than in

Figure 11-7, the average temperature of the water storage is

The plot also shows more of a temperature fluctuation in March

February.

Records for January (not shown in Figure 11-7)

ference between the average greenhouse temperature

ambient temperature.

Builder/Designer Comments

show a 60°F dif­

and the outside

In undertaking the design and construction of this add-on green­

house, Doug Taff and Bob Holdridge had three goals in 'mind: (1)

gather data on the performance of a passive greenhouse in the New En­

gland climate, (2) determine costs, and (3) develop plans for a stand­

ardized retrofit greenhouse system. All the goals have been achieved.

The plans that were developed can be acquired through Garden Way Pub­

lishing, Charlotte, Vermont. No special materials or construction

skills are required. The key feature of the design is the sloped win­

dow. Kalwall'!) panels are used in this instance, but the design is

adaptable to other glazing materials. One change recommended by Doug

Taff is to use 2 by 6 I S for the wall fr aming so that the insulation

thickness can be increased.

Insolation data for the Burlington, Vermont, airport from 1964 to

1974 were used in the analysis for this project. The data were devel­

oped by the State University of New York, Atmospheric Sciences Center,

Albany, New York. These data show that the sunshine percentages for

the months of Novembe rand Decembe rare 20 and 24 per cents, r espec­

tively. Although very cloudy, the ambient temperature is not severely

cold. About the middle of January, the daytime weather ~lears up, the

temperature drops, and it usually snows at night. The high percentage

of cloudy weather implies that a high percentage of the solar radia­

tion will be diffuse rather than direct or beam radiation. Under

these conditions, an unfocused, low-temperature collector is the most

cost-effective solution for spare heat. The add-on greenhouse fits

these characteristics.
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Performance Estimate

The modified building loss coefficient for this greenhouse is

1,500 Bt u/dd . The kitchen adj oi ning the greenhouse was treated as a

heat load on the greenhouse at a rate of 3,240 Btu/dd. The combina­

t ion of these two losses give s the g ross load shown in Table 11-1.

There were no internal heat sources for the greenhouse. The computed

solar heating fraction indicates that nearly one-fourth of the heat

required by the kitchen is being drawn from the greenhouse.
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ex:> TABLE 11-1

Performance Estimate for the Hinesberg Greenhouse

Gross Load, Solar
Other Radiation Solar

Sources on Horiz. Radiation Aux.

Degree- (optional) Surface Absorbed Energy

Month Pays (MBtu) (Btu/ft2 .h) (MBtu) SLR SHF (MBtu)

January 1,513 7.17 17,145 2.03 0.28 0.16 6.01

February 1,333 6.32 21,989 2.07 0.328 0.19 5.12

March 1,187 5.62 33,489 2.26 0.40 0.23 4.32

April 714 3.38 41,700 1. 85 0.55 0.31 2.34

May 353 1.67 47,890 1. 50 0.90 0.46 0.90

June 90 0.43 52,872 1. 42 3.30 0.92 0.03

July 28 0.13 53,034 1. 52 11. 69 1 0

August 65 0.31 42,518 1. 62 5.23 1 0

Sept-ember 207 0.98 33,294 1. 92 1. 95 0.75 0.24

October 539 2.55 24,802 2.11 0.83 0.43 1. 45.
November 891 4.22 11,946 1. 34 0.32 0.18 3.45

December 1,349 6.39 11,201 1. 41 0.22 0.12 5.60

Annual 38.31 29.47

ANNUAL SHF = 0.23



SECTION 12

THE STAR TANNERY HOUSE

Figure 12-1. Exterior of Star Tannery House

BUILDER: Holt Bros. Construction
DESIGNER: Tim Maloney

OWNER: One Design, Inc.
TYPE: Single family dwelling

AREA: 1,250 square feet
GENERIC TYPE: Waterwall and direct gain

LOCATION: Star Tannery, virginia
LATITUDE: 39.05°N.

ELEVATION: 450 feet
CLIMATE DATA:

Heating dd: 5,500
Design temp: OaF
Horiz. insolation (Jan. day):

1,188 Btu/ft2

'159



Figure 12-2. Living Room of Star Tannery House

. .
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Figure 12-3. Roof Configuration of Star Tannery House
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Collectors -- A triple~glazed waterwall with 400 square feet of

vertical south-facing area is the primary collector. Clearstory win­

dows admit additional solar energy to the north wall of the house.

Storage The waterwall holds\; approximately 4,000 gallons of

water for thermal stor age. The inte r ior of the nor th wall is sol id

masonry for storage of energy transmitted through the clearstory win­

dows. The concrete floor slab provides additional storage.

Distribution -- Distribution is by radiation and convection from

the surfaces of the thermal storage volumes.

Auxiliary Heat -- A propane-fueled, forced hot air furnace pro­

vides backup heating.

Domestic Hot Water -- A 90-gallon electric hot water heater pup­

plies domestic hot water needs. Heat exchanger coils in the waterwall

preheat the supply water to about 80 o P.

Controls -- The waterwall has manually operated dampers to allow

venting of excess heat to the outdoors. Louvres in the overhang can

shade the waterwall. The backup furnace is thermostatically con­

trolled.

Description

The Star Tannery house is a singl~-story dwelling situated atop a

knoll in the hilly country east of the Allegheny Mountains, near Win­

chester, Virginia. The house is a modest two-bedroom residence. The

living/dining room and entryway are located at the west end of the

building, and this space flows freely into the kitchen area in the

central portion of the house. The two bedrooms are set against the

east wall. A study and one-and-one-half baths are along the north

wall. Almost the entire length of the south wall is taken up by the

waterwall solar heating system. The glazing for the waterwall con­

sists of one cover of 1/8-inch, low-iron glass and one cover of
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Tuffak@, which is the Rohm and Haas brand name for double-walled, ex­

truded polycarbonate plastic sheeting. In effect, the waterwall is

triple glazed. Behind the glazing is a 2-by-4 framework lined with

~orrugated aluminum. This framework supports water-filled vinyl plas­

tic bags which provide the thermal storage for the house. The living-

. space side of the waterwall is screened off with a standard 2-by-4

partition finished with drywall material.

The exterior walls are formed on 2- by 6-inch studs finished on

the inside wi th 1/2-inch gypsum board. The outside is sheathed wi th

1/2-inch celotex (or plywood at the corners for rigidity) and finished

with 3/4-inch hardboard siding. The cavities between studs are filled

with cellulosic fiber which was blown into the cavity while wet.

The rafters are 2 by 10' s on 24-inch centers. The ceiling is

f ini shed wi th 5/8- inch inter ior drywall sheeting. The ex ter ior is

sheathed wi th 1/2-inch plywood covered wi th fel t and shingled with

asphalt shingles. The cavities between rafters are filled with cellu­

losic fiber blown in dry. The roof is a sawtooth configuration form­

ing a clearstory window down the center for the full length of the

building. This clearstory is glazed with two layers of Tuffak@. The

endwalls of the house conceal the sawtooth shape of the roofline, mak­

ing it appear as a simple pitched roof.

The house is erected on a concrete floor slab. The foundation is

insulated with 2-inch-thick styrofoam to a depth of 3 feet.

The windows are wood framed and double glazed. There are 17 .

.square feet of window area on the north wall and 24 on the east wall •

. One 20-square-foot window penetrates the waterwall on the south. A

.metal-framed, double-glazed, sliding glass door is on the west wall •

. The clearstory window has 147 square feet of glazing which provides

abundant and pleasant lighting to the interior.

The inside of the north walls of the living room, study, and

north bedroom have been covered wi th masonry 8 inches thick. This
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masonry is painted a dark rust-red and acts both as a collector for

sunlight. entering the clearstory and as a pleasing architectural fea­

ture.

The domestic hot water is provided by a standard 90-gallon elec­

tric water heater. The water supply is preheated by a heat exchanger'

in the waterwall. Auxiliary heat is generated by a propane-fueled

furnace and delivered through a forced-air distribution system.

Operation

The operation of the waterwall in the One Design house differs

from that in the usual waterwall system. In the usual design, the

solar energy collected is transferred through the waterwall to the

interior wall of the house where, by radiation and convection, it is

transferred to the living space. In the One Design construction, this

thermal flow path is interrupted by the air space (about 4 inches

wide) between the waterbag thermal storage structure and the interior

wall of the house. In effect, this waterwall consists of a freestand­

ing water container within a long thin closet which has a glazed south

wall. Solar energy incident on the south wall passes through the

glazing and is absorbed on the corrugated aluminum sheeting where it

is conducted immediately to the mass of water in the bag. Convection

currents cause the warmed water to rise such that the water at the top

is warmer than at the bottom. The surfaces of the water container

heat the air in the enclosed space and radiate energy to the walls.

Heat is therefore transferred through the partition to the interior of

the house. Heat is also lost through the glazing to the outdoors.

There are vents at the top and bottom of the partition to increase the

circulation of warm air to the living space but these have not been

used.

An overhang above the glazed south wall is fitted wi th movable

louvers to provide shade for the waterwall when desired.

The waterwall system is supplemented by the large array of clear­

story windows. Sunlight enter ing these windows falls, for the most
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par t, on the masonry along the nor th wall, where it is stored until

the house requires heat. Roof overhangs shade the clearstory windows

in the summer when the house does not need heat.

The preheat system for the domestic hot water draws its heat di­

"rectly from the waterwall storage via the heat exchanger. This is an

effective and economical system. Its drawback is that the waterwall

is essentially unheated during the summer, so little solar energy is

contributed to the domestic hot water system over the summer months.

The electric booster features an automatic nighttime setback on the

thermostat temperature control.

Another energy-conserving feature is incorporated in the electric

clothes dryer: the filtered hot air from the exhaust can be delivered

into the house in the winter months or to the outside in the summer.

The front entry of the house, on the west end of the south wall,

is an airlock. Both doors of the airlock are insulated metal with

magnetic weatherstripping.

Performance

The performance of this house has been monitored by several

stripchart temperature recording gauges. Composites of these record­

ings for the weeks of December 19-25, 1977, and January 2-8, 1978, are

presented in Figure 12-6. The insolation curve is der ived from a

homemade pyranometer, which is uncalibrated and gives an indication of

relative insolation only.

The week of December 19 starts with 3 sunless days followed by 4

days of partial sun, and the ambient temperature oscillates around the

. freezing point. (The auxiliary heating system was turned off during

this per iod. ) This is a very severe test for the solar heating sys­

tem. At the start of the week, the average waterwall temperature is

about 67°F, and during the 3 sunless days this drops to about 58°F.

The top-to-bottom stratification of the waterwall is about 10°F during

the entire time. The next 4 days have varying degrees of sunshine.
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Figure 12-6. Temperature Recordings from the Star Tannery House

The' broken natur e of the insolation curve ind ica tes that the days ar e

partly cloudy. The average waterwall temperature slowly rises to

abou t 64 ° F, maintaining the same str at i f ication pat tern. The indoo r '

temperature generally coincides with the average waterwall tempera­

ture, .with the significant difference that during periods of sunshine'

there is an immediate boost, apparently from the direct-gain energy

received through the clearstory windows. The minimum indoor tempera­

ture is 56°F on the night of December 22-23, while the outdoor ambient

temperature drops to 17°F.
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The January 2-8 period starts with 3 days of fairly good sun­

shine, although it is still partly cloudy. The response of the water­

wall is clearly shown by its rise in temperature for each day of sun,

even though the outdoor ambient falls to a very cold SOF. The suc­

ceeding 4 sunless days show a pattern similar to the sunless December

~eriod, except that the indoor temperature receives strong boosts from

the auxiliary heating system.

A total of 330 cubic feet of propane gas was consumed during this

week; over the period August 1977 to mid-April 1978, the auxiliary

heating system used 6,280 cubic feet of propane gas.

Temperature measurements within the living space show a tempera­

ture difference of about 2°F between the north and south sides of the

house and also between floor and ceiling temperatures. Special fans

have been installed to break up temperature stratification in the liv­

ing space, but they have never been used.

'Designer Comments

In undertaking the design of this house, the basic philosophy was

to achieve a completely passive solar system with a simplicity of op­

eration that could be easily understood by the owner. In order to

offer complete control of the living space temperature, the waterwall

was designed for storage temperatures just below the comfort range.

Thermostatically controlled auxiliary heaters are therefore in a posi­

tion to hold the temperature at an occupant-set level.

The key feature of the design is the waterwall, and its construc-

-tion posed an unusual problem for the builder. The bags used for

. water storage are off-the-shelf fuel storage containers. They some­

. times have small leaks which are difficul t to locate. The Tuffak~

'glazing has not been entirely satisfactory. It is not rigid enough,

and in the virginia climate, water condenses between the two layers

and it becomes moldy. The wet-blown cellulosic wall insulation takes

too long to dry out, and while it is wet, the insulation values are

considerably reduced.
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For the 1978-79 heating season, One Design replaced the galvani­

zed sheet metal and vinyl bladders in the waterwall with modular rigid

containers of various types and sizes. Twenty modules of 3 different

types were installed: 5 fiberglass modules providing 53 pounds of.

water per square foot of glazing, 5 heavier fiberglass modules provid­

ing 93 pounds of water per square foot of glazing, and 10 galvanized'

metal tanks providing 68 pounds of water per square foot of glazing.

Altogether the waterwall contains 26,166 pounds of water. The water­

wall glazing was replaced with double-skinned acrylic sheet with a

Teflon film inner glazing. Temperatures at 32 points in the waterwall

and wi thin the house are being moni tored to assess the effects of

varying waterwall thermal mass and absorptive surface treatment (black

vs. green vs. black chrome).

The lighter versions of the fiberglass waterwall modules designed

by One Design are 96 inches long, 24-1/2 inches tall, and 16-1/2

inches wide. They hold 94 gallons (784 pounds) of water. The modules

can be stacked five high to make a 10-foot-high waterwall. For ship­

ment (without the water), the modules nest together to save space.

Cost

This 1,250-square-foot residential home was constructed in rural

Virginia with a completion date of February 1977. The construction

cost of $34,000 was financed locally. This cost does not include the

cost of the land.

Performance Estimate

The performance estimate for the Star Tannery house is summarized

in Table 12-1. The estimate predicts an auxiliary energy consumption

of 6.12 MBtu's for the heating season. Actual use was 6,280 cubic

feet of propane gas.

At a furnace efficiency of 66 percent and a fuel rating of 2400

Btu's per cubic foot, this amounts to an auxiliary energy consumption

of 9.95 MBtu's for the heating season. This is 62 percent higher than
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what was calculated in the performance estimate. The difference is

most probably attributable to the fact that the degree-day data for

the estimate is from records of the Washington D.C. area, whereas the

weather at Star Tannery is considerably colder.

One Design has calculated a performance estimate using the solar

load ratio method but modified to account for differences in the basic

reference system. The modifications were for (1) a thermal mass

greater than 45 pounds per square foot of collector area, (2) glazing

transmittance better than standard insulated glass, (3) additional,

solar gain from the clearstory windows, and (4) addi tional thermal

mass on the north wall. They recalculated the modified building loss

coefficient as 9,200 Btu's per degree-day (as opposed to 12,050 Btu/dd

used for the calculations supporting Table 12-1). Their weather data

listed 5,459 degree-days (as opposed to 4,224 dd). The annual solar

radiation on a horizontal surface totaled 461,680 Btu's per square

foot (as opposed to 478,882 Btu/ft 2 ) with most of the difference com­

ing during the winter months. Under these more severe weather condi­

tions but with the improved modified building loss coefficient, the

One Design calculation shows a solar heating fraction of 0.832 and an

auxiliary heat consumption of 4.83 MBtu's.
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TABLE 12-1

Performance Estimate for the Star Tannery House

Solar
Radiation Solar

Gross Internal Net on Horiz. Radiation Aux.
Degree- Load Sources Load Surface Absorbed Energy

Month Days (MBtu) (MBtu) (MBtu) (Btu/ft 2 ·mo) (MBtu) SLR SHF (MBtu)
--- --- -

January 871 10.50 2.70 7.80 21,945 11. 36 1. 46 0.75 1. 95

February 762 9.18 2.44 6.74 26,325 10.70 1.59 0.78 1.46

March 626 7.55 2.70 4.84 39,090 11.16 2.30 0.91 0.45

April 288 3.47 ~.62 0.85 46,346 8.58 10.02 1 0

May 74 0.89 2.70 0 57,034 - - 1 0

June 0 0 - 0 59,398 - - 1 0

July 0 0 - 0 59,092 - - 1 0

August 0 0 - 0 54,291 - - 1 0

September 33 0.40 2.62 0 42,364 - - 1 0

October 217 2.62 2.70 0 33,603 - - 1 0

November 519 6.26 2.62 3.64 21,458 10.47 2.88 0.96 0.16

December 834 10.00 2.70 7.35 17,936 9.81 1. 33 0.71 2.11

Annual 4,224 31. 23 6.12

ANNUAL SHF = 0.80

r

. .. .
.



SECTION 13

THE KELLER WAREHOUSE

Figure 13-1. Retrofitted Trombe Wall on Warehouse

BUILDER: Kalwall Corporation
DESIGNER: Kalwall Corporation

OWNER: Keller Products
TYPE: Commercial brick building

AREA: 1,800 square feet
GENERIC TYPE: Trombe

LOCATION: Manchester, New Hampshire
LATITUDE: 43°N.

ELEVATION: 175 feet
CLIMATE DATA:

Heating dd: 7,800
Design temp: Unknown
Horiz. insolation (Jan. day):

435 Btu/ft2
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Figure 13-2. Interior of Warehouse

Figure 13-3. North Wall of Warehouse Showing Original Construction

112
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Figure 13-4. Thermal Flow Diagram for Keller Warehouse
Trombe Wall System

Collector -- The south wall of the upper two stor ies of an old

manufacturing building acts as both a direct-gain collector and as a

Trornbe wall. Total collector area is 1,970 square feet.

Storage -- primary thermal storage is the l2-inch-thick brick

which forms the south wall. Additional thermal storage is provided by

materials within the building, which is used partly as a warehouse.

Distribution -- Distribution of heat is by radiation from the in­

side surface of the brick wall and by natural air convection.

Auxiliary Heat

heat.

A central heating plant provides auxiliary

Domestic Hot Water -- Not applicable.

Controls -- Rows of sash-type windows on the second and third

floor levels can be opened to control thermocirculation of the Trombe
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wall. Loading dock doors OQ the north wall can be opened to vent ex­

cess heat. The auxiliary heat is thermostatically controlled:

Description

An old (1920's) factory in Manchester, New Hampshire, occupied by

Keller products,.Inc., was retrofitted with a hybrid mass-wall/direct­

gain passive solar heating system. The building is three stories tall

and constru'Cted of br ic k and mor tar. The wall s are 12 inches thick,

and the south wall is pierced with 24 sash-type windows--a row of 12

on both the second and third floors. The south wall corresponding to

the second and third floors was painted black and then covered with

translucent wall panel sections. The panels covered both the brick

wall and the windows in the wall. The panels used are a commercial

product of Kalwall Corporation called Sunwall@ Solar Window Panels.

The panels are 2-3/4 inches thick and are made of two sheets of fiber­

glass-reinforced plastic bonded to an aluminum grid structure. The

panels were mounted so that there was a 3-inch space between the brick

wall surface and the inner surface of the panel. A total surface area

of 1,970 square feet was glazed in this manner. The 24 windows, each

measuring 3.8 by 7 feet, occupy 630 square feet of this area. The

retrofitted wall is, therefore, approximately one-third passive direct

gain and two-thirds passive mass wall.

The north wall of the building is similar to the south wall be­

fore the retrofit. The grade level has been built up to the second

floor on the north side and one of the windows on the second floor

replaced with a loading dock door measuring approximately 8 by 10

feet. Four of the windows on the second floor have been blocked up

with masonry. Many of the remaining windows have been roughly boarded

up. Because of the age of the building, all the window sashes are

loose and warped and appear to allow heavy air infiltration into the

building interior. The east and west walls are a solid brick and

mortar 12 inches thick and have no windows. There is a fire escape

doo~way on the east wall for both the second and third stories.
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The floors are wooden, and there are no partitions on either the

second or third stories to block- air circulation. Two stairwells con­

nect the second and third floors. There is an elevator in the build­

~ng, but the shaft is closed to air circulation by automatic sliding

doors at each level. The roof is wooden with a built-up asphalt

sealer •

. Oper ation

In operation, direct and indirect solar radiation is transmitted

through the double-walled fiberglass panels and absorbed by the black­

painted brick wall or is admitted through one of the windows as direct

gain to the warehouse space. That radiation which is absorbed onto
t

the brick surface is converted to thermal energy which in turn is ei-

ther reradiated back through the fiberglass cover or is conducted into

the 12-inch-thick wall. The thermal conductivity of brick is low, and

the conduction of energy through the wall is therefore a slow process.

The warmed outer surface of the brick wall will also warm the air in

.the space between the brick and the fiberglass cover. By opening the

windows on both the second and third stories, this warm air can circu-

.late into the third story, down the stairwells into the second story,

and complete the circuit by passing out through the second story win­

dows to reenter the space between the brick and fiberglass cover.

This flow of air cools the brick wall by transferring some of its heat

into the warehouse space. If the windows are kept closed, shutting

off this air flow, the brick wall surface temperature is significantly

increased. This stores more heat in the brick wall but also increases

radiation losses through the fiberglass cover.

'Performance

Temperatures of the inside and outside surfaces of the brick

.wall, wall interior, air gap, outside air, and room air were measured.

A vertically mounted pyranometer on a nearby building measured insola­

tion. Thermosiphoning flow rates were measured by attaching a rect­

angular duct to the inside of the second window from the east on the
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third floor and surveying the flow at the duct outlet with a thermo­

anemometer. Temperatures of the outlet air flow and the inlet air

flow at the second story window directly beneath were measured wi th

shielded thermocouples. Temperatures inside the brick wall were mea-·

sured at two depths at each location, 4 inches and 8 inches from the

exterior surface.

The system is operated in the unvented mode during the day of

January 3, 1978. On that day the total insolation is 1,780 Btu/ft 2

with a peak rate of 315 Btu/ft2 .h. The average ambient temperature is

22°F. Figure 13-5 plots some of the data taken on this day. The

closed vents and the high peak insolation rate combine to produce a

peak wall surface temperature of 153°F at 1 p.m. After this time, the

outer brick surface temperature declines. This does not mean that the

br ick wall has ceased to increase its store of thermal energy. As

long as the temperature gradient, measured from the outer surface into

the brick wall, is negative (i.e., in the region near the surface of

the br ick the temper atur e decreases wi th depth), the wall wi 11 be

storing solar energy. Figure 13-6 shows a series of temperature pro­

files through the brick wall at various times of the day. The curves

indicate that the temperature gradient at the outer surface remains

positive until shortly after 1700 hours (5 p.m.).

..

The inside air temperature curve in Figure 13-5 indicates a very

rapid heating of the warehouse space by the direct solar gain through

the sash windows. By approx ima tely 0900 hour s (9 a.m.), the inside

air is warmer than the inside sur face of the br ick wall, and it re­

mains warmer until about 1500 hours (3 p.m.). During this period heat

is being transferred from the air into the wall for storage. After

1500 hours, this heat, plus heat conducted from the outer surface, is .

transferred back to the warehouse space.

Figures 13-7 and 13-8 are similar curves for the period February

4-6, 1978. During this period the system is operated with the windows

open, venting the air space into the warehouse. The windows are o­

pened at 0800 hours (8 a.m.) and closed at 1700 hours (5 p.m.). The
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total insolation for the day is 1,940 Btu/ft 2 , with a peak rate of 287

Btu/ft 2 .h. TQe average ambient temperature is 13°F.

The combined effects of a lower peak insolation rate, lower am­

bient temperature, and the venting reduce the peak wall outer surface

-temperature to 139°F. The heat conduction and temperature profiles

wi thin the br ick wall are essentially the same as for the unvented

case. The only significant difference is that the interior air tem­

perature never exceeds the inner wall surface temperature as occurred

in the unvented case. This may be the resul t of more rapid movement

of cool air from the north wall to the south wall on the second story

because of the thermosiphoning effect.

The velocity and temperature of the air flowing through one of

the third story windows were mea~ured on January 31, 1978, a day with

weather similar to that on February 4. The heat flow rate into the

third story from this window was calculated and plotted as a function

of time. The plot is shown in Figure 13-9.
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Figure 13-9. Thermosiphon Heating Rate into Keller Warehouse

Calculations made by the Kalwall Corporation indicate that the

retrofitted wall provided 800,000 Btu's per day in the unvented case
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and 770,000 Btu's per day in the vented case. Without the retrofit

"8unwall" system, the wall would have lost about 1.36 million Btu's

per day. The overall contribution of the retrofit system is, there-. .

fore, about 2.16 million Btu's per day for these weather conditions.

A maj or weather ing effect on masonry structures is alternate

freezing .and thawing in the presence of moisture. The retrofit system

shields the masonry from moisture and eliminates this effect. No det­

r imental effects have been noted due to the higher daytime outer­

surface temperatures caused by the glazing system.

Owner Comments

Many old brick commercial structures exist in the united States.

The walls of these buildings offer a large solar collection area and

high thermal mass--two character istics essential to a passive solar

heating system. These buildings, therefore, are excellent candidates

for retrofi tting as a passive, mass-wall solar heating system. The

objectives of the Kalwall Corporation in this particular project were

1. To provide information on the effects of retrofitting old

brick and masonry structures with passive solar systems.

2. To add to the limited base of information available which

evaluates brick as a thermal storage medium versus water.

The Kalwall corporation has been and is involved in sev­

eral projects utilizing water as the absorber/storage ve­

hicle. Little practical information is available to

building owners for evaluation of the two systems.

3. To moni tor temperatures ~nd heat gains/losses wi th the

system operating under stagnation conditions (as a solid

mass wall) or in a thermosiphoning (vented )cond i tion

similar to the Trombe wall.

4. To gain a more complete understanding of the relative

costs and performance involved in retrofitting an exist­

ing structure.

5.. To indicate areas for future product development.
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Performance Estimate

The modified building loss coefficient for this warehouse is

137,800 Btu/dd, or 13.78 Btu/ft2 .dd. The solar system is a combina­

tion of direct gain and Trombe wall. Approximately 30 percent of the

glazed south wall is window area with the remainder being prick. The

SHF was calculated for each month fQ~ both types of solar systems and

a weighted average of the two calculations is shown in Table l3-I.

I
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TABLE 13-1

Performance Estimate for the Keller Warehous~

Solar
Radiation Solar

Gross and on Horiz. Radiation Aux.

Degree- Net Loads Surface Absorbed Energy

Month Days (MBtu) (MBt-u/ft 2 'mo) (MBtu) SLR SHF (MBtu)

--
January 1,358 187.13 16,687 41. 45 0.22 0.13 163.36

February 1,184 163.15 22,402 44.14 0.27 0.16 137.54

March 1,032 142.21 34,746 48.73 0.34 0.20 113.91

April 630 87.64 40,926 37.58 0.43 0.25 65 ;73

May 298 41. 06 50,976 33.09 0.81 0.45 22.79

June 75 10.34 53,646 30.04 2.91 0.90 1. 03

July 6 0.83 54,634 32.61 39.44 1 0

August 50 6.89 48,805 38.55 5.60 1 0

september 177 24.39 37,276 44.49 1. 82 0.76 5.83

October 505 69.59 28,917 51.34 0.74 0.41 40.92

November 822 113.27 17,034 39.99 0.35 0.21 90.05

December 1,240 170.87 14,744 38.84 0.23 0.13 148.14

Annual 999.31 789.30

ANNUAL SHF = 0.21



SECTION 14

THE KALWALL DIRECT-GAIN WAREHOUSE

Figure 14-1. Direct-Gain Solar Heated Warehouse

BUILDER: Kalwall Corporation
DESIGNER: Kalwall Corporation

OWNER: Kalwall Corporation
TYPE: Warehouse

AREA: 10,000 square feet
GENERIC TYPE: Direct gain

LOCATION: Manchester, New Hampshire
LATITUDE: 43°N.

ELEVATION: 100 feet
CLIMATE DATA:

Heating dd: 7,800
Horiz. insolation (Jan. day):

435 Btu/ft2
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Figure 14-2. Interior of Direct-Gain Solar Heated Warehouse

Figure 14-3. Circulating Fans in Warehouse
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Collectors -- A section of the south wall of the warehouse has

been retrofitted with translucent paneling to form a direct-gain col­

lector. The collector area measures 125 feet long by 14 feet high for

a total area of 1,750 square feet.

Storage -- The concrete slab floor and the stored mater ials in

the warehouse provide the thermal storage mass.

Distribution -- Thermal energy is distributed by natural convec­

tion and radiation and by the forced circulation of air with electric­

powered fans.

Kuxiliary Heat -- Two forced-draft unit heaters fed with hot wa­

ter from a central heating system supply the auxiliary heat.

Domestic Hot Water -- Not applicable.

Controls -- The unit heaters are thermostatically controlled. . .

Description

The Kalwall Corporation selected one of their own warehouses in

Manchester, New Hampshire, to be retrofitted with a direct-gain solar

wall. The building was of timber post-and-beam construction wi th

lightly insulating building panels for the walls and roof. The south­

east corner of the 40,000-square-foot warehouse was isolated with in­

ternal parti tions. The isolated section measures 125 feet long (on

the east-west axis) and 75 feet wide. The south wall of the isolated

section, 125 feet long and 14 feet high, was replaced with "sandwich"

panels faced with· fiberglass-reinforced plastic sheets bonded to an

aluminum grid core. The panels are 2-3/4 inches thick and transmit 77

percent of the solar radiation at normal incidence. This paneling is

a commercial product of Kalwall Corporation identified as Sunwall@

Solar Window Pan~l, a registered trademark.
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The east wall of the isolated section is made of standard

Kalwall® fiberglass panels, similar to the sunwalf panels except that

their transmission factor is only 40 percent.

The intel:.nal partitions are constructed of 2- by 4-inch studs

sheathed on both sides with fiberglass-reinforced plastic sheeting.

The original roof was 2-3/4-inch-thick Kalwall® panels supported

on wood rafters. In the fall of 1977, 2 inches of sprayed-in-place

urethane foam was added to the top surface of the roof and sealed with

plastic sheeting. There is a 16-inch roof overhang.

The floor of the warehouse is built up to a height 'of 30 inches

above the surrounding grade level. The floor surface is an 8-inch­

thick concrete slab. A 3-1/2-foot band of the floor along the direct­

gain wall has been painted black. The 30-inch-high retaining wall

around the perimeter of the warehouse floor has been insulate~ with a

2-inch layer of urethane foam insulation sheathed with fiberglass

sheeting.

There are no windows into the partitioned-off section of the

warehouse. The walls, exterior and interior, are translucent and ad­

mit light. The east wall is fitted with a 16- by 24-foot rollup door.

Rigid urethane foam, 2 inches thick, has been glued to each door panel

and covered wi th plastic sheeting. The door is tightly weather­

stripped around the edges.

Five 24-inch-diameter, 1/4-horsepower fans are spaced along the

south wall 4 feet below the ceiling to blow air toward the north wall.

The stores in the warehouse are stacked on pallets which provide an

open channel for air circulation along the slab from the north wall to

the south wall.

One of the auxiliary unit heaters, located near

has a rating of 196,000 Btu's per hour (Btu/h) with

motor and a 3,740 cubic feet per minute (ft31m) fan.

the so~th wall,

a 1/3-horsepower

The other unit
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above the loading dock (northeast corner) is rated at 209,000 Btu/h

with a 1/2-horsepower motor and a 4,885 ft 3/m fan. The fans are ori­

ented to move the air in a circular fashion around the warehouse in­

terior.

Operation

During the day, solar radiation is admitted directly into the

warehouse through the translucent south wall and falls on the black­

painted floor slab or on the stacks of stored material in the ware­

house. Most of this solar radiation is absorbed and warms the floor

and stored materials that are near the south wall. The warehouse is

75 feet deep, and this heat must be distributed throughout the ware­

house area. The fans perform this function. Each fan is individually

controlled by its own pair of thermostatic swi tches. One thermostat

is located near the ceiling above the fan, and the other is at the

5-foot level, below the fan. The upper thermostat turns on at temper­

atures above 85°F. The lower thermostat turns on at temperatures be­

low 55°F. This arrangement distributes heat to the north side of the

building when ceiling temperatures on the south side are high (above

85°F)~ this heat is absorbed by the floor and by stacks of material on

the north side. The cooled air moves along the floor back to the

south wall to be rewarmed and recirculated.

When the lower thermostats are on, the increased air circulation

improves the heat transfer rate between surfaces so that heat can move

rapidly from the floor slab storage mass into the stacks of inventory

materials.

The auxiliary heating units turn on when the warehouse air tem­

perature drops below 45°F. The circulating fans will also be on at

this time so that the auxiliary heat is distributed rapidly throughout

the warehouse to help maintain the minimum temperature of 45°F.

Performance

This passive solar system is a participant in the Department of

Energy's Commercial Solar Heating and Cooling Demonstration proj ect
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(Cycle 1). The data acquisition equipment used for measuring warehouse

performance was supplied by NASA, and the sensor data is continuously

moni tored by IBM. The NASA/IBM system is designed to moni tor and re­

cord surface, air, and auxiliary water heater temperatures at various

locations inside and outside the warehouse every 320 seconds. Flow

. ,rates for calculations of auxiliary heat usage are recorded. Weather

da ta such as wind speed and d ir ect ion, ambient air temperature, and

insolation on the vertical Sunwall~ surface are also monitored. All

data are recorded and then remotely interrogated and transmitted to an

IBM central data processing site. A data reduction program developed

by IBM assimilates and presents the performance in graphical or tabular

form.

Figure 14-6 displays selected data for December 11, 1977. On this

day, the insolation at noon on the south wall was 297.5 Btu/ft 2 • h.

This is significantly greater than the 263 Btu/ft2 • h value listed in

the ASHRAE tables for a vertical south-facing wall at 42°N. latitude.
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Figure 14-6. Data for December 11, 1977 from the Kalwall
Warehouse Direct-Gain Solar System
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The average ambient temperature on this day was 9°F, well below

the average monthly ambient temperature of 33°F for this area. These

conditions--high insolation with low ambient temperature--are common

in many parts of the united States. Abundant solar energy is provided'

when the heating requirement is highest.

Concrete slab temperature shown were measured in the aisle where

the slab is. exposed to direct solar radiation transmitted through the

south wall. The curves illustrate the familiar characteristics of a

masonry thermal mass exposed to solar radiation: rapid buildup of

surface temperature peaking shortly past solar noon, and a time lag

and decrease- in value of the peak temperature at points beneath the

surfac~. Large fluctuations in average air temperature are allowable

within a warehouse and have no effect on the inventory or the inhabi­

tants. During the winter of 1977-78, the temperature excursions with­

in this warehouse were in the range of 30°F. Large allowable fluct.ua-,
tions reduce the demand for energy from the auxiliary heating system.

· .
Kalwall Corporation studies, based on previous heating season

fuel bills, show an estimated savings of 270 million Btu's per year

over two successive winter heating seasons. This indicates that the

direct-gain passive solar heating system supplied approximately 55

percent of the heating requirements of the warehouse.

Figure 14-7 is a graphical summary of the NASA/IBM data for the

month of December 1977.

Builder Comments

The millions of square feet of warehouse space in the Uni ted

States represent a substantial fraction of the national consumption of

energy for space heating. The concrete floors and the stored inven­

tory of the warehouses can provide the thermal mass which is an essen­

tial component for a passive solar heating system. In general, wide

temperature fluctuations are acceptable in a warehouse. These charac­

ter istics are ideal for incorpor a tion into a passive solar heating
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system. If the system employs direct gain, the admitted sunlight will

reduce or eliminate the auxiliary lighting needs within the warehouse.

very few passive solar heated warehouses exist, and very little.

information is available on operational and maintenance costs. The

Kalwall Corporation undertook the development of a direct-gain passive.

solar system because such a system would be compatible with Kalwall's

extensive experience in the design, manufacture, and installation of

insulated, light-transmitting panels for the walls and roofs of build­

ings. The design philosophy for this project was to develop a simple

retrofi t package with low ini tial and life-cycle costs to conserve

energy in warehouse-type buildings throughout the united States.

The use of the warehouse concrete floor slab as the thermal stor­

age mass is a key feature of the system. The construction of a ther­

mal storage system for a retrofi t solar heating system would raise

ini tial costs to the point that most potential proj ects would no

longer be economically justifiable. A second key feature is the use

of forced-air circulation by low-power fans to move heat from the col­

lection zone near the south wall and distribute it more uniformly

through the war ehouse. The r etrof i t packag e employs the Sunwall @

glazing system developed, manufactured, and distributed by the Kalwall

Corporation. This glazing system requires no special construction

skills to install.

In selecting a site for application of this retrofit system, it

is important to provide a roof overhang to at least partially shade

the direct-gain wall during the summer to prevent overheating. Large

reflective areas such as snow-covered parking lots should also be tak-.

en into consideration, since such features can strongly affect system .

performance.

Cost

Retrofitting the south wall with the Kalwall Sunwall@ panel sys­

tem cost about $8,000. At a current cost for fuel oil in this area of
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approximately $4 per million Btu's, the yearly savings is about

$1,100. This indicates about a 7-year payback time for the initial

investment in the solar direct-gain system. If it is assumed that

fuel prices will escalate at a rate of 15 percent per year, this pay-

. back time is reduced to about 5-1/2 years.
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SECTION, 15

THE KELBAUGH HOUSE

Figure 15-1. The Kelbaugh House

BUILDER: Nate Bard
DESIGNER: Doug Kelbaugh

OWNER: Doug and Meg Kelbaugh
TYPE: Single family, 1 unit

AREA: 1,850 square feet (plus 200-square-foot basement)
GENERIC TYPE: Trombe wall and greenhouse

LOCATION: Princeton, New Jersey
LATITUDE: 40 0 2l'N.

ELEVATION: 100 feet
CLIMATE DATA: Heating dd: 5,100

Design temp: OOF
Insolation (Jan. day): 638 Btu/ft2
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Figure 15-2. Interior of Kelbaugh House Downstairs

Figure 15-3. Interior of Kelbaugh Greenhouse
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Figure 15-4. Floor Plan of the Kelbaugh House
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Figure 15-5. Thermal Flow Diagram of the Kelbaugh House

Collectors -- The entire south-facing wall serves as a collector.

About three-quarters of the wall (615 square feet) is the vertical

glazing for the Trombe wall. The remainder, the eastern half of the

first floor, is a lean-to greenhouse with a total glass area, includ­

ing end walls, of about 313 square feet.
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Storage -- The pr imary' storage is in the l5-inch-thick, poured­

in-place concrete Trombe wall heated directly by the sun. Additional

thermal storage is obtained from the concrete floor slab and green­

house floor and from eight 55-gallon drums of water in the greenhouse.

Distribution The Trombe wall supplies heat

spaces by convection and radiation. The greenhouse,

supplies warm air to the house by convection.

to the living

dur ing daytime,

Auxiliary Heat -- A gas-fired, forced hot air furnace provides

auxiliary heating. A Heatilator wood fireplace also can provide aux­

iliary heat-. Three manually operated 250-watt infrared heaters pro­

vide auxiliary heat in the bathrooms.

Domestic Hot Water -- A gas-fired heater provides domestic hot

water. This system is not integrated with the solar heating sy,stem

but is retrofitted with an extra jacket of insulation.

Controls -- Dampers and blower fans on the Trombe wall exhaust

excess heat to the outdoors during summer. A thermostat controls the

auxiliary furnace.

Description

Doug and Meg Kelbaugh became fond of the thermal and architectur­

al virtues of massive masonry walls while living in an 18th-century

New Jersey farmhouse. Doug, an architect and solar consultant, was

captivated by the idea of the Trombe wall from information obtained in

an article in a 1973 issue of A.D., the English architectural maga­

zine. Upon moving to Princeton, N.J., Doug set himself the task of

designing a house with a $45,000 maximum construction cost, a Trombe

wall, a large interior room, one large exterior yard, a fireplace, a

greenhouse, and three bedrooms.

The lot selected for the house (one of

Princeton) was 60 by 100 feet, with the long

west and with a large tree near the center.

the last building lots in

axis running nearly east­

In order to save the tree
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and to avoid shaded areas, a zoning variance to build the house within

S feet of the north boundary and 13 feet of the sidewalk was required.

The variance was granted without opposition. This variance also pro­

vided the desired large exterior yard.

In the design, the ground floor was kept as one continuous space, .

with the kitchen on the east end partially separated from the living

and dining area by the stair. The three bedrooms were strung along

the concrete Trombe wall on the second floor. A European bathroom

arrangement with separate rooms for toilet, bath/shower, and utility

were set along the east wall. All the pI umbingl ies along the east

wall of the house. A standard Lord and Burnham lean-to gfeenhouse is

set against the east end of the Trombe wall. A wide arch through the

Trombe wall connects the greenhouse space with the downstairs living

space. A basement containing the auxiliary furnace and hot water

heater lies beneath the greenhouse.

The north, east, and west walls are framed with 2- by 4-inch

studs sheathed with SIB-inch plywood and tarpaper. The exterior fin­

ish is rough-sawn cedar plywood. On the first floor the 2 by 4's are

furred out 1 inch to provide a 4-l/2-inch cavity. The wall cavities

upstairs and downstairs are blown full of cellulosic fiber. The in­

terior finish is 1/2-inch sheetrock.

A minimum amount of window area was used, particularly on the

north wall, which sees no sun during the winter. All windows are wood

framed, weatherstripped, and triple glazed. The two north windows on

the second floor hallway are fitted with l-inch-thick styrofoam panels

tha t can sl ide across the windows to insul ate them. A wood-fr amed,

sliding glass door in the west wall provides access to the yard.

The roof beams are 2 by lOts with SIB-inch plywood decking sur­

faced with asphalt roll roofing. ·The inside is finished with a poly­

ethylene vapor barr ier and 1/2-inch sheetrock. The 9-l/2-inch-deep

cavity between the roof beams is blown full of cellulosic fiber. A

skylight is fitted into the roof over the bathroom.
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Operation

The rays of the winter sun, low in the sky, hit the southern wall

nearly perpendicularly, readily penetrate the two sheets of double­

strength window glass, and hi t the IS-inch concrete wall. The con­

crete is painted with a special black paint. Some of the absorbed

heat is radiated back towards the glass but at a much longer wave­

length than sunlight. About two-thirds of the heat radiated back is

trapped inside because glass is opaque to low-frequency heat. 'Ihe

warm wall and glass heat up the air, which then rises up the slot.

The chimney effect pulls cool air in at the bottom and supplies warm

air at the top. The warm air released at the top gradually cools and

falls on the northern side of the room. The cooler, heavier air is

drawn over to the return hole in the concrete wall and back up the

solar chimney. Thus, heat in the form of warmed air is circulated

throughout the rooms of the house, all of which face onto the concrete

wall. In the meantime, the sun has been slowly heating the concrete

wall through. By nightfall, heat will have reached its inside surface

which, because of concrete's thermal mass, radiates heat until the

following day. If it has been a cloudy day, the backup system will be

started by thermostat. The backup system is a conventional hot air

furnace with ducts cast in the concrete wall, and with one branch that

leaves the wall to supply the bathrooms, which are isolated from the

concrete wall. The furnace is small because the skin of the rest of

the house is heavily insulated (average U = 0.05). The lean-to green­

house, which acts synergistically with the solar wall, has been added

to grow plants. Its thick black concrete floor also stores heat for

the cellar as well as the greenhouse.

The rays of the summer sun, high in the sky, hit the southern

wall at a more oblique angle and are primary reflected off. Any heat

buil t up is exhausted through four vents at the' eaves. The chimney

effect, which can be augmented by small fans, ventilates the entire

house by pulling air across the rooms from windows on the north wall.

By night ventilating, the concrete wall becomes cooler and absorbs

heat from the room on the following day. Shades must be drawn over

the greenhouse because its tilted glass transmits most of the high
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summer sun. Two large deciduous trees also provide protection from

the summer sun.

Sometime in the future, a solar water heater for domestic hot

water will be placed on the greenhouse deck or hung in the greenhouse.

Performance

The Kelbaugh house has been occupied since July 1975. During the

first winter, which was comparatively mild (4,500dd), the aciual fur­

nace fuel consumption was 33,800 cubic feet of natural gas at a cost

of $108 at local rates. The indoor temperature was allowed to swing

3°-6°F during a 24-hour cycle to allow the concrete wall to collect

and discharge its heat. The seasonal high and low temper atures and

the estimated average temperatures for the upstairs and downstairs

living areas are shown in Table IS-I.

TABLE 15-1

Seasonal and Average Temperatures for Mid-Winter

Seasonal Seasonal Estimated
High (OF) Low ( ° F) Average (OF)

Day Night

upstairs 74 62 64 60

Downstairs 70 53 62 54

The thermostat setting for the backup furnace was set between 60° and

62°F during the daytime and at 55°F at night.

The Heatilator fireplace was fired up two or three times a week.

Since the fireplace combusts warm room air and pulls in cold outside

air, its heat contribution to the house is mostly offset. It was,

however, an esthetic asset and provided localized comfort.

The three electric infrared heaters in the bathrooms were seldom

used.
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Standard heat loss calculations show that the solar heating sys­

tem reduced the space heating cost by 76 percent for a savings of

$330.

In response to a number of problems that were discovered during

the first winter of occupancy, several modifications have been made to

the solar design in order to improve its effectiveness.

One problem encountered was that of reverse thermosiphoning,

whereby warm air at the ceiling height would leave the room at night

through the upper vents in the concrete wall, wash down along the ex­

terior glass wall, and reenter the room through the lower vents at a

lowe~ temperature than it left the room. This problem was solved sim­

ply and effectively by installing a passive damper consisting of a

screen (on the inside of the concrete wall) covered by a 1/2-mil plas­

tic film which permits air circulation in one direction (inward) only.

Another problem encountered was that of heat migration to the

second floor. Because there is an open stairwell and the backup sys­

tem seldom cycles air, the warmer air has a longer time to rise and

collect upstairs. The average winter room temperature upstairs was

about 5°P higher than downstairs. This problem has been helped some­

what by putting a door at the top of the open stairwell. Doug feels

that the only way to completely overcome heat stratification in a mul­

tistory passive solar building is by mechanical means, such as a small

duct with blower.

Heat loss from the single-glazed greenhouse represented a sizable

fraction of the total house heat loss. A second layer of glass has

been added to the greenhouse to reduce this heat loss.

The greenhouse temperature fluctuated from about 80 0 P on a sunny

winter day to 45°P at night. The eight 55-gallon water drums were

placed in the greenhouse to reduce this fluctuation. The drums are

used as benches for plants and flowers.
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The movable insulation for the two second-floor, northwall win­

dows was also added after the first winter, as was triple glazing on

some of the windows.

The second winter of occupancy (1976-77) was more severe than the

first, having 5,556 dd versus 4,500 dd for the first winter. Despite

this, and because of the modifications noted above, the gas consump­

tion for the auxiliary heating system was reduced to 24,600 cubic feet

( $ 75), 70 per cen t of the prev ious year's consumption. The heat loss

calculations indicate the solar system reduced the space heating cost

by 84 percent during the winter of 1976-77.

Instrumentation provided by LASL has been installed to monitor

the performance of the Kelbaugh house. Two graphs of this data are

included as Figures 15-6 and 15-7. Figure 15-7 shows that for the

period December 4-10, 1977, the temperature stratification between

upstairs and downstairs has not been alleviated by the door installed

at the top of the stairway. The 35°F temperature fluctuation in the

greenhouse has been somewhat moderated by the addition of the water

drums.

Owner/Designer Observations and Comments

The swing in air temperature in the 1 iv ing spaces was permi tted

to achieve high fuel savings and did not prove to be uncomfortable.

In terms of comfort, the radiant heat from the Trombe wall seems to

compensate for at least a couple of degrees reduction in air tempera­

ture. Nevertheless, the Kelbaughs feel they have learned to live in a

cooler house, probably as a result of fuel costs as much as beause of

the influence of the solar design. The family is also more aware of

the climate than they were previously.

Doug Kelbaugh recommends several minor revisions to the house de­

sign. First, a direct fresh air vent should be provided for the fire­

place. Second, the eaves vents should be enlarged and/or operable

windows should be installed in the south wall to increase cross venti­

lation. The perimeter styrofoam insulation should be 2 inches rather
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than 1 in thickness; in fact, 2 or 3 inches of urethane would be pref­

erable. The upper and lower vents in the concrete wall should be

larger and more frequent--a total area at least one-half the cross­

sectional area of the solar chamber between the glazing and the con­

crete. Lastly, a means should be provided for insulating the green­

house from the living space during cold nights. The Kelbaughs have

recently hung an insulated curtain which keeps the downstairs warmer

at night and lets the greenhouse temperature drop into the 40's and

occasionally the 30's. Hoarding heat in the living space mak~s more

sense than keeping the greenhouse warmer than the plants require.

construction and Cost

Design of the house took about 1 year from conception to ground­

breaking, although the actual design stage was much shorter since con­

siderable preliminary effort was expended in researching thermodyna­

mics and getting municipal approvals. The basic construction required

about 1 year to complete, but the owners moved in during July 1975,

approximately 9 months after construction had commenced.

The entire cost of the house was $55,000, plus the owner's labor.

The additional initial cost of the house directly attributable to the

solar heating and cooling system is approximately $8,000 to $10,000.

This figure includes a modest allowance for the cost of the wall which

the Trombe wall replaces. In addition, several thousand dollars could

have been saved if solid concrete block were used instead of poured-in

concrete. It is difficult to estimate construction cost since the

system is so closely integrated into the design of the house.

Based on varying assumptions regarding general inflation and the

escalation of natural gas prices, the owner estimates that the payback

period for the system is from 10 to 17 years. Considering the declin­

ing availability of fossil fuels and the long life of the system, he

expects the Trombe wall to pay for itself many times over in the long

run.
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performance Estimate

The modified building loss coefficient computed for the Kelbaugh

house is 13,09,) Btu/dd, or 6.89 Btu/ft2 .dd. In the analysis scheme,

solar radiation absorbed by the Trombe wall and the greenhouse was

considered separately from that received by direct gain through the

windows. The energy received by direct gain amounted to less than 9

percent of the total solar energy absorbed by the house. The solar

heating fra~tion was adjusted to account for these different sources

of solar energy.

The resul ts of the performance estimate for the Kelbaugh house

are summarized in Table IS-II. The degree-days for the climatic data

used i~ the estimate total 4,980, which is greater than the 4,500 ex­

perienced in the winter of 1975-76 but less than the 5,400 experienced

in the winter of 1976-77. Solar data is from the 20-year records of

Rutgers university, 15 miles from Princeton.

The final resul t of the estimate--83 percent SHF--is in close

agreement with the results of Doug Kelbaugh's analyses discussed

above.
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TABLE 15-11

Performance Estimate for the Kelbaugh House

Solar
Radiation Solar

Gross Internal Net on Horiz. Radiation Aux.

Degree- Load Sources Load Surface Absorbed Energy

Month Da~ (MBtu) (MBtu) (MBtu) (Btu/ft2 ·mo) (MBtu) SLR SHF (MBtu)

January 989 12.95 3.17 9.77 19,785 17.84 1. 83 0.74 2.541

February 885 11. 59 2.87 8.72 25,613 18.15 2.08 0.78 1.918

March 753 9.86 :.17 6.68 39,787 19.87 2.97 0.89 0.735

April 399 5.22 3.07 2.15 46,069 14.94 6.94 1 0

May 121 1. 58 3.17 - 56,703 - - 1 0

June 12 - 3.07 - 59,796 - - 1 0

July 0 - 3.17 - 59,012 - - 1 0

August 0 - 3.17 - 52,417 - - 1 0

September 57 - 3.07 - 43,813 - - 1 0

October 264 3.46 3.17 0.28 34,632 22.04 7.8+ 1. 00 0

November 576 7.54 3.07 4.47 22,155 18.82 4.21 0.96 0.179

December 924 12.10 3.17 8.92 18,162 17.37 1. 95 0.76 2.143

Annual 44.01 0.83 7.516

ANNUAL SHF = 0.83



SECTION 16

GREEN MOUNTAIN HOME

Figure 16-1. The Green Mountain Horne

BUILDER: Green Mountain Homes
DESIGNER: James Kachadorian
OWNER: Gr~en Mountain Homes
TYPE: Single family dwelling

AREA: 1,264 square feet (inside dimensions)
GENERIC TYPE: Direct gain, Active storage

LOCATION: Royalton,Vermont
LATITUDE: 44°N.

ELEVATION: 1,500 feet (estimate)
CLIMATE DATA: (Heating dd at Burlington): 8,269

Design temp: 72°F inside, -15°F outside,
20 mph wind

Horiz. insolation (Jan. day):
553 Btu/ft 2 .day
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Figure 16-2. Interior of the Green Mountain Home
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Figure 16-3. upstairs in the Home
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Figure 16-5. Thermal Flow Diagram of the Green Mountain Home

Collectors -- The windows of this house serve as direct-gain col­

lectors. The house has 219 square feet of window area, of which 120

square feet is south facing.

Storage The thermal storage consists of the concrete floor

slab and the concrete blocks and gravel under the floor slab.

Distribution -- The direct-gain heat received through the windows

is initially distributed by natural convection and radiation. Heat is

then transferred from the air to storage (or vice versa) by pumping

the air through the thermal storage system beneath the floor slab.

Auxiliary Heat -- Auxiliary heat is supplied by an oil-burning

furnace and a wood-burning stove.
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Domestic Hot Water -- Coils embedded in the concrete floor slab

preheat the water supplied to the domestic hot water system.

Controls -- The fans for circulating air are controlled by a

thermostat which senses house air temperature.

Description

This house, located in east-central vermont in the town of Royal­

ton, is one of a series of post-and-beam panelized models marketed by

Green Mountain Homes, Inc. The house is two story. The dining room

occupies the east end of the first floor, and the living room is on

the west end. A galley kitchen and the stairwell are in-between.

upstairs are two bedrooms and one-and-one-half baths. The post-and­

beam construction allows adaptation of different room arrangements

within the same external shell, since there are no internal load-bear­

ing walls.

The wall panel sections are formed with 2 by 4's, with fiberglass

batting filling the voids. On the exterior, the 2 by 4's are covered

with 1/2-inch plywood, insulated with 3/4-inch styrofoam (Dow Chemical

Total Wall System) and finished with 3/4-inch wood siding. On the

inside, there is a polyethylene vapor barrier and 1/2-inch fiberboard.

On the second floor, the ceiling of 1/2-inch hardboard is laid

over a polyethlene vapor barrier. The voids between the 2-by-6 ceil­

ing joists are filled with fiberglass batts. On top of this is a

layer of 3-1/2-inch fiberglass batts laid perpendicular to the joists.

The peaked roof is uninsulated, and the attic (a convenient storage

area) is thoroughly ventilated to the outside air.

The house is constructed on a combined foundation and thermal

storage system which Green Mountain Homes calls the "Solar Slab®."

The specific construction details for this floor system are proprie­

tary and patented. It consists of a combination of concrete, concrete

blocks, and gravel arranged so that air can be drawn from the house

down through the thermal storage and back to the house. For this
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house, there are 536 cubic feet of concrete (slab and blocks) and

1,072 cubic feet of gravel. Preheat coils for the domestic hot water

system are built into this Solar Slab~. A finished wood floor is laid

over the concrete slab.

The entry to the house is an airlock on the north side. There

are 219 square feet of glass door an~ window area: 120 square feet on

the south, 58 square feet on the east, 32 square feet on the west, and

only 9 square feet on the north. All the windows are wood frame and

double glazed. The glass door is metal framed but has an insulating

barrier between the outside and inside metal frames to reduce the heat

loss. Large windows and sliding glass doors have a movable, 2-inch­

thick shutter for night insulation.

A fan on the second floor can either circulate air between the

first and second floors or exhaust air to the outside. A second fan

on the fir st floor can circulate house air (or outside air) through
the ventilated thermal storage system.

Auxiliary heat is supplied by an oil-fired, forced hot air sys-

tern •

Operation

Sun shining through the windows of the house falls on the wood

floor and furnishings, warming these surfaces and heating the air in

the house. The warm air tends to rise through the stairwell and gath­

er in the second story. When the second floor temperature rises above

72°F, a thermostat turns on the upstairs fan to circulate air between
the upstairs and downstairs. As the day goes on, more solar energy is

collected, and the temperature, upstairs and downstairs, rises. When
the downstairs temperature rises above 72°F, the main fan is turned

on, circulating air through the thermal storage. The permeable ar­

rangement of concrete block and gravel beneath the floor slab acts as
a heat exchanger, extracting heat from the flow of air and storing it

for later use.
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When the first floor temperature falls below 70°F, the main fan

is again turned on, forcing air through the ventilated slab and then

through the furnace and back into the living space. If the tempera­

ture of the air coming from the ventilated slab is greater than 6&OF,

the furnace does not fire up; when it is less than 68°F, the furnace

is activated, and auxiliary heat is delivered to the living space.

In summer, the upper fan

floor directly to the outside.

outside air through the thermal

can vent excess heat from the second

At night, the main fan can circulate

storage to keep temperatures cool.

In summary, the collected solar energy in excess of that required

to heat the house to 72°F is stored in the thermal storage. At night,

when tne thermostat is set back to 55°F, this energy is used to heat

the house. In summer, the thermal storage is cooled wi th night air

and then used as a heat sink for house air during the day.

Performance

The performance of this house has been well monitored. Separate

cumulative readings of the electrical consumption were taken for the

main circulating fan, the upstairs circulating fan, and the fuel pump

for the oil furnace. The total electr ical consumption for the house

was also recorded. The following temperature measurements were re­

corded: (1) inside downstairs, (2) the difference between inside and

outside of the house, (3) the difference across the furnace, (4) the

difference in air enter ing and exi ting the ventilated slab, and (5)

the slab itself.

The insolation incident on the south wall was measured. (The

south wall actually faces 20 degrees west of true south.) Based on

this measured value, the solar energy transmitted through each of the

glazings on the east, west, and south sides of the house was calcu­

lated. To check these calculations, insolation meters were installed

behind the south door and the east windows. The value of extinction

coefficient of the glass was then adjusted so the calculated values of

the transmi tted insolation agreed" as closely as possible wi th the
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measured value. This procedure was accomplished in February 1977, and

the indoor insolation meters were then removed. The glass properties

finally selected for use in the transmittance calculation are shown in

Table 16-1. using these values, the ratio of insolation transmitted

through each window (and the door) to the insolation incident on the

south wall was computed for each month of the year. The results are

shown in Table 16-11.

TABLE 16-1

Glass Properties

Properties

Glass thickness, cm

Extinction coefficient,

Index of refraction

Number of panes

Plate absorptivity

-1cm

Door

0.3175

0.2

1. 526

2

1

Window

0.3175

0.1

1.526

2

1

TABLE 16-11

Computed Distribution of Insolation

Day of Fraction of Insolation on South Meter through:
Year S. Door S. Window E. Window W. Window

21 0.612 0.853 0.377 0.148

51 0.588 0.846 0.447 0.227

81 0.558 0.887 0.562 0.366

III 0.516 0.862 0.713 0.549

141 0.458 0.78 0.885 0.772

171 0.436 0.754 0.948 0.877

201 0.456 0.781 0.885 0.778

231 0.507 0.822 0.726 0.552

261 0.55 0.812 0.552 0.334

291 0.582 0.798 0.427 0.191

321 0.608 0.796 0.356 0.114

351 0.619 0.821 0.34 0.106
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Table 16-111 is a summary of the performance data collected for

the Green Mountain Home. Column 2 shows the degree-days based upon

the actual inside house temperature instead of the usual constant 65°F

base. Column 8 shows the contribution to house heat from the electri­

city used in the two circulating fans and the furnace oil pumps. The

electrical energy consumed for household uses (e.g., lighting) was not

considered as a contribution to house heating.

The wood stove was not installed until the fall of 1977. The

heating contr ibution credi ted to the stove is an estimate only. A

complicating factor in judging the performance of the house is that

the insulated shutters for the windows and doors were also not in­

stalled until the fall of 1977.

The average daily maximum temperature of the house in winter was

approximately 72°F, with a standard deviation of 3.5°F. In the spring

(April, May), the average daily maximum was 74°F, with a standard de­

viation of 4.4°F. In winter, night temperature minimums in the house

were 50°-52°F. In the spring, the night minimum rose to 61.5°F.

The moni tor ing of the Green Mountain Home was extended through

May 27, 1978, and the results are reported in Moni tor ing Studies of

Green Mountain Homes Hybrid Systems (Dartmouth College, Thayer School

of Engineering; Hanover, New Hampshire; December 8, 1978) by A. o.
Converse and J. Kachadorian. In this report the authors conclude that

lithe purchased energy requirments were quite low, and the percent

solar is well above 40 percent."

Owner/Builder Comments

The philosophy behind the development of this house was to pro­

duce a design, the basic structural components, and a complete set of

plans which could be sold as a kit on the commercial market. Good

ideas don't automatically result in a good house--the design must be

foolproof so that the construction team can't go wrong in the con­

struction operation. This means that the design must be kept simple

and be presented as a detailed set of plans with a detailed descrip­

tion.
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TABLE 16-111

The Green Mountain Home Performance Data *

(1) (2) (3) (4 ) (5) (6) (7 ) (8) (9) (10) (11)

Average Percent Solar Solar Electrical
Insolation of Component Component Component Auxiliary Auxiliary Heat

Degree- on External Maximum Heating of Heating of Heating of Heating Energy Energy Loss
Days Meter Possible Energy Energy Energy Energy (Oil) (Wood) (kBtU/

Period (OF·day) (Btu/ft2 ·day) Insolation (MBtu) (MBtu) (Percent) (MBtu) (MBtu) (MBtu) ) OF· day)
--- -

1/11 -
2/8/77 1445 916 46.8 11.4 2.94 25.7 0.52 7.94 - 7.9

2/8 -
3/10/77 1010 782 36.1 7.75 2.63 33.9 0.32 4.80 - 7.6

3/10 -
4/11/77 949 960 47.4 7.12 4.08 57.3 0.38 2.66 - 7.4

4/11 -
5/11/77 560 870 56.8 4.82 2.80 78.9 0.59 1. 43 - 8.6

May 11
through o MIT TED

Sept 13

7/13 -
10/14/77 560 450 24.3 2.15 1. 75 81.4 0.27 0.13 - 3.8

10/14 -
11/8/77 567 771 41.5 3.06 2.29 74.7 0.36 0.41 - 5.4

11/8 -
12/14/77 1209 505 28.9 7.88 2.03 25.8 0.47 4.34 1.04 6.5

12/16/77 -
1/12/78 702 652 37.7 5.93 1.27 21.4 0.43 3.19 1.04 8.4

Totals 7002 50.11 19.79 39.5 3.34 24.9 2.08 7.2

*Extracted from Green MoWltain Homes Hybrid System by J. Kachadorian and A.O. Converse



The thermal mass in the Solar Slabl!l is the key feature of the
design. Collection area is also important. However, the a,rnount of

glass in the house is not in excess of that specified for normal ar­

chitectural requirements; it is simply redistributed to enhance solar

utilization.

No special materials are needed. No special construction skills

are required eithet. The house can be erected from the plans and ma­

terials of the kit by the do-it-yourself individual. The major site

consideration is the south orientation, although even this is somewhat

flexible, as illustrated by the orientation of this house.

The maJor climatic consideration in the design was the number of

degree-days per year. The original goal was to cut the heating season

from 6 months to 3 months--the design carne out somewhat better than

that.

The contribution of the thermal storage to the performance of the

house has not been firmly established. The daily change in slab en­
ergy content has been calculated from measurements made of the slab

temperature at 7 a.m. and 4 p.m. each day. Also, the temperature and

flow rate of the forced air stream through the slab was measured and

the energy exchange computed. The change in slab energy content is

much greater than the energy to or from the slab by forced' convection.

More detailed studies are needed of this aspect of the design. It

should be noted that the air circulation and the thermal slab are im­

provements upon the tendency of wood stoves to overheat one area while

failing to heat other areas. The air circulation distributes the heat

spatially, while the slab distributes the heat over time.

Costs

The construction cost for this house is estimated as $32,000 if

owner-built, or $40,000 if contractor-built. This does not include
the cost of land. The Solar Slabl!l has an incremental cost of $1,350

over a conventional concrete slab floor.
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Since the amount of glass is consistent with normal architectural

requirements, its cost is not considered to be a specific solar heat­

ing feature,. The incremental cost of addi tional glass (based on an

18-square-foot casement window) is $16.70 per square foot. For a

sliding glass door, this cost is reduced to $10 per square foot. The

low cost per square foot for the sliding glass doors may be deceptive

as far as its value as a solar collector is concerned, because the

glass often has a poor transmittance coefficient.

Performance Estimate

The mod i f ied build ing loss coeff ic ient fo.r the Gr een Moun tain

Horne is 9,246 Btu/dd, or 7.31 Btu/dd.ft 2 . The estimate computed by

Professor A. O. Converse of the Thayer School of Engineer ing, Dart­

mouth University, using different methods, was 10,212 Btu/dd. The

performance estimate is summarized in Table 16-1V.

In comparing the results of Table 16-1V with Table 16-111 it

should be noted that, while both tables cover a complete year, the

calculation of solar entering the house is different in the two tables

and the number of degree-days in the year is also different. The

energy contr ibuted by internal sources is not accounted for in the

method used to compile Table 16-111, except for electrical energy con­

sumed by the heating system.

220



N
t\J

"""...
W
N
N

'1'ABLE 16-IV

Performance Estimate for the Green Mountain Home

Solar
Radiation Solar

Internal Net on Horiz. Radiation Aux.
Degree- Gross Sources Load Surface Absorbed Energy

Month Days . (MBtu)· (MBtu) (MBtu) (Btu/ft 2 'mo) (MBtu) SLR SHF (MBtu)

January 1,513 13.99 2.69 11. 30 17,145 3.21 0.28 0.25 8.44

February 1,333 12.33 2.43 9.89 21,989 3.27 0.33 0.30 6.98

March 1,187 10.98 2.69 8.28 33,489 3.56 0.43 0.38 5.17

April 714 6.60 2.61 3.99 41,700 2.91 0.73 0.57 1.72

May 353 3.26 2.69 0.57 47,890 2.36 4.14 1 0

June 90 0.83 2.61 0 - - - 1 0

July 28 0.26 2.69 0 - - - 1 0

August 65 0.60 2.69 0 - - - 1 0

September 207 1. 91 2.61 0 - - - 1 0

October 539 4.98 2.69 2.29 24,802 3.33 1. 45 0.83 0.39

November 891 8.24 2.61 5.63 11,946 2.12 0.38 0.33 3.76

December 1,349 12.47 2.69 9.78 11 ,201 2.22 0.23 0.20 7.84

Annual 51. 73 34.30

ANNUAL SHF = 0.34



SECTION 17

ECONOMIC FACTORS

There exists in the minds of many the misconception that a pas­

sive solar home is significantly more expensive to build than a con­

ventional home.

The objective of this section is to present some facts about the

cost of construction of the passive solar homes and to compare the

cost to that of conventional homes of similar quality.

The Green Mountain home and the Star Tannery home were both de­

signed to meet mass or tract housing needs and are reproducible today

for approximately $40,000 not including the land. This is comparable

to current conventional construction costs.

In order to make an unbiased and factual comparison, The follow­

ing four adobe homes in the Santa Fe and Los Alamos, New Mexico area

were considered: Uni tOne, the Mar k Jones house, the Will iamson

house, and the Gunderson house. These homes were chosen because they

are all in one geographic area and economic level. All four of these

homes are luxury, custom built adooe--nomes ranging in cost from

$80,000 to $130,000. The cost data and other pertinent information

for these and the other homes are shown in Table 17-1. The cost of

construction of similar luxury, custom adobe homes, using conventional

heating, was $35* to $45 per square foot in 1975; $38* to $49 in 1976;

$43* to $55 in 1977; $48* to $60 in 1978. Based on these figures,

*Number provided by F. A. Wolak, cost analyst, Federal Housing Admini­
stration.
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TABLE 17-1

Economic Facts on Solar Projects

TITLE

unit One
First village

Mark Jones
House

The Williamson
House

The Gunderson
House

The Shankland
House

The Dove
publications
Building

The Chavez
House

Mobile/Modular
Home II

The Hunn
Residence

The Hinesberg
Greenhouse

Star Tannery
House

Keller
Warehouse

Kalwall
Warehouse

Kelbaugh
House

Green Mountain
Home

CONSTRUCTION
PERIOD

Completed
January 1976

Oct 76
June 77

1978

Completed
Nov 78

July 77

1973-1975

Oct 1976

Oct 1977

Completed
Dec 77

1976

1977

N.D.

1977

1975

HEATED
AREA

2,300

2,650
Living

230 Usable
Greenhouse

1,265

2,200

2,000

10,000

896
Add-on

1,090 each

1,955

98*

1,250

10,000

1,900

2,364

COST OF
CONSTRUCTION

80,000

137,000

85,000

96,000

65,000

130,000*

1,040*

25,000

67,000

34,000

8,000*
Retrofit

55,000

35,250

COST PER
SQ FT

34.78

47.57

62.27

43.64

32.50

13 .0

1.16

22.94

34.27

27.20

0.80

28.95

14.91

SOLAR
COST

12,000

6,500

5,700

4,000

8,500

6,700

10,000

*Cost of materials only, no labor figures included.
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Uni t One and the Gunderson house all fall below the cost of conven­

tional construction, and the Jones horne is within the cost range. Only

the Williamson horne exceeds the conventional construction cost range.

This is not because of the simple passive solar heat system but is due

to other construction amenities.

One advantage of the passive solar investment is that the materi­

al currently in use on most passive systems, i.e., trombe walls, rock

beds, and concrete slabs will last for the life of the horne, whereas

some active solar systems horne parts wear out or must be replaced at a

substantial cost to the homeowner.

The question of today's and the future market value must be con­

sidered when investing in a horne. Today's horne buyers determine their

purchasing power by the total cash outlay per month. This outlay is

comprised of the mortgage payment, taxes, insurance, maintenance, and

utilities. In an efficient passive solar horne, 50% to 90% of the

heating cost is eliminated, thus allowing more money to be applied to

the mortgage payment. Therefore, the market value of the passive horne

is equal to or greater than that of a conventional horne. The trend of

increasing utilities costs increases the appreciation of solar homes.

In conclusion, investment in a well designed solar horne (compared

to an equivalent investment in a conventional horne) can bring a return

to the owner of lower heating cost and equal or greater property ap­

preciation, without loss of quality, size or comfort.
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A DESIGN AND SIZING PROCEDURE
FOR PASSIVE SOLAR HEATED BUILDINGS

INTRODUCTION

Passive solar heating systems are integral to the architecture of a

building, or, to put it another way, the building or some element of it

is the system. Whereas conventional or active solar heating systems can

be somewhat independent of the conceptual organization of the building,

it is extremely difficult to add a passive system to a building once it

has been designed.,.

To date, relatively few architects, builders and o\vner-builders have

made use of the information available concerning passive systems because i~

is too technical, cumbersome and time consuming in application. To be use-

ful, information must lead to the necessary degree of accuracy at each stage

of a building's design. The degree of accuracy increases as the design

moves from the schematic stage through detailed drawings and models and

finally to construction documents. In the early stages, it may~s no sense

to perform extensive heat loss and heat gain calculations since the design

will change many times before the process is complete.

All acts of building, no matter ho-oJ large or small, are based on rules-

of-thumb. Architects, contractors, mechanical engineers and owner-builders,

design and build buildings based on the rules-of-thumb they have developed

through the years of their ow"TI or othe.r people's experience. For example.

a rule-of-thumb to determine the depth of 2-inch floor joists is given as

1/2 the span of the joists (feet) in inches, plus tw'o, or to span a 20 foot
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space one would need roughly 2 x 12 inch joists. Calculations are used to

verify and modify these rules-of-thumb after the building has been designed.

To be useful in a design process, rules-of-thumb must be specific, yet

not too specific. For example, if you are required to know the heat loss of

a space before applying a rule-of-thumb to size south-facing glass areas,

then the rule-of-thumb is to specific and of little use since a building has

not yet been defined. If, on the other hand, the rule-of-thumb recommends

a rough size of glass needed for each square foot of building floor area,

then the glass can be incorporated into the building's design. After a

preliminary design is completed, then space heat loss can be calculated and

the glazing areas adjusted accordingly.

The purpose of the design process outlined below is to facilitate the

integration of technical information into the earliest phases of the project.

The various architectural elements that make up a passively heated build­

ingare treated separately and ordered in a sequence that makes them easy

to apply to a building's.· design. The intent is to lead the designer through

a process that allows him to choose and size a system suited to a particular

set of functional requirements and climatic conditions.

THE PROCESS

Passive systems demand a skillful and total integration of all the

architectural elements within each space - glazing, ,valls, floor, roof and

in some cases, even interior surface colors. In general, thew?-y in which

the glazing and thermal mass are designed determines the efficiency and

level of thermal comfort provided by the system.
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Two concepts are critical to understanding the thermal performance

of a passively heated space. They are:

1. That the quantity of south glazing, insulating properties of

the space, and outdoor climatic conditions will determine the

average temperature in a space over the day, and

2. That the size, distribution, material, and in some cases

(Direct Gain systems) surface color of thermal mass in the

space will determine the daily fluctuation above and below the

average indoor temperature.

Calculating heat gain and loss is a re1atLvel¥ straight forward pro­

cedure, however, the storage and control of heat in a passLvely heated space

is the major problem confronting most designers. In the process of storing

and releasing heat, thermal mass in a space will fluctuate in temperature,

yet the object of the heating system is to maintain a relatively constant

interior temperature. For each system, the integration of thermal nass in

a space will determine the fluctuation of indoor temperature over the day.

For example, in a Direct Gain system, with masonry thermal mass, the major

determinant of indoor air temperature fluctuations is both the amount of

exposed surface area of masonry in the space and the distribution of sunlight

over the masonry surface; in a Thermal Storage Wall system, it is tne thick­

ness of the material used to construct the wall; and, in a Roof Pond s¥st~~,

it is the quantity of water in the ponds. The following is a procedure

for sizing both a Direct Gain and Thermal Storage Wall system.
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1. Direct Gain

Direct Gain systems are characterized by dally fluctuations of indoor

temperatures which range from only IOoF to as mucQ as 300 F. The'heating

system cannot 5e turned on or off since there is little control of natural

heat flows in the space. To prevent overheating, shading devices are used

to reduce solar heat gain, or ~cess heat is vented by opening "lindows or

activating an exhaust fan.

The major glass areas (collectorl of caCQ space must 5e oriented to

the south for maximum solar heat gain in '·linter. Ho,,,ever, these "Tindm'ls

can serve other functions as well, suc~ as openings for light and views.

Each space must also contain enough thermal mass for the storage of

solar heat gain. This implies a heavy masonry building, however, the

masonry can be as thin as four inches. If an interior water ,{all is used

for heat storage, then light Heig~t construction (,,"ood frame) can 5e used.

a. South-Glazing:

Our criterion for a well designed space is that it gain enough

solar energy, on an average sunny day in winter, to maintain an aver­

age space temperature of 6SoF+ over that 24 hour period. By establish­

ing this criterion, it is possible to develop ratios for the preliminary

sizing of south-glazing. The folloHing table lists ratios for various

climates ~nd locations that apply to a well-insulated residence:
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TABLE 1

Average. 1{inter
Glazing/Floor Are.a2

(Cle.ar-day1
Outdoor Temperature.1 360 NL 400 NL 44 0 NL 480 NL

Cold Climates

20°F .24 -.25 .29 .31 (",/night insul.)
25°F .22 .23 .25 .28 ('oj/night insul.)
30°F .19 .20 .22 .24

Temperate Climates

3SoF .16 .17 .19 .21
40°F .13 .14 .16 .17
4SoF .10 .11 .12 .13

Notes: ITemperatures listed are for December and
January, usually the coldest months.

2These ratios apply to a well insulated space
with a heat loss of 8 BTU/day/sq. Ft'fl./oF.
If space heat loss 1.S more or less than this
figure, adjust the ratios accordingly.

For example, in Denver', Colorado at 40°t\TL, "lith an average

°January temperature of 30 F, a 'veIl insulated space ,",ould need approxi-

mately 0.20 square feet of south-glazing for each one square foot of

space floor area (i.e., a 200 square foot space needs 40 square feet

of south-glazing).

In a Direct Gain System, sunlight can also be admitted into a

space through clerestories and skylights, as well as through vertical

south-facing wirrdmvs. This appl:oach may be ta~en bec2.t1se of: 1) a

desire for privacy, 2) sh~ding of the south f2cade, 3) spacas located

along facades other than south or, 4) a desi:::-e to avoid cirect sunJ.ight

en people and fUl-niture. Use the follm.;ing gui.delir,<?s ~.-hE:n designing

clerestories and skylights:
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Clerestory

Sa,.;rtooth·
Clerestories

Skylight

b. Thermal Storage Mass:

locate the clerestory at a distance in
front of an interior thermal storage
wall of roughly 1 to 1.S times the height
of the thermal wall. Make the ceiling
of the clerestory a light color to reflect
and diffuse sunlight dmvn into the space.

make the angle of each clerestory roof
(as measured from horizontal) equal to,
or less than the altitude of the sun at
noon, on December 21, the winter solstice.
Make the underside of the cl~restories a
light color.

use a reflector with horizontal skylights
to increase solar gain in uinter and shade
both horizontal and south-facing skylights
in summer to prevent excessive solar gain.

To minimize temperature fluctuations uithin acceptable levels,

enough mass must be properly located to absorb and store daytime solar

heat gain for use during the evening. The t,olO most cor:ullon caterials

used for storing heat are masonry and water.

Masonry materials transfer heat from their surface to interior at

a slow rate. If direct sunlight is applied to the surface of a dark

colored masonry rr.aterial it will become uncomfortably hot, giving much

of its heat to the air in the space rather than conducting it away from

the surface for storage. This results in daytime overheating and large

daily tC2perature fluctuations in the space. To reduce fluctuations,

direct sunlight must be spread over a larg~ surface area of Gasonry

so that roughly 60% of the sclar energy ad~itted into the space is

stored as heat in the \-Ialls and/or floor and/or ceiling at S'-l.llset.

To accomplish this:



Construct interior walls and floors of masonry at
least 4 inches in thickness.

Diffuse direct sunlight over the surface area of the
masonry by using either a translucent glazing material
by placing a number of small windows so that they
admit sunlight in patches, or by reflecting direct
sunlight off a light colored interior surface first.

Use the following guidelines for selecting interior
surface colors and finishes:

masonry floors a dark color
masonry \valls any color
lightweight construction (little thermal mass)
a light color to reflect sunlight to masonry
surfaces
avoid direct sunlight on dark colored masonry
surfaces for long periods of time
do not use wall-to-wall carpeting over masonry
floors

By following these reco~~endations, temperature fluctuations in the

space on clear-winter days will be approximately lOoF to lSoF.

Masonry may need sunlight diffused over a large surface area,

but water in containers can absorb and store direct sunlight effectively

even when it is concentrated by a reflector. First, \vater is a more

efficient heat storage medium than masonry, storing more than twice as

many BTU's for each lOF temperature rise for the same volume of material.

In addition, water haats up sOPleHhat uniformly, transfering heat rapidly

from the collecting surface to the entire volume of ~ater. Heated

water in contact with the inside surface of the container ri~es and

produces a convection current which distributes the he~t throughout the

container. The volume of "rater in direct sunlight and the surface

color of the container (thin Getal or plastic) will detereine the te.mp-

er.-ature fluctuation in tha space over the day (See Table 2). t:hen

using a Wrtter wall for oeat storage:



Locate the wall so it receives pirect sunlight,between the
hours of 10 a.m. and 2 p.m.

Hake the surface of the container exposed to direct sun­
light a dark color (~t least 75% solar absorption).

Use roughly qne cubic foot (7 .48 gallo_I1~ of ~·.'2ter for each
one.. square_fuo...t of south glazing. ><

Note that when using an interior water wall there are few restric-

tions regarding other wall and floor materials and surface colors in

the space. The water can be stored within an interior wall of in free

standing containers, as long as the surface of the water \vall is a thin

material exposed to direct sunlight.

TABLE 2

DAILY SPACE AIR TE~PERATURE FLUCTUATIONS 1 FOR
DIP£CT GAIN WATER STORAGE WALL SYSTRHS 2

Solar Absorption
(Surface Color)

75% (dark color)

90% (black)

Volume3 0.£ ivater Hall for
Eac~ One Square Foot
South~Facing Glass

I cu.ft. 1.5 cu.ft. 2 cu.ft. -3 cu.ft.

Notes: ITemperature fluctuations are for a clear ,,~nter day
with approximately 3 square feet of exposed ,vall area
for each one square foot of glass. If less wall area
is exposed to the space, temperature fluctuations will
be slightly higher. If additional mass is located in
the space (such as masonry walls and/or floor) then
fluctuations will be less than those listed and there­
fore less water can be used.

2Assumes 75% of the sunlight entering the space strikes
the mass h'all.

30ne cubic foot of water 62.4 Ibs. or 7.48 gallons.

*;Idjust the. VOlUp.le of l,:ater according to the tCI'1p\2-rature fluctuation
desired in the space.
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2. Thermal Storage Wall

The predominant architectural expression of the building is sou~h

facing glass. TIle glass functions as a collecting surface only, and admits

no natural light into the space. However, windows can be included in the

wall to admit natural light, direct heat, and also to permit a view.

Either water or masonry can be used for a thermal storage wall. Since
I

the mass is concentrated along the south face of the building, there is nO

limit to the choicc' of construction materials and interior finishes in the

renainder of the space.

a. South-Glazing:

Oilr criterion for a double glazed Thermal Storage ";all is the

sane as for a Direct Gain system, that it transmit enough heat on an

average sunny ~inter day to supply a space with all its heating needs

for that day. To accomplish this use the following tables* as a guide

for sizing the glazing of masonry or water wall:

TABLE 3

.J

Average Hinter
(Clear-day)

Outdoor Temperature

Cold Climates

Masonry Hall/Space Floor Areal

Temperate Climates

.71

.59

.50

.40

.32

.25

.75

.63

.53

.43

.35

.26

.85

.75

.60

.50

.40

.30

.95

.84

.70

.55

.44

.33

*These t3bles apply to a ~ell insulated space with a heat 1055 of 8 BTU/
day/sq.ft.fl.• t°F. If space heat lvss is ,,"ore or less than this figlire,
adjust the ratios accordir..gly. roe surf3ce area of the ,·:all is assuL:,ed
to be thc same size as the glazing.
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Average Winter
(Clear-day)

Outdoor Temperature

Cold CErna tes

Water Wall/Space Floor Areal

Temperate Climates

.52

.45

.36

.28

.23

.17

.55

.47

.39

.31

.25

.18

.65

.55

.45

.35

.29
.20

.80

.64

.55

.40
.32
.24

Note: IFor thermal walls \vith a horizontal specular reflector
equal to the height of the wall in length, use 67% of
the recommended ratios. For thermal walls with night
insulation (R-8), use 85% of the recommended ratios.
With both night insulation and reflectors, use 57% of
the recommended ratios.

For example, in Boston, Massachusetts, at 42 0 NL, with an average

January temperature of 31.40 , a wel~ insulated space will need approxi-

mately 0.41 square feet of double glazed water wall for each one

square foot of building floor area, (i. e.,a 200 square foot space

will need about 82 square feet of glazing).

b. Hall Details:

"fuile the above procedure gives guidelines for the overall size

(surface area) of a TIlermal Storage Wall, the efficiency of the wall

as a heating system depends mainly on its thickness, material and sur-

face color. If the \vall is made too thin, the space \.,Till overheat

during the day and be too cool in the evening; if it is too thick, it

becoses inefficient as a heating source since little energy is transmit-

ted through ito
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Recommended
Material Thickness

Adobe 8 12 inches

Brick '(common) 10 - 14 inches

Concrete (dense) 12 - 18 inches

Brickl (magnesium
oxide additive) 16 - 24 inches

Hater 2 6 inches or more

Notes: lXagnesium oxide is commonly used as an additive
to brick to darken its color. It also greatly
increases the thermal conductivity of the mater­
ial.

2\O:'hen using ,,:ater in tubes, cylinders, or other
types of circular containers, use at least a
9~ inch diameter container or 1/2 cubic foot
(31 lbs., 3.7 gallons) of water for each one
square foot of gl2zing.

The choice of a ,,,all thickness, \o1ithin the range given for each

material, will determine the air temperature fluctuation in the space

over the day. As a general rule the greater the wall thickness the

less the indoor temperature fluctuation. Use the follmving table for

selecting a wall thickness:



APPROXIHATE SPACE TEHPERATURE FLUCTUATIONS I AS A FUNCTION
OF THERMAL STORAGE HALL MATERIAL AND THICKl\TESS

Wall Thickness in Inches

Naterial 4 8 12 16 20 24--.

Adobe 18 7 7 8

Brick (common) 24 11 7

Concrete (dense) 28 16 10 6 5

Brick (magnesium
oxide additive) 35 24 17 12 9

Water 3loF 18" 13 11 10 9

Note: lAssumes a double glazed thermal wall. If additiocal
mass is located in the space, such as masonry ~al1s

and/or floors, then temperature fluctuations will be
less than those listed. Values are given for clear
winter days.

The greater the absorption of solar energy at the exterior face

of a thermal wall, the greater the quantity of incident energy trans-

fered through the wall into the building. Therefore:

Make the outside face of the wall a dark color
(preferably black) with a solar absorption of
at least 85%.

In cold climates, the addition of thermocirculation vents in a

masonry wall will significantly increase the performance of the wall.

In mild climates, however, the vents are unnecessary since ~~inter

daytime temperatures are comfortable and heating is usually not needed

at that time. To size the vents:

Hake the total 2rea of e;:ch. rm.... of vents e;ual to
approximately one square foot for each lOa square
feet of wall surface area.
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Prevent reverse air flow'at night by placing an operable
damper over the inside face of the upper row of vents. '

CONCLUSION

Since a building, or some element of it, is the passive system, the use

of passive solar energy must be included in every step of a bui.1ding's design.

The format o~tlined here provides a method for including tecfmical informa-

tion in a way that can be applied by architects, builders and o~~er-nuilders.

Author's Note:

242·

Information for this peper is e:·:cepted and conde..."1sed
from EdHard l-r.azria' s book, TIle Passive Solar Energy Book,

published by Rodale Press, E~~aus, Pennsylvania.
So;ne of the Hork h3.s been ?erformed for the Departffient
of Energy under a contract from ·La,·rre.nce Eerkeley Labora­
tory, Berkeley, California.
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tl'ltil recently only the thermal storage wall
passive solar heating system had been character­
ized by thermal netv.urk calculators using hour­
by-hour historical weather data. 'lhe greater
popularity and market acceptability of direct
gain systens has led to a lively, but inconclu­
sive debate ooncerning the relative effectiveness
of the tv.u configuraticns. '!be recent develop­
ment and validatioo of PASOLE/SUNSPOT, a thermal
netv.urk code for direct gain enclosures, has
provided the tool necessary for a quantitative
oanpar ison •

'1be results of performance analysis calculatioos
for roth Trombe wall and direct gain systems in
Albuquerque, New Mexico, and Madison, Wisconsin,
are reported in this paper. '!be ~ative
analysis inclooes parametric variaticn of funda­
mental design parameters including building load,
glazing area, total mass, mass thickness, number
of glazings, night insulaticn value and allowable
terrperature swing. Thermal comfort within the
two generic types of buildings is considered as
well as energy efficient performance.

1. mm:>DOCTION

'1tle thermal performance calculaticns presented
herein for thermal storage wall and direct gain
passive solar heating systems were performed with
the PASOIE and SUNSPOl' thermal netv.ur k codes re­
spectively. PASOIE was developed and validated a
couple of years ago at Los Alaroos SCientific
Laborator2 and has recently been docu-
mented .1, SUNSPCYI' is a recent develop-
ment. 3 It is a mc:xUfied versioo of PASOIE
eapable of simUlating the thermal per formance of
direct gain buildings on two distinct levels of
detail. Level I, on which this report is based,
is a fairly coarse model that considers only the
gross characteristics of direct gain buildings.
Nevertheless, the Level I model accurately repro­
duces passive test cell data at Lo6 Alaroos iooi­
eating that the cbmi.nant physical phenomena
occurring in direct gain enclosures have been
correctly identified and modeled. The Level II

mdel, which is currently under develO£.ml!flt, is
very detailed and, therefore, suitable for
studying secood order effects, which ar ise due to
internal distribution of energy and variations in
geanetry and configuration.

Albuquerque, New Mexico, and Madison, Wisconsin,
were selected as sites for the CCfI1?arative para­
metric evaluation of direct gain and T=~ ~all

buildings because they represent envi=onmental
extremes, which, therefore, yield an apprecia:ioo
of the effect of climate on appropriate passi·Je
solar design prooedures. Albuquerque has a llXld­
erately high heating load, 4253 annual degree
days, and is blessed with enough solar radiatioo,
680,000 Btu/ft2 annually, to rreet roost space
heating requirements fairly easily. 'ibis is an
ideal climate for passive solar applications.
Madison, on the other hand, has a very high beat­
ing load, 7350 annual degree days, aOO recei\,~

only about 518,000 Btu/ft2 of solar radiation
each year. 'lhe high heating load carbined with
low solar input makes passive solar design in
Madison a challenging proposition.

'1tle significance of variatioos in solar aperture
area, nllllber of glazings, resistance of night
insulation, allowable indoor temperat~e swL'")9,
and building loss coefficient with respect be
thermal performance of passive solar ::>uildings is
investigated on the basis of a series of SUNSm
and PASOLE calculatioos. '!he relaticr.ship
between performance and available the=mal ·storage
mass is also considered. For Tranbe -..ralls the
mass wall surface area is asslJlled equal to the
glazing area so that the storage mass is direcUy
proportional to wall thickness. For direct gain
buildings an additi~l degree of freedan exists
because the storage mass surface area is variable
as well as the thickness.

'!hermal performance results are expressed in
terms of the annual solar fraction. Y.inimun
i,.~J;: air temperatures are maintained by aux­
iliary heaters and ventilation cooling is
errployed to limi t the maximum air temperature to



3. Cotparison of Direct Gain and Trcr.t>e Wall
Performance in Albucr..Jerque, New r-~xico.

Fig. 1. '!be effect of design optioo canbinatioos
00 direct gain performance in
Albuquerque •

For the carparisons presented in this section,
the number of glazings is fixed at 2, the t~r­
ature swing at +5OF and the area/load ratio a~
1.0 ft2/(Btu/hrOf'). '!be performance of
Trombe wall and Direct Gain buildings having no
night insulation is plotted as a function of
thermal storage mass per unit glazing area,
MVAa, in Fig. 3. The thermal storage ~ss is
higfi density (150 lbs/ft3) concrete. For the
Trombe wall case, the mass surface area' is ec-.Ja1
to the glazing area so that W~ is directly­
proportional to thickness of the wall. In di:-ect
gain buildings the mass surface area is vari~le,

providing an addi ticnal degree of freedan. ~

through No.7. All four cases have a temperature
swing of +50f'. '!be performance appears to be
dominated-by the fact that each of these oonf:;u­
rations has night insulation with a resistance of
at least R5. Increasing the night ill&llation to
R9 has Ii ttle effect. Also, the effect of va:l­
ing the number of glazings fran cne to three :.s
largely masked ~ the presence of night insl,l1..:­
tioo. A e:atFU"iscn of configuraticns ~b. 1 ar-d
lb. 3 shows that, in the absence of night ins·..;la­
tioo, the number of glazings has a si~ifican~

effect on performance. '!be allowable indoor ~em­

perature swing has a large effect on performa.-x::e,
even with night insulation, as indicated ~ a·
oanparison of configurations No.2, No.6, arxi
No. 10 for which toT is +2OF, +50f' and +lOOF
respectively. - - -

The effect of varying the glazing area to
building load ratio is depicted in Fig. 2, wbere
the behavior of four separate design q>tion c::rn­
binaticns is included. Cutting the glazing a:ea
in half (or doubling the thermal load) such ~-4t

An/L is decreased fran 1.0 to 0.5 causes a 20
t6 25 per cent reduction in solar fractioo. ~
rate at which solar fraction increases with ~~

area/load ratio diminishes rapidly at high so:.ar
fracticns.
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a specified level. The reference indoor tempera­
ture is set at 680f' in all calculatials and
variatiens, t.T, of +2OF, +50f' and +leOf'
about the reference-value-are consTde=ed. '!bus,
in all cases the indoor air terrperatcre is
allowed to fl•.x:tuate within prescribed bounds.

. Hc7..'ever, the rrean radiant tenq:>erature, which is
determined t¥ the tenperatures of all surfaces
bounding the living space, is constrained ally ~

. the characteristics of a specific passive design
and the local 'toeather. The thermal confort of
building occupants depends en roth the mean
radiant and the air terrperatures in a manner
which will be explained in a later sectien.
Passive oolar heated buildings, therefore, !'lave
different comfort characteristics ev~~ though the
air tefrperature val: iatiens wi thin the strocture
may be carefully bounded. In an effort to reveal
general thermal comfort characteristics of dif­
ferent passive oolar designs, mcnthly air, ,~ss

surface and rrean radiant terrperature histog=ams
'toere calculated during the thermal netloOrk simu­
latiens. Appropriate 'toeighting of the air and
mean radiant terrperatures yields a si~gle ~1ermal

index, which can be directly related to cx:cupant
oomfort, theret¥ facilitating e::atparative
analysis.

'n1e economic consequences of the thermal
performance characteristics of passive solar
heating designs considered in this paper have
been evaluated t¥ Sa:>tt Noll of Group 5-2 at I£lS
Alarros SCientific Laboratory and are refOrted in
a separate paper in these proceedings. 4

2. DIRFJ:T GAIN PERFORMAOCE

One of the moce striking features of the bar
graph in Fig. 1 is the lack of significant per­
fIXmance val: iaticns amcng configuraticns lb. 4

Sirx::e the performance characteristics of thermal
storage walls. have been refOrted extensively in
the literature, sane simulaticn results for
direct gain wildings in Albuquerque are included
here before proceeding to a ~ative analysis
of the 0.0 generic types of passive solar
buildings.

2.1. Effect of Design Option CC:rJ'binations

'n1e percent solar yielded t¥ Val: iaus ronbinatiens
of design optiens for direct gain wildings in
Albuquerque is presented in Fig. 1. In each
case, the thermal storage mass ccnsists of a 6
in. thick layer of high density ccnc=ete (150
lb/ft3) with a surface area equal to three
times the 'glazing area. Thus, the total thermal
storage mass, WAc, is 225 lbs per square foot
of glazing. Mditlcnally, the glazing area to

. building load ratio, Ac/L, is 1.0
f t 2/ (Btu/hrOf') for eacn case represented in
Fig. 1. The var iable design opticns are the num­
ber of glazings, N:;L, the resistance of ITOnble
night insulaticn, Ro, and the allC1Wa~le iOOoor
tenperature swing, flT, about the 6Bar reference
value.
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Effect of thermal storage mass en
passive solar building perfor:nanee in
Albuquerque without night insulaticn.
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have dlOSen to present the direct gain results in
the form of three o..trves, each representing a
different mass t1'lickness, for which the mass per
unit glazing area is then directly proportional
to mass surface area. '!be thicknesses selected
are 4 in., 6 in. and 8 in., and in each case the
surface area is varied fran twice the glazing
area to five times the glazing area •

100~-·o.a~--;ot.4---;o.t.,"---;oat.r---;I;:I.o...---t1.Z
AREA/LOAD RATIO (Ii: /Blu' h .OF)

Fig. 2. Dependence of direct gain performance on
the area/load ratio.

10

Inspection of Fig. 3 reveals a performance maxi­
Il\l.II\ for Trombe walls at M/.Aa = 175
1bs/f~, which oorresponds to a thickness of
14 incl1es. For direct gain buildings performance
maxima 00 rot awear. Regardless of the mass
thickness selected, the solar fractien oontinues
to increase as the mass surface area is extended
up to five times the glazing area. It is awar­
ent from the o..trves in Fig. 3 that the best way
to distribute a given arroLmt of thermal storage
mass in a direct gain building is in a thin layer
(down to a minimum of 4 in.) having the largest..
possible surface area. When exJrnpared with a
Trombe wall, the 4 in. direct gain system is
.capable of achieving higher solar fractiens for
thermal storage masses greater than 190
·1bs/f~. For masses less than 190 Ibs/f~
the TrOnDe wall is a super ior per former. 'Ihus,
Trombe walls up to 15 in. thick yield higher
solar fractions than direct gain buildings
employing exJrnparable amounts of thermal storage
mass in a 4 in. thick layer.

In Fig. 4 we show the effect of adding R5 night
insulation to the same passive solar designs
represented in Fig. 3. Energy efficient perform­
ance is uniformly imProved, and there is li ttle
or ro change in the relative advantages of Trombe
wall and direct gain buildings.

SOO 100 200 300 400 500 600

MASS PER UNIT GLAZING AREA, MlAo(lb/ft~)

Fig. 4. Effect of thermal storage mass on
passive solar building performance L~

Albuquerque with R5 night L,gulation.

. 4. canparison of Direct Gain and Tranbe Wall
Performance in Madison, Wisconsin.

Now suppose we take the passive solar desigr$
considered in the previous section a.-,d rove ~'1em

fran Albuquerque, New l-lexico, to the less for­
giving climate of Madison, Wisconsin. 'Ihe re­
sults for buildings with no night insulation are
presented in Fig. 5. Note the marked deteriora­
tien of direct gain performance relative to t.'1e
Trombe wall. In the harsh Madison Climate a
direct gain structure loses too much thermal
energy through the glazing aperture to remain
eat'q?etitive with a Trorrbe wall in the absence of
night insulation. However, as illustrated b
Fig. 6, when R5 night insulatien is added to both
generic types, we obtain roughly the same rela­
tive performance previously observed in
Albuquerque.
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the 'l'ranbe wall wi th a wincbol. 'Ibis awroac.; has
superior c:anfort and rerforr.anoe characteristics
to the use of a pure direct ;ain or Tranbe -..-all
awroach. It is better thar. the pure Tranbe wall
because energy-losing window'S would then ha7'e to
be located in the n:n-south walls. It is better
than a pure direct gain OOil:iing because the tim­
ingof energy delivery is mxe uniform, the=e is
much less of a sudden drop L, mean radiant ~43It­

perature at nightfall, and t.~ large ten'p!rature
swing associated with a large-area direct gain
building is avoided.

Simulatons of I!lixed systems ....i11 be :Dade in the
future to explore their performance and ex:m=ort
characteristicS in detail.

TROMB! WAl.L

!

/~:tJ~~ ..."""' ....
• Ill, DiRECT GAIN

6. '1bermal Confort in Passive Solar Heated
Buildings.

Pig. 5. Effect of thermal storage mass 01
passive solar bJilding performance in
MOOison witlx>ut night insulatioo.
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MASS PER UNIT GLAZING AREA,M/Aollb/fl~)

Fig. 6. Effect of thermal storage mass 01
passive solar OOilding performance in
MOOison with R5 night insulatioo.

5. Mixed Systems.

Alm:lst all OOildings Im.lst have windows, for
reaoons of aesthetics, natural daylighting, and
to serve as emergency exits. Typical wiroow
areas are in the range of 10% to 20% of the
building flcor area. Ten percent is a rormal

• mininun specified by code, and architects fre­
quently employ 20% or even rrore. 'Ibus it is
awropriate to use these windows as direct gain
solar collectioo elements as much as FOSsible,
locating them 01 the south side of the OOilding.

An effective design strategy is to mix direct
gain and Trorrbe wall in the same OOilding. A
normal procedure in a cold climate is to size the
wirdow area based Q'l the ron-solar consideratioos
mentiooed above OOt locate them 01 the south side
and in clerestories as much as FOSsible~ Addi­
tiooal solar gain is then cdded using Trombe
walls between the south windows or by piercing

6.1. 'Ibeoretical Considerat:'oos

~t buildings of conventialal OCIlstructioo are
light weight and have limited glazing areas. As
a general rule the trermal enviravnent in s:.Jd\
buildings is very nea:ly uni':orm. L, this c:::n­
text the term -unifoo- refe.=s to an enviranent
in which the air aOO ::ean raeiant te:lpE!ratur~ are
equaL In passive solar hea:.ed bui::::lings t,;'"".e
presence of massive t.'1ermal .=torage elements
and/or large glazed a=eas, ,..~ich ocr.ounicate
directly with the living space prod~s ther:Jal
environments which ar'! characteristi::ally n:n­
unifcxm. 'Ibe thermal storage mass szfaces ':ac­
ing the living space =ay be either aarmer or
colder than the roan air, depending at whett.er
current space heating requir~ts a:e beine; met
by heat transfer frau the st=rage mass or fr:J1l
the auxiliary heater. Since the mea., radia.-.~

temperature is affect'!d by r~iation exchanges
with all surfaces bo~ing em enclos'.lre, the
presence of thermal storage =ass wit., surfaa!
temperatures different frau Ule .air ~emperat.=re

induces thermal ron-lI:1iformi r::y. Large glazed
areas, which cxmnunicate dir~tly with the L:.ving
space, as in direct gain OOi::iings, can affe-::t
the mean radiant temperature in two ways. ~rst,

during daylight hours sunligl:t trans::litted
through the glazing ca.., directly incbce sigr":fi­
cant increases in the ::lean radiant t~ratt=e.

5econdly, at night glazed areas rot covered oiith
rrovable insulation becane~ oolde.= than t.'1e
roan air and tend to ':orce the mean radiant
temperature downward•

'!be problem of assessi."lg ther:Dal eat:fort in ~th

uniform and non-unifo:.-m envir:Jnments has bee.,
extensively researched by P. O. Fanger. ~-:.'le

basis of Fanger's wor:<, it is possib:e to de.=ive
an expression for the -equivalent un:.form te:;ler­
ature,- Teu ' which is defined as "the unifor::l
temperature of an imaginary elClosui'! in whi:::.'1 a
person will experienoe the Salle degree of tbermal
canfort as in the actual non-:miform envirat­
ment.-6 '!be details of the 6erivatiat are
presented in Referenoe 6, which is c::..;.rrently
under review for publicatioo as a IJ:)s A1cm:ls
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7. CI:N:WSIONS

The authors would like to express their apprecia­
tien to Mark Beckett of Group 0-11 at Los Alamos,
who per formed the matr ix of thermal net'-Urk
calculatioos on which this paper is based.

As the aOOve observations indicate, the problem
of assessing comfort levels in passive solar
heated buildings can be quite CX!lIplex. Each par­
ticular bJilding design in a given location will
exhibit diurnal fluctuatioos in the equivalent
lmifocm temperature, which are characteristic of
that particular structure's response to the local
climate. Each month there is a significant
change in the character of the diurnal fluctua­
tions as the structure respcnds to seasonal
variations in heating load, total insolation and
oolar declinatioo. Using thermal net'-Urk codes,
one can easily generate more data on thermal c0m­
fort indices than he has time to interpret. It
is desirable to define an overall thermal quality
index, which could serve as a basis for rating
the comfort characteristics of different types of
passive solar buildings on a comparative basis.
Future work 01 thermal comfort at IASL will con­
sider appropriate definitions for such an index.

Trambe wall and direct gain bJildings each have
certain advantages with respect to energy effi­
cient performance. As a general rule, Tranbe
walls are able to achieve higher solar fractions
on a limited arrount of thermal storage mass. For
thermal storage masses up to about 175 Ibs per
square foot of glazing Trombe walls consistently
out perform direct gain bJildings. However, if
one is allowed to include lOCll:e than about 175
lbs/f~ of thermal storage mass, the direct
gain bUilding begins to surpass the Trombe wall.
This transition occurs because a Trombe wall
reaches a performance oeak between 150
lbs/f~ and 200 lbS~f~ (or 12 in. to
16 in. of 150 Ib/ft hlgh density concrete)
while performance of the direct gain bJilding
continues to rise as the surface area of the
thermal storage mass is increased with the thick­
ness held constant. Mixed systems offer poten­
ticil advantages over either pure direct gain or
Trambe wall approaches.

With respect to thermal confort, the Tranbe wall
appears to be super ior to direct gain bJildings
yieldling comparable solar fractions. Although
both types of structures lmdergo equivalent uni­
form temperature swings, which exceed the thermo­
statically imposed air temperature bolmdaries at
the upper and lower limits, the Teu range in
Trambe wall systems is consistently smaller than
in direct gain buildings.

SYSTEM: TROMBE WALL
MONTH: OCTOBER
PER CENT SOLAR: 73%

~ivalent lmiform terrperature
histogram for Trombe wall in OCtober.

SYSTEM: DIRECT GAIN
MONTH: OCTOBER
PER CENT SOLAR: 72%

o.e

. 0.'7 _ .......-.-.......-,r--....,.--,-'"T""'--r-"r""""'T__

0.'

Fig. 9.

OM ~ ~ ~ ~ ~ ~ ro n " n n
EQUIVALENT UNIFORM TEMPERATURE (eFI

Fig. 10. ~ivalent uniform temperature
histogram for direct gain bJilding in
o.:tobc>r.

required. '!be effect of employing ventilaHOl
ceoling wherever the air terrperature gets up to
7JOF is evident in that both bJildings have the
next largest Teu time fractioo in the 71PF to
740f range. Due to radiatioo from the inner
wall surface, the Trcrnbe wall building reaches a
maximun Teu interval of 740f to 76"F. Due
to the cxxrbined effect of radiatioo from the
thermal storage mass and direct irradiatioo by
the s:>lar rource, the direct gain bJilding
reaches a maximlJl\ Teu interval of 760p to
780F. '!be I'lO'lthly oolar fractioos in OCtober
were 73\ foe the Trombe wall and 72% for the
direct gain building. Increases in mnthly oolar
fractioos are always accompanied by Teu histcr
grana, which shift from the low end of the scale
near the minimlR air tenperature toward the high
end near the maximtml air temperature. '!he mean
radiant tenperature range is usually much larger
than the air terrperature range which leads to
Teu histograms, which extend beyend the air
t:enperature boundar ies at both ends. Trombe
walls always yield smaller Teu swings than
direct gain buildings, which generate CXlrI'q;larahle
solar fractioos.
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SYSTEM: DIRECT G:'IN
MONTH: JANUARY
PERCENT SOLAR: 35%

SYSTEM: TROMBE w.=ot.L
MONTH: JANUARY
PER CENT SOLAR: 35%

0.7 r---,-~--r-..,........,r---r---r-r--~--:----,

0••

0.7 _..,........,r---,-.....,.--.----,---r--,-......,r---r--,

0 .•

Fig. 7. B;[uivalent uniform temperature histogram
for Tranbe wall in January•

Fig. 8. B;[uivalent uniform temperature histogram
for direct gain building in January.

In OCtober the equivalent uniform temperature
histograms have quite a different character as
shOlln in Figs. 9 and 10. The largest time f=ae­
tioo is again in the 600F to 620F for both
buildings due to the canbined effect of the air
tenp!rature being therrostatically held to a
minimllll of 6JOF and the thermal stora<;e mass
beinq oooler than the air when auxiliarY.heat is

°56 58 60 62 64 66 68 70 7'Z 74 ;-S 7S

"EQUIVALENT UNIFORM TEMPERATURE (eF') "

°&6 58 60 62 64 66 S8 70 72 74 '1' ..
EQUIVALENT UNIFORM TEMPERATURE (eF)

Both buildings had a solar fractioo of 35"' for
the IlD'lth. 'Itle 1011 solar fractioo results from
the high heating load in January. Since 65\ of
the heating load is met by the auxiliary heater,
which is oontroll.ed by a therna;tat set at
63OF, the air temperature 'is held at 630F
JllJSt of the time. '1tle mean radiant temperature
drops belOll the air temperature far enough to
induCe an equivalent miform tempetature which is
between 600F am 620F over half the ti;ne.
'1tle Tranbe wall building never falls any lowe:
than the 600F level. However, the direct gal.,
building has a Teu' which spends 10\ of the
time at the minimt.ln level of 580F to 600F.
Both buildings reach a maximt.ln TE;lu interval of
740F to 76OF, although the time fractioos at
this level are quite small.

1
0.5

0.4

0.3
I&J
2: 0.2t=

0.1

1
0.5

0.4

0.3
iii
~0.2

0-1

(1)

(2)

ratures in Passive

•

'leu • 0.55 Ta + 0.45 Tmr

SCimtific Laboratory Report. 'Ihe relatiooship
between the equivalent uniform temperature; the
air tenperature, Ta , and the mean radiant tem­
perature, Tmr , has the follOlling functiooal
fa:m:

Teu • f Ta + (l-f)Tmr

f • f(A,C,B,V)

where A is the activity level (metabolic rate), C
is the clothing insulatioo value, H is the rela­
tive humidity, and V is the relative wioo
velocity. Thus, the relative importance of air
and mean radiant temperature depends on a set of
mvironmental and physiological parameters. It
is derocnstrated in Reference 6 that for extrerre,
but still realistic combinations' of these par~
eters, the flUlCtion f can vary from 0.48 to
0.68. On the basis of asslmlptions concerning
oonditions likely to exist in a passive solar
heated d..'elling, the follOlling expression for the
equivalent uniform tenperature is obtained.

6.2.

'Ihe o::ncept of an equivalent uniform tempera.ture
is quite useful because it enables one to assess
thermal comfort levels in ron-uniform environ­
ments in terms of a single thermal index, which
can be directly related to subjective personal
experience. Unlike the "operative temperature"

. defined in the ASHRAE handbook,7 the equivalent
uniform temperature is explicitly related to
human thermal comfort and includes the effect of
all latent heat loss phenomena on which that
comfort depends.

8;[. 2 represmts a subject dressed in medium­
weight clothing and performing light activity in
an mvironment with a relative humidity of 50%
am 1011 relative wioo velocities daninated by
free o::nvectioo processes.

In this section we present m:nthly histograms of
the equivalent uniform temperature in t\\O passive
solar heated buildings located i.n r~ison,

Wisoonsin. The histograms were calculated by
PASOIE and SUNSPOT, the thermal net~rk simula­
tioo rodes. Double glazing with R5 night insula­
tioo is enployed in both designs considered in

. this section, and the area/load ratio is held
oonstant at 1. 0 f~ (Btu/hr"F). The
allOllable air temperature swing is from 630F to
7JOF. The Trombe wall design employs a 16 in.

. thick wall of high density concrete yielding 200
lbs of thermal storage mass per square foot of
glazing. The direct gain system has 6 inches of
concrete with a surface area equal to three times
the glazing area, which yields 225 Ibs/ftJ.
Both oanfigur~tiona obtain an ,~ual $Olal frae­
tiro of SO\ in Madison. ~uivalent uniform tem­
perature histogramSl for the Trcenbe wall and
direct gain buildings dur ing the m:nth of January
are presented in Figs. 7 and 8 respectively.
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A SEMI-EMPIRICAL MEIH)D FOR ESTIMATIl'l; THE PERFORMAN:";E
OF D:rRECl' GAIN PASSIVE 9JUIR HFATEIl BUIIDINGS

w. O. Wray, J. D. Ba1camb and R. D. McFarland
Los Alamos SCientific Laboratory

Los Alamos, New Mexico 87545

'Itle characteristics of the direct gain refererv::e
design are matched to corresJ:XXlding character­
istics of the previously reported solar load
ratio analysis of thermal storage wall
systems (4) wherever possible. For example, the
direct gain design has a six inch thick layer of
high density ooncrete distributed on the flcor
and oorth, east and west walls of the enclosure.
'Itle mass surface area is three tirres the glazing
area. 'Itlus the total volume of concrete .thermal
storage mass is equal to that available in an 18

In the following sections we describe the
procedure used to correlate the IlD'lthly solar
heating fraction for direct gain buildings with
the IlD'lth1y solar load ratio. Limitations and
accuracy of the resulting correlation are dis­
cussed. Finally a step-by-step procedure for
estimating the annual performance of an arbi­
trarily located direct gain building on the basis
of the solar load rati~ correlation is presented.

2. 'Itle Reference Direct Gain Design

A single reference design is used in this study.
It is, of course, desirable to have several
reference designs available for analysis by the
solar load ratio rrethod and studies involving
other configurations are therefore planned for
the near future. At present, however, the per­
formance of direct gain systems other than the
reference design must be estimated by scaling the
results based on parametric studies as will be
discussed later.

to the total building heating load during the
same one rronth period. Simulation results on
which to base the correlation for direct gain
buildings were obtained from a series of cal­
culations performed with the PlIOOLE/SUNSror(3)
thermal network rode. SUNsror has been validated
on the basis of experimental data from the direct
gain test cell at the Ws Alamos Solar Laboratory
and although it is quite a simple rrode1 it is
considered a reasonably accurate representation
of actual direct gain buildings.

L Introduction

'!be solar load ratio rrethod involves the use of a
correlatim between IlD'lthly solar heating frac­
tim and IlD'lthly solar load ratio. The IlD'lthly
solar load ratio is defined as the ratio of the
solar radiatim transmitted through the glazing
of the solar aperture during a me IlD'lth period

ilWork performed under the auspices of the U.S. Department of Energy, and funded by the Research and
Developnent Branch for Solar Heating and Cooling, Office of the Assistant Secretary for Conservation and
Solar 1Ipplicatims.

'!be solar load ratio rrethod for estimating the
performance of solar heated buildings was
originally developed asa design tool for active
systems. (1) Later the technique was rrodified
slightly by Baloc::ut> and McFarland (2) and
applied to passive solar heated buildings of the
thermal storage wall type. In this paper, the
technique of Bal<Xlllb and ~arland, as described
in Ref. 2, is extended to irv::lude direct gain
passive solar heated buildings.

'!be SUNSPOT rode for performance analysis of
direct gain passive solar heated buildings is
used to calculate the annual solar fractim for
two representative designs in ten American
cities. The two representative designs involve a
single thermal storage mass oonfiguratim which
is evaluated with and without night insulation.
In both cases the solar aperture is rouble
glazed. '!be results of the detailed thermal
network calculatims are then correlated using
the IlD'lthly solar load ratio rrethod which has
already been successfully applied to the analysis
of both active solar heated buildings and passive
thermal storage wall systems. The method is
based m a correlatim between the IlD'lthly solar
heating fractim and the IlD'lthly solar load
ratio. '!be IlD'lthly solar load ratio is defined
as the ratio of the IlD'lthly solar energy
transmitted through the glazing aperture to the
building's IlD'lthly thermal load.

'!be procedure using the IlD'lthly method for any
locatim is discussed in detail. In addition, a
table of annual performance results for 84 cities
is presented, enabling the designer to bypass the
IlD'lthly rrethod for these locations.
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ireh Trombe ~ll ~se surface area equals the
glazing area. '!be remaining characteristics of
the reference direct gain design are:

'!bermal Storage: 45 BtujOF-ft2 of glazing
Mass Distribution: 6 in. thick layer of

concrete on floor and
north, east or west walls.
Mass surface area is three
times the glazing area.

Other Building Mass: Negligible
Double Glazing: !b:mal solar

transmittance = 0.747
Air Terrperature Range in Building: 65'7 to

75'7
Night Insulatioo: R9 when used. Insulatioo

in place fran 5 p.m. to
7 a.m.

M.1ss-surface-to-room ~ir conductance:
1.0 Btu/hr ft2 '7

Storage Mass Properties:
thermal conductivity = 1.0 Btujhr ft '7
heat capacity =30 Btu/ft3 '7

Glazing Orientatioo: Vertical and south facing
Mass Surface Solar Absorptance: 0.8
Ground Reflectance: 0.3
Overhang: Ncne

'!be above design is not as constrained as first
awearances might irrlicate. Although the
thickness and surface area of the thermal storage
mass are fixed, the distributioo of the mass
along the inter ior sur faces of the enclosure is
arbitrary except that the ceiling is excluded.
During the course of validating the SUNSPCYI' JOOdel
it was determined that the performance of direct
gain enclosures is not very sensitive to vari­
ations of mass or solar radiation distribution
wi thin the enclosure. Ibvever, all ron-massive
surfaces are no1eled as perfect reflectors
representing the use of light colors on all light
weight elements of the building shell. In order
to account for the presence of furniture, rugs
and other law thermal capacity objects in the
direct gain enclosure, it is assumed that 20% of
the transmitted solar flux was absorbed directly
into the room air. This procedure synthesizes
the absorpticn of solar radiatioo by objects
which heat up rapidly due to their law heat
capacity and subsequently lose thermal energy to
the room air with very little lag time.

3. The Solar Load Ratio Correlation

A data base for the solar· load ratio correlation
was generated by performing a one year SUNSFOT
calculation for the reference direct gain design
(\r?ith and without night insulatien) in each of
ten Arner iean ci ties. '!be ten cities were selected
on the basis of obtaining a variety of different
types of climates. A list of the ten cities is
presented in Table I as are the latitude, loogi­
tude, annual heating degree days and annual

,insolation at each site. '!be beginning date of
the "typical year" historical weather file used
for each ci ty is also listed. '!he typical years
were determined for each ci ty en the basis of
past '-Ork on active system sinulatien as the year
which gives an annual performance closest to the
average annual performance over a ten year 'period.
calculations in each ci ty were run wi th and
without night insulatien for four different
glazing area to building load ratios. Thus a
tota1 of 10 x 2 x 4 = 80 annual calculatioos were
performed. The rrvnthly data points obtained with
and without night insulation are plotted in Figs.
1 and 2 respectively. In each figure, the
rrvnthly solar heating fractien is plotted as a
function of the rrvnthly solar load ratio. '!be
grouping of the data points indicates that a
correlation does exist and, as shown in Figs. 1
and 2, we have fit analytic curves to both sets
of data. '!be functional relationship is given by:

SHF = al (SLR), SLR R

SHF = a2 - a3 EXP l-a4 (SLR)I ' SLR R

The coefficients selected ate those which yield a
least squares fi t to annual solar heating
fractien for the whole data set. '!be
coefficients are given in Table II aloog with the
standard deviatien, .' of the annual data.

The correspondence between annual solar heating
fraction by the monthly solar load ratio method
as carpared with the hour-by-hour results is
given in Figs.3 and 4.

Table I

J\merican Ci ties used in Solar Load Ratio Correlation

Annual Heating Annual Insolation '1YPical Year
City Latitude I.a1gitude Degree Days (l03Btu/ft2) Start Date

Albuquerque 35.0 1.6 4253 688 7/1/62
Los Alarocs 35.8 1.3 7350 5Ul 9/1/72
Madiscn 43.0 -0.7 7838 513 7/1/61
Medford 42.3 2.9 5275 527 7/1/61
Boston 42.3 6.7 5535 444 7/1/57
Santa Maria 34.8 0.4 3065 649 7/1/56
Nashville 36.1 -3.3 3786 513 7/1/55
Charleston 32.8 5.0 2255 554 7/1/63
nisnark 46.8 10.8 8234 484 7/1/54
I.lk" ,'hilr 1(':, J(J. I 3.2 16',14 ';46 7/1/57
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Table II

Coefficients for SOlar Heatinq Fraction Correlation l'\IrlCtion

Direct Gain wi th
Direct Gain ([Xli Nicjht Insulation (OONI)

R 0.100 0.600

• 0.6182 0.8865
I

1.0028• 1.0097
I

1.2646• 1.0710
I

1.6467• 1•.2208
\

.030.025

DIRECT GAIN WITH NO NIGHT INSULATION
1.0 ..-..,....:.:r:....:.;.,;;,:.;,.-T---;r--,--..---r--,.-~
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YEARLY SOLAR HEATING FRACTION FROM SUNSPOT CALCULATIONS

Comparison of Annual Solar Heating
fractions obtained from SUNSPOT cal­
culations and by the solar load ratio
method for the Reference Direct gain
ctesign' with no niqht insulation.

Fig .. 3.

•

1.0 1.5 2.0 2.5 3.0 3.5 4.0
MONTHLY SOLAR LOAD RATIO.SLR.

Monthly Solar Heating Fraction vs
Monthly Solar Load Ratio for refer­
ence direct gain design with no night
insulation.

Fig. 1.
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Fig. 4. Comparison of Annual Solar Heating
Fraction obtained from SUNSPOT cal­
culations and by the solar load ratio
method for the reference direct gain
design with R9 night insulation.
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4. Estimating the Performancf;l of Direct Gain
Buildings

In this section we present a method for
estimating the annual performance of direct gain
solar buildings of the reference type at
arbitrary locations. The only weather data
rl'<]U i red ale tota1 nonthly insolation on a
hor izontal surface <:Ind Jronthly heating degree
ddY~;. Io:xtentic.o or the results to non-reference
designs is discussed in the following section.

1.0 1.5 2.0 25 3.0 3.5 4.0
MONTHLY SOLAR LOAD RATlO.SLR
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Monthly Transmitted Solar Radiation

Step 1: Obtain the total IlD1thly solar radiatirn
on a rorizrntal surface, OH(Btu/ft2),
from weather data at the locatic.n of in­
terest. Repeat for all 12 IOOIlths.

Step 2: calculate (L -IS) for each IlD1th where
L = latitude (deg)

= 23.30 cos (300M - 1870 ), solar
declinatirn at mdd-llD1th (M =IlD1th

m~nber, Le. M = 1 for January)
Step 3: From Fig. 5, determdne a value of

Or/OH for each of the IlD1thly values
of (L-6).
'l1'len calculate

(11

of 0.3. In sane cases a designer may wish to use
a rorizrntal specular reflector on the ground in
front of the solar aperture. If the reflector is
equal in area to the glazing aperture and has a
reflectance of 0.8, the IlD1thly transmitted solar
radiation is enhanced as illustrated in Fig. 6.
'ltte enhanced rronthly transmitted solar radiatic.n
is given by'

where EF is the enhancement factor and Or
is the transmitted solar radiatic.n obtained
in Step 3 above. 'ltte oorrelatic.n in Fig. 6
was obtained from hour by hour simulations in
ten American cities. The standard deviation
is 0.0197. 'l1'le analytic form of the fWlCtioo
in Fig. 6 is:

EF = 1.008 - 0.179(L-O) + .00192 (L-O)2

(3)_ 4.03 x 10-5(L-6)3

+ 2.47 x 10- 7 (L_O)4

Q'Tis the desired IlD1thly transmitted solar
raaiation.

O.8~'--.&-"-:~"""'-'--L--'-.....J..-L.-L.--1.......L--l:......JL--I
o w ~ ~ ~

LATITUDE MINUS MID-MONTH SOLAR DECLlNATION,L-SCdev)

M::>nthly 'lttermal lDad

Step 1: calculate the building loss coefficient
(BIC) in Btu/degree-day. The SIC is
the sum of the building skin conductance
(including the south facing glazing) and
the infiltration.

Step 2: Determine the nonthly heating degree days,
00, from weather data at the site of
interest.

Step 3: Determine the IlD1thly thermal load,
MI'L, by taking the product of the

Fig. 6. Specular reflector enhancement factor
vs latitude minus mid-month solar
neclination.

(;!)

o 0 20 40 60 60
LATITUDE M:NUS MID-MONTH SOLAR DECLINATION, L-a (deo)

where Or is the IlD1thly solar radiatirn
transmdtted through each square foot of vertical
double glazing facing due south. ('l1'le data
presented in Fig. 5 is the result of hour by rour
simulations in 21 U.S. cities. 'l1'le Boes
oorrelation (5) was used to· determdne rourly
direct normal and diffuse solar radiation from
hourly total hor izrntal radiatic.n). 'l1'le analytic
form of the function presented in Fig. 5
is:

The standard deviation is 0.060.

QT = .226 - .00251 (L-O) + .000308(L-O)2
QH

Step 4: The relationship represented in SIuati<rl
(2) is based 00 an asst.mled ground reflectance

Fig. 5 Ratio of solar flux transmitted through
double glazing to solar flux incident
Oli horizontal surface vs latitude milluc;
mid-month solar decli nat iOll.
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building loss coefficient and the monthly
heating degree day values.

MI'L = BLC· 00

lOlthly Solar road Ratio

The monthly solar load ratio is

SLR = Or/MI'L

lobnthly Solar Heating Fraction

Each previously calculated monthly solar load
ratio oorrespcnds to a unique monthly solar
heating fractioo, SHF, which can be obtained fran
the solid lines gra~ed in Figs. 1 and 2 for
designs without and with night insulatioo,
respectively.

lOlthly Auxiliary Energy Required

The auxiliary heating energy, AUX, required each
month is calculated as follCMS:

AUX = (l-SHF)' BLC· 00

Annual Auxiliary Energy Required

Simply sum the monthly AUX's to get the annual
total.

i=l

Annual Solar Heating Fraction

Sum monthly heating degree days to get ANNUAL ID
and evaluate the annual solar fractioo as follCMs:

ANNUAL AUX
ANNUAL SHF = 1 - BLe.ANNUAL DD

5. Variations fran the Reference Designs

In the near future solar load ratio curves will
be generated.for several additiooal direct gain
oonfiguratioos in order to extend the
awlicability of the solar load ratio method. In
the meantime, the performance of l'XXl-reference
oonfiguratioos IlLISt be awroximated by scaling
annual solar fractioos obtained for the reference
design 00 the basis of detailed sensitivity study
results. The variatioo of annual solar heating
fractioo as a functioo of number of glazings,
resistance of night insulatioo, thickness of
thermal storage mass, surface area of thermal
storage mass, and allCMable roan air t~rature

swing has been determined by performing an
extensive matr ixof SUNSPOT calculatioos. '!'he
results are reported in another paper in these
prooeedings.(6) Fran the calculated results
presented in Reference 6 it is possible to
determine the fractiooal change in annual solar
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heating fraction which results from a selected
design departure fran the reference system. '!'he
annual solar heating fraction obtained by the
solar load ratio method can be multiplied by the
appropriate fractional change in order to
determine the performance of the configuration of
interest to the designer. Application of this
approximation involves the implicit assumption
that fractional variations of the annual solar
heating fraction due to changes in a single
design parameter are insensitive to the values of
the remaining design parameters. This implicit
assumption is of course not rigorously oorrect
but use of the suggested scaling oorrection is
better than using no oorrection at all for
off-reference configurations.

6. Tabular Solution for Annual Solar
Heating Fraction in 84 U.S. and canadian Cities

A variation of the solar load ratio method
described in Section 4 has been used to calculate
annual solar heating fractions for the reference
direct gain designs in 84 U.S. and canadian
cities and the results are presented in Table
III. A designer interested in a building site
located in one of the cities included in Table
III need not perform the month by month
calculations required by the solar load ratio
method. Instead, the follcMing much simpler
procedure may be followed:

Step 1: calculate the building loss coefficient
(BLC) in Btu/degree-day. '!'his is the sum
of the building skin conductance
(excluding the south facing glazing) and
the infiltration load. Internal heat sources

may be subtracted fran the building loss
coefficient. IMroRTANT: Remember that when
using Table III the calculated building loss
coefficient should not include the south
facing glazing of t~solar aperture.

Step 2: calculate the building load oollector
ratio (LCR) defined as follCMs:

LCR = B;;:;.L;;:;.C=-- _

Solar Collection Area (ft
2

)
g

Step 3: Locate the city and reference design of
interest in Table III. The symbol r.G
refers to the direct gain design and
DGNI is the direct gain design with
night insulation. The load oollector
ratios required to achieve the indicated
solar heating fractions, which range
fran 0.1 to 0.9, appear beneath the
solar heating fractions. It will
usually be necessary to interpolate in
the table in order to determine the
correct solar heating fraction.

Step 4: The annual auxiliary energy required by
the building is given by:

ANNUAL AUX = (l-SHF)' (ANNUAL 00)' (BLC)

where, again, the building loss
coefficient does not include the solar
aperture. -
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'-'Ie. AZ..,
LCI(OO)
tcR(OQIl)

0.1 0.2
217.0 110.5
339.0 156.1

0.3
64.6
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0.4
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".6

6632 lD
0.5 0.6

22.4 0.0
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0.0 LCR(OOI 660.1 )72.1 243.1 110.2 122.4 88.1

11.6 LCR(~I) '53.2 426.6 2'78.5 200.4 152.1 11'.8

0.1
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0.0

24.6

0.8
44.1
11.2

0.8
44.6
11.2

0.8
15.5
39.3

0.1
64.0
".8

0.1
0.0
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1211.3 662.5 428.2 298.2 215.8 158.1 116.1 82.2
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0.0
0.0

0.'
0.0
0.0

0.'
0.0

11.'

0.7
0.0

18.0

7511lD
0.5 0.6 0.' 0.'
0.0 0.0 0.0 0.0

32.9 24.0 16.1 10.3

5634 lD
0.5 0.6
0.0 0.0

34.8 25.6

0.4
0.0

41.'

0.3
32.0
69.0

0.1 0.2
141.4 65.2
2SO.2 U).2

~rtland, ME
SIll' 0.1 0.2 0.3 0.4
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0.0 0.0

43.9 33.0

6332 III
0.5 0.6

18.9 0.0
49.1 36.5

C812 III
0.5 0.6
0.0 0.0

40.4 JO.l

0.4
28.3
59.5

0.4
22.3
55.2

UC811l
0.4 0.5 0.6

71.6 48.1 31.6
99.5 75.5 58.4

6914 III
0.5 0.6
0.0 0.0

21.3 14.3

0.3 0.4
0.0 0.0

n.o 31.0

0.3 0.4
61.1 35.9
95.4 66.8

0.3
51.0
84.9

0.1 0.2
207.8 105.7
325.2 152.4

0.1 0.2
81.0 0.0

189.2 80.9

0.1 0.2
182.3 90.8
294.5 137.3

0.1 0.2
170.2 82.4
283.9 130.1

Albuquerque. It! ,
SlIP 0.1 0.2 0.3
tal (00) 321.9 173.5 108.2
tal(DIJIl) C57.4 220.4 139.8

New Yeck. NY (central Park)
SHF 0.1 0.2 0.3 0.4
tal (001 158.6 76.0 n.9 17.9
tal(DIJIl) 269.4 123.4 75.5 52.4

S4yvlll.e. Nr
SHF
tal (00)
tal(DIJIl)

Ithaca, Nr
SIll'
tal (00)
tal(DIJIl)

Seabrock. IC
SIll'
tal (00)
tal(DIJIl)

Reno. !IV
SHF
tal (001
tal(DIJIl)

Owle.ton, 11:. 2033 III
SIll' 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
I.CIl(OO) 507.2 275.5 174.2 118.2 82.8 58.2 40.0 25.4
I.CIlIOCM) 703.2 329.0 205.1 146.5 Ul.0 86.7 66.6 49.2

2612 III
0.1 0.2 0.3 0.4 0.5 0.6

463.4 249.1 156.3 105.1 72;7 SO.2
651.9 JOl.5 189.9 133.7 100.5 77.9

8chenectady. NY
SHF 0.1 0.2 0.3
tal (00) 78.1 0.0 0.0
tal(DIJIl) 177.9 79.0 n.l

Greensboro, tC
SlIP 0.1 0.2 0.3
I.CIl(OO) 26C.0 136.6 81.9
I.CIl(DIJIl) 398.9 184.1 U4.4

0.9
0.0
0.0

0.9
0.0
0.0

0.9
0.0
0.0

0.9
0.0
9.2

0.9
0.0
9.9

0.9
0.0
0.0

0.9
0.0
0.0

0.9
~;O

0.0

0.8
0.0

10.9

0.8
0.0
9.6

0.8
0.0
8.7

0.8
0.0
0.0

0.8
0.0

17.6

0.8
0.0

17.2

0,8
0.0

16.0

0.8
0.0

12.4

0.7
0.0

25.7

0.7
0.0

25.1

0.7
0.0

25.7

0.7
0.0
7.1

0.7
0.0

20.4

0.7
0.0

18.5

0.7
0.0

17.0

0.7
0.0

14.7

S008 DlJ
0.5 0.6
0.0 0.0

42.4 29.8

5934 DlJ
0.5 0.6
0.0 0.0

30.1 21.6

6929 III
0.5 0.6

16.1 0.0
46.7 35.2

6052 DlJ
0.5 0.6

17.2 0.0
48.3 35.6

8269 CO
0.5 0.6
0.0 0.0

19.2 12.7

5542 CO
0.5 0.6
0.0 0.0

39.5 27.4

5941 III
0.5 0.6
0.0 0.0

37.5 25.6

0.4
0.0

27.9

0.4
0.0

55.3

0.4
0.0

41.9

n26 III
0.4 0.5 0.6

37.5 17.3 0.0
70.8 SO.l 35.8

0.4
24.8
60.4

0.4
18.2
57.1

0.3
0.0

42.4

0.3
42.9
85.3

0.3
45.8
86.3

0.3
50.6
89.6

0.3
17.8
61.6

0.2
0.0

72.4

0.1 0.2
201.9 94.5
324.0 146.7

0.1 0.2
194.0 89.3
316.3 143.3

0.1 0.2
195.0 87.2
320.5 143.5

But lIngton, VI'
0.9 Sill' 0.1
0.0 l.CRIOO) 64.6
0.0 1CR(tnlI) 169.1

Corvalll., CIl (State Co11e<je)
0.9 SIll' 0.1 0.2 0.3
0.0 l.CR(00) 252.5 118.7 66.5
0.0 l.CR(tnlI) 3B9.7 172.4 104.6

State COlle<je, PI.
0.9 SIll' 0.1 0.2
0.0 l.CR(00) 120.5 52.1

28.4 l.CR(tnlI) 225.9 102.2

Fllnlng Gorge. til'
0.9 SIlP 0.1 0.2 0.3 0.4
0.0 l.CR(OO) 189.7 96.6 55.6 32.4
0.0 l.CRltnlI) 299.7 141.3 89.0 62.7

S41t Lake City, til'
0.9 SIll' 0.1 0.2 0.3 0.4
0.0 u.:R(00) 212.4 106.5 60.7 34.9

32.9 I.CIl(lXlH) 336.8 155.5 96.0 66.3

Richland, 1Q
0.9 SIlP
0.0 LCIl(oo)

10.8 u.:R(tnlI)

fot;.'dford, CIt
0.9 Sill'
0.0 l.CR(pG)

14.0 I.CIlltnlI)

Puillnan, ""
0.9 Sill'
0.0 =(00)

11.9 l.CRltnlI)

0.8
0.0

20.4

0.8
0.0
0.0

0.8
20.0
U.4

0.8
0.0

24.2

0.8
0.0

13.2

0.8
0.0

18.9

0.7
0.0

29.5

0.7
0.0

20.3

0.7 0.8
0.0 0.0

:lO.8 13.8

0.7
0.0

27.5

0.7
0.0
9.3

0.7
0.0

34.3

0.7
33.5
59.4

5804 III
0.5 0.6
0.0 0.0

38.7 28.9

7345 III
0.5 0.6
0.0 0.0

38.8 28.6

3578 III
0.5 0.6

24.5 0.0
53.2 40.2

3817 III
0.5 0.6

20.4 0.0
49.9 37.6

66SO III
0.4 0.5 0.6
0.0 0.0 0.0

31.6 22.0 15.1

3805 III
0.5 0.6

32.5 18.6
60.2 46.0

0.4
42.5
72.3

0.4
51.7
80.5

0.4
37.5
67.5

0.3 0.4
40.1 18.9
75.0 52.3

0.3 0.4
40.9 18.7
76.8 53.0

0.3
63.6
97.4

0.1 0.2
221.8 UO.9
351.8 159.8

0.1 0.2 0.3
244.0 122.0 70.6
384.1 172.4 104.2

Ilapid City, SO
SHF 0.1 0.2
I.CIlIOO) 159.8 77.3
I.CIlIOCM) 269.5 124.5

Nashville, 'IN
SIlF
I.CIl(OO)
I.CIl(OCM)

......t. R1 1!R>1el' Lab.)
_ 0.1 0.2
talllXll 157.2 75.6
tal(DIJIl) 267.2 121.9

Ook Ridge 'IN
SIll'
I.CIl(OO)
I.CIlIOCM)

Batter..., tC
SIll'
tal (00)
I.CIlIDlJll)

BrownsvlUe, 'l'X 600 III
SIlP 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
I.CIl(OO) 1308.7 740.8 492.6 350.8 258.3 192.4 le2.2 101.4
I.CIlIOCM) 1607.2 803.6 533.0 nO.2 299.8 234.6 183.2 137.7

Midland, 'l'X (Sloan Field) 2591 III
SIll' 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
I.CIl(OO) 449.4 246.2 156.3 105.9 13.8 51.3 34.6 21.1
I.CIllOCM) 616.0 297.5 187.6 134.4 101.8 79.1 60.6 44.5

san Antonio. 'l'X 1546 III
SlIP 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
I.CIl(OO) 644.3 3SO.8 224.4 154.5 110.2 79.3 56.2 37.6
I.CIl(OCM) 872.9 405.5 255.7 184.4 140.1 109.5 84.7 63.1

Fort Worth, 'l'X
SIll' 0.1 0.2 0.3 0.4
I.CIllOO) 424.1 230.6 145.7 98.4
I.CIl(OCM) 590.3 279.9 177.0 127.1

seattle, WA (unlv. of wash.)
0.9 Sill' 0.1 0.2 0.3

65.0 l.CR([x;) 243.7 109.0 57.4
94.7 l.CIl(tnlI) 380.2 167.0 98.8

0.9
0.0
0.0

0.9
0.0
0.0

0.9
0.0
9.3

0.9
0.0
9.1

0.9
0.0
0.0

0.8
0.0

1.6.5

0.8
0.0
6.4

0.8
0.0
6.8

0.8
0.0

12".0

0.8
0.0

16.6

0.7
0.0

24.6

0.7
0.0

24.1

0.7
0.0

20.4

0.7
0.0

13.6

0.7
0.0

12.0

4424 DO
0.5 0.6
0.0 0.0

44.3 30.4

6655 DlJ
0.5 0.6
0.0 0.0

31.7 21.3

7863 DlJ
0.5 0.6
0.0 0.0

26.2 18.4

7870 DlJ
0.5 0.6

13.3 0.0
45.3 33.9

7381 DlJ
0.5 0.6
0.0 0.0

Cl.6 32.9

0.4
0.0

47.0

0.4
0.0

37.1

0.4
30.2
61.2

0.4
28.1
64.9

0.3
0.0

55.3

0.3
27.0
72.6

0.3 0.4
48.8 27.4
81.8 57.9

0.3
53.1
87.0

0.2
40.1
93.3

0.1
104.5
212.2

0.1 0.2
182.8 92.8
289.5 137.8

0.1 0.2
156.6 67.2
276.5 123.0

Laramie. NY (State Unlv.)
0.9 SHF 0.1 0.2

21.3 lCJl([x;) 171.9 86.1
42.6 lCJl([(}H) 277.7 130.1

Lander, WY
0.9 SIll'
0.0 l.CR([x;)

29.4 l.CRltnlI)

S{X)kane, WA
0.9 Sill'
0.0 1.CIl([x;)

33.0 l.CR(lX2'lI)

Madi",,", WI
0.9 SIll'
0.0 l.CR(OO)

27.4 l.CRltnlI)

0.8
25.9
49.8

0.8
18.5
41.8

0.7
41.0
67.6

0.7
31.4
57.1

2405 III
0.5 0.6

68.2 47.2
96.1 74.6

2700 III
0.1 0.2 0.3 0.4 0.5 0.6

506.2 278.1 177.4 120.9 84.9 59.7
688.3 331.4 209.3 149.9 U3.7 88.0

!l Paso'l'X
SIll'
I.CIl(OO)
I.CIl(OCMI
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~tal. Alberta. c....sa lOU. III 'n>r<lnto. CInIdo 68:17 III- 0.1 0.2 0.' 0.' O.S 0.6 0.1 0.' 0.' SIIF 0.1 0.2 0.' 0.' O.S 0.6 0.7 0•• 0.'
1.01100) ".0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.01100) 102.S ".) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
I.OIIDQIII 1'2.' 13.6 46.1 26.' 15.2 6.6 0.0 0.0 0.0 1.01(DQII I 2OJ.l '2.1 SS.l ".0 26.1 18.' 11.' '.2 0.0

Ottwa, Qf'J"., CanadI .735 00 WIMII"'9. MJ\Il•• CInIdo 1061' III
6llF 0.1 0.2 0.3 0.6 0.5 0.6 0.1 0.' 0.' SUF 0.1 0.2 0.3 0.' 0.5 0.' 0.1 0•• 0.9
1.01(001 77.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 LCllIOO) 56.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
I.OIllXJlI) 114.' 7'.9 46.2 30.1 20•• U.5 7.J 0.0 0.0 LCllllXJlll In.5 JO.' 40.' 25.0 15.5 '.6 0.0 0.0 0.0

7. Conclusion

'!he informatien and techniques presented in this
paper, when oombined with the results of the
sensi tivi ty stooy repor ted in Reference 6, are
sufficient to provide an estimate of the annual
per formance of Jro6t direct gain designs at any
building site in the United States or Canada.
Solar load ratio correlatiens for additienal
direct gain designs will be developed in the near
future in order to minimize the anount of sCeiling
(based en sensitivity calculatiens) required to
estimate ooilding performance.

'!he authors would like to express their
awreciatien to Mark Beckett of Group Q-ll at Iro
Al.aJro6 SCientific Laooratory for assistance in
conducting the analysis.
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'DIE !!1'!a' OF II!S~ PAIWIE'l'ER QWGS ~ 'DIE~. OF
'l'BJ!2M\L S'laW;E WALL PASSIVE. SfS'I'Dm*

by

Robert D. McFarland and J. Douglas BalCCIID
Ul8 A1aIoos SCientific Laboratory

Ul8 Alamcs, New Mexico 87545

IIJf1J.'B1Cr,

Bour-by-hour oonpJter silllJlatims based m me
year of solar radiatim and tenperature data are
used to analyze annual energy savings in thermal
storage wall passive designs - both Trombe wall
and ~ter wall cases. '!be calculatims are rerun
many times dlanging various parameters me at a
time to assess the effect m per formance.
Parameters analyzed are: night insulatim
R-value, number of glazings, wall absorptance and
emittance, thermal storage capacity, Trombe wall
properties and vent area size, additimal
building mass, and tenperature exntrol set
[X)ints. Caleulatims are d:>ne for eight cities.

In the oourse of building design, many iJTp:rtant
decisims must be made regarding selectim of
design parameters. Often the m::J6t i.."'l'IpOrtant
exnsideratims are cost and energy savings
although availability of materials, thermal
cxmfort, aesthetics, and expected lifetime are
also determinants. . The ~rpose of this paper is
to present the results of a large number of
sillU1atim analyses which srow the effect m
annual energy savings resulting from changes in
design parameters. The buildings analyzed are
all of the thermal storage wall type of passive
solar heated strlX:tures, that is, Trombe walls
and water walls.

A reasonable design procedure is the following.
'!be annual thermal performance is estimated for
the particular locatim based m m::nthly solar
and temperature data using a reference design.
'!be lblthly Solar lJ::lad Ratio method has been
developed for this ~rpose and oorrelatim
curves, based m a large var iety of solar/weather
data sets, have been p.1blished .l1l '!hen curves
showing the effect of variations in design
parameters, c:onpared to the reference design, are
used to estimate the performance of the actual
building. 'II:> 00 this it is desirable to use
curves for a climate similar to the one where the
building is to be located.

~ IIIJ8t be careful in using annual energy
savings lIS the sole performance determinant. Pbr
exanple, the oost-optinun thickness of a CXIlQ'ete
'!'rattle wall, considering al1y the tradeoff
between initial oost and performance, is usua.lly
in the range between 6 and 8 in. Increases L"'l
thickness beyood this result in mly a small
increase in annual energy saved but greatly
increase the cost of the wall. H:Jwever the
inside surface tenperature of a 6 in. wall will
swing 40 to SOOF dur ing the oourse of a clear
winter day. SUch a swing may be aa:eptable L"'l
sane situatims but generally would be
unacceptable. 'Iherefore me nust consider
thermal oanfort and its value in making this
design selectim and would probably opt for a
thicker wall.

Both analysts and designers should be skeptical
of si1lplified design correlatiQ'\S which presl.%:le
to incorporate a variety of design variables into
ale equatim. Effects which are thoUJht to be
second order and are ignored often turn out t;:) be
major when analyzed with a sinulatioo of the
actual physical si tuatioo 00 an hour-by-hour
basis.

ANALYSIS PR::XEXJRE

'!hermal network models of thermal storage wall
paSsive solar heated buildings are used to
mathematically simulate solar heating perfor:tranee
for several U.S. solar/we~ther data sets. An
hour-by-hour calculatim is made Oller a me year
period and total auxiliary heating needed to
maintain a 650F room temperature is
calculated. '!he annual solar heating fractia1,
F, based m energy saved by solar, is then
calculated as follows:

auxiliary
P • 1 .. _..,....::he&::;:.:;:~t=1n::;oq"-:=r~equ~i:;,;r:.:;e:.::;d:.,..,._

heatinq which would
be required without solar

*W:xk performed under the auspices of the U.S. Department of Energy, and funded by the Research and
Developnent Branch for SOlar Heating and Cooling, Qffite of the Assistant secretary for Cooservatioo and
SOI.ar AtFlicatims.
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!!le heating whichw:>uld be required witoout solar
is sinply the product of the annual degree-rours
below 6Sor times the building loss coefficient,
exclusive of the solar wall.

In the analysis, the building roan t:.errperature is
allowed tx> float between 6SOF and 7SOF. If
it tends above 7SOF, energy is reooved to
_intain 7sOF.

'!be thermal. network model used has been validated
by conpariSQ'l of predictials against measured
data fa: lrileated test .,:ooms in Ia; Alamos. '!be
test rooms are quite pr~ictable. '1tIis cbes rot
prove, of oours~, that all sensitivities are
accurately represented in the model, but JOOSt of
the mathematical representatials used are based
Q\ well-proved principles and thus soould
accurately represent the a:::tual situatial.

Reference case

Reference building design parameters used are the
followitlg:

tb shading
Ground reflectance "' 0.3, isotropic
vertical, south-fa:::ing glass
Glass spacing .. 1/4"
Double glazing, rormal trans­

udttance .. 0.747
Wall absorptance ::I l.0
Thermal storage .. 45 Bt~-ft2

of glazing
Building mass is negligible
Room tenperature range:

6sOF to 750p'
Wall-to-room heat transfer coefficient

• 1.0 BtU/ft he OF
Tronbe wall properties:

k • 1.0 Btu,lft he OF
c "' 30 Bt~ft3OF

Night insulatial (when used) is R9:
5:00 p.m. to 8:00 a.m.

'11le variatials in each parameter are made
assl.llling that the other parameters remain
OCX'1stant. '1tIe solid point plotted al each curve
represents the reference value.

Effect of Night Insulation R-value

The effect of using R9 night insulatial 'srows up
in the tables and solar load ratio curves in
Reference 1. The effect is pronounced,
especially in enld climates. For other than R9
night insulatioo, the results from several cities
can be'well correlated ~ a single curve (Fig. 1).

In the analysis, the night insulatial was
OCX'1trolled str ictly ~ time of day, being p.1t in
place at 5 p.m. each day and removed at 7 a.m.
each norning. A number of calculatioos done with
a "smart" controller showed that improvements
possible ~ cx:ntrol strategy are very small.

Effect of Number of Glazings

Effects of different number of glazings for water
walls is shown in Figs. 2-7 for several values of
load collector ratio (OCR), defined as follows:

building exclusive Of)
LCR _ load solar wall Btu/DD

collector wall area, sq. ft.

'!he curves for a selective surface on the wall
asst.me solar absorptance .. 0.95 and infrared
emittance .. 0.08. The effect of glass
absorptance and spacing is given in the following
table:

Increase in F
NI.Inber of ro OCR Clear Glass 3/4" spacing
Glazings 2 4 2 4

Albuquerque 4253 48.0 .03 .06 .03 .04
Ia; Alamos 7350 16.8 .06 .09 .06 .07
Madison 7840 8.0 .07 .07 .10 .09
Medford 5275 19.0 .04 .06 .05 .06
Boston 5535 18.2 .05 .08 .06 .07
Santa Maria 3065 72.0 .04 .07 .03 .03
Nashville 3805 25.4 .04 .07 .05 .05

'1tIese effects are all mJch reduced if night
insulation is used, and perfornance decreases
with added glazings in most cases.

Either multiple glazings, up to four, or a
selective surface on the wall, but not both
combined, are seen to be attractive alternatives
tx> the use of night insulation. Performance may
rot be quite as good but cost, and especially
cx:uplexity, are reduced.

'!he situation for TrCllDe walls is similar, but
differs sane in detail. '!he improvement due to
added glazings is slightly less in Madison,
Medford and Boston, but about equal in
Albuquerque, Nashville, and Santa Maria.

Effect of Wall Absorptance and Em! ttanee
I

Fig. 8 is a composite plot showing these effects
for Los Alamos for various numbers of glazings
and for OCR .. 16.8.

Effect of '!hermal Storage Heat capacity

Fbr water walls, performance generally increases
with increasing thermal storage heat capacity,
whereas with Trombe walls there is generally an
optimum thickness. '!llese effects are shaNn in
Figs. 9-11 for Boston, Albuquerque, and Madison.
If the Trombe wall is unvented, the optimum is at
a lower value, for example at ~F30 Bt~ ft2
(12" thickness) rather than at M=45 Btu,tOF
ft2 (18" thickness) with vents. By far, the
/lOSt important function of storage is to carry
over the day's heat into the night rather than
mUlti-day heat storage. Note, however, that the
effect of variations in thermal storage is more
important for higher values of F (corresponding
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Effect of Vent Area

to smaller values of LCR) for which multi-day
storage becomes more irnp:>rtant, and is relatively
insensi tive at lCM values of F.

Therrnocircutaticn enhances the performance of a
Trornbe wall romewhat, especially if daytime
temperatures are lCM requiring daytime heating.
('l11e same effect could be obtained, however, ~
direct gain). The optimum vent size depends on
the rolar heating fraction, as follCMS:

Added Building Mass
City LCR 0 1.0 2.5
Albuquerque 24 76 83 87

48 50 56 58
108 26 31 33

Madison 4.8 61 66 71
8 53 57 60

32 23 25 27

I£lS Alamos 7.2 78 84 90
16.8 56 60 63
43.2 28 34 35

Effect of Temperature Control set Points

Raising the upper temperature limit above 750F
has less than a 2% effect on annual solar heating
fraction. Reducing the limit has a larger
effect, especially at higher values of F,
reducing the value by as much as 5% (fran 85% to
80% for LCR = 0.73 in Albuquerque) if the
allCMable swing is reduced to zero.

I£lwering the rninimll1\ temperature limit below
650F, of course, has a much larger effect as
shown on Figs. 15 and 16.

1. J. D. Balcanb, and R. D. lot:Farland, lOA Simple
Slpirical Method for Estimating the Performance
of Passive SOlar Heating Systems," Proceedings of
the 2nd National Passive SOlar Conference,
Philadelphia, March 1978.

carrnent
Performance levels off above 3%
Performance levels off above 1/%
Performance decreases above 1%

Vent Area
3%
1%

1/2%

SHF
25%
50%
75%

Effect of Tranbe Wall Properties

Because of the structure of the diffusion
equation, the effect of changes in heat capacity,
densi ty, thermal conductivi ty, and wall thickness
can be combined into just two groupings of these
properties, as follCMS:

M = peL and pek
where
M = the thermal heat storage capacity, per unit
area
L = wall thickness l, ft. and
P = density, lb/ft~

C .. heat capacity, Btu/lb"F
k = thermal conductivity, Btu/ft hr 0F

The reference value of M is 45 and pck is 30.
The effect of changing M has been given in the
preceding secticn. The effect of changing pck is
shown on Figs. 12-14, for the same cities for
different values of M and LCR.

The· "vent area" is the area of the lCMer vents
(which is the same as the upper vents) measured
as a percentage of the total Tranbe wall area.

If vents are to be used, they soould have sane
means to prevent backflCM at night, such as
passive backdraft dampers or performance will be
severely impaired at values of LCR less than 24
unless night insulation is used.

Effect of Additional Building Mass

1Id:Htional building mass enhances performAnce by
adding heat storage. The follCMing values of F
(in percent) are for a water wall.

The added mass is in square feet of mass surface
area, internal to the building thermal
insulation, per] unit of heating load
(ft2/[Btu/hr Of' ). The wall is one fcot
thick.
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A SIMPLE EMPIRICAL METHOD FOR ESTIMATING
THE PERFORMANCE OF A PASSIVE SOLAR HEATED*
BUILDING OF THE THERMAL ..STORAGE WALL TYPE

by

J. D. Balcomb and R. D. McFarland
Los Alamos Scientific Laboratory

Los Alamos, NM 87545

ABSTRACT

Two methods are presented for estimating the annual solar
heating performance of a building utilizing a passive ther­
mal storage wall of the Trombe wall or water wall type with
or without night insulation and with or without a reflector.
The method is accurate to + 3% as compared with hour-by-hour
computer simulations. -

INTRODUCTI ON

A simple procedure has been devised for predict­
ing the performance of solar heated structures.
It has been determined that reasonable estimates
(+ 3%) can be made based on monthly values of
solar radiation, heating degree days, and the
thermal loss and solar gain characteristics of
the building. The method was originally de­
veloped for studying active systems l but proves
to be even more accurate for the analysis of
passive systems. The correlations are based on a
very comprehensive set of calculations which
have been made using the hour-by-hour computer
simulation analysis techniques developed at
Los Alamos for passive systems. Several hun­
dred year-long calculations were made for 29
different cities and for 6 different building
loads in each city. The simplified method re­
lies on the use of an appropriate correlating
parameter (the Solar Load Ratio) and an empir­
ical fit to this large ensemble of results.

The method is presented in two options. Method
A, which is the simplest to use, is described
first. Temperature and solar radiation are
compacted into a single coefficient called the
Load Collector Ratio given for 84 cities. These
tabulated values have been derived from the more
general Method B, which is the Monthly Solar
Load Ratio technique.

The designer may wish to use Method B for any
of the following reasons.

.1. The location of interest is not in Table 1.

2. The building load is more complex than a
simple conductance. For example, account­
ing for internal heat generation in the
building would require using Method B.

3. The user wishes to obtain an estimate of
month-by-month distribution of heating
load and solar heating contribution.

Both methods are quite constrainin9. They only
apply to the specific systems which were studied:
a Trombe wall and a water wall with and without
night insulation. An extension of the technique
to apply to cases utilizing a horizontal reflec­
tor,located in front of the collector wall, is
presented in the last section.

Although the data sets which were used to generate
the correlations are from the United. States,
Southern Canada, and three other cities,it is
believed that the method can be used for most
climates throughout the world. In order to ob­
tain the best estimates possible, however, it is
desirable to use the best technique available
for calculating the solar radiation transmitted
through the glazing. For latitudes outside the

*Work performed under the auspices of the U. S. Department of Energy, R&D Branch for Heating and
Cooling, Assistant Secretary for Conservation and Solar Energy Projects.
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Skin Conduction:

Auxil iary ( )
Energy = l-SHF
BTU/yr

U. S. range, it is reconmended that the correla­
tions developed for calculating the ratio ,Qf
vertical radiation transmitted to horizontal
'not be used. The monthly solar load ratio
curves, however, ~hould be usable at any loca­
tion.

The definition of load is confusing and the
user should be alert to handle this correctly.
The auxiliary energy required is unambiguous
and is accurately estimated by both methods.

METHOD A

This method can b~ used to estimate the perform­
ance of passive solar buildings with a south­
facing, vertical double glazed Trombe wall or
water wall with or without night insulation.
In order to obtain an estimate of the solar
heating fraction and auxiliary energy required
for any location listed in Table 1, perform the
following steps.

Step 1

Estimate the Building Loss Coefficient (BLC) in
BTU/degree-day. This is the sum of the build­
ing skin conductance plus infiltration. It is
the extra energy required (BTU) per day for
each additional 1°F increase in temperature dif­
ference between the building interior and out­
side. It can be calculated from the sum of
the UxA values for the exterior areas of the
building plus infiltration. IMPORTANT--in cal­
culating the Building Loss Coefficient, the
passive thermal storage wall should not be in­
cluded in the load.

Step 2

Calculate the building Load Collector Ratio
(LCR) defined as follows:

CLoaldl t _ Building Loss Coefficient (BTU/DD)
o ec or - 2

Ratio Solar Collection Area (ft )

In calculating the Load Collector Ratio the solar
collection area used should be the net glazed
area (the actual solar collection aperture) and
not the gross area of the solar wall.

Step 3

Go to Table 1 and locate the city of interest
and the wall type of interest. If the Load
Collector Ratio determined in Step 2 corres­
ponds exactly to one of the values listed in
the table, then this is the desired answer.
If not, one needs to interpolate in the table.
The meaning of a Solar Heating Fraction is am­
biguous when applied to a passive solar build­
ing. What is the building being compared with?
As used herein, the SHF is the fraction of the
degree-day load (the product of the degree-days
times the Buildinq Loss Coefficient) which is sup­
plied by the solar wall. The wall is not credited

with the heat used to supply its own steady-state
load since a "normal" south wall would presumably
have a much lower loss coefficient and would in­
evitably benefit from solar gains, even if they
are unintentional.

The auxiliary used is a less ambiguous peg po~nt,
leaving the basis of comparison up to the user.

Step 4

The annual auxiliary energy required to main­
tain the building at a minimum temperature of
65°F can be estimated from the following
equation:

(

Annual ~ (BUilding LOSS)Heating Coefficient,
Degree- BTU/Degree-
Days Day

Exampl e

A 72 1 x 24 1 building in Dodge City, Kansas is
to be constructed with a 309 sq ft water wall
on the south side. The water wall will con­
tain 45 lbs of water per sq ft of south glaz­
ing for a total of 13,500 lbs of water or
1618 gallons. The wall is double glazed with
normal sealed glass units which have a net
transmittance of 0.74 for sunlight striking
the glass perpendicularly. Other than the
thermal storage wall, the building is of light
frame construction with little additional mass.
It is desired to estimate the annual solar
heating contribution.

(Step 1) The Building Loss Coefficient is esti­
mated as follows:

Surface Are~ U-Value UxA
Type ft BTU/ft2°F hr BTU;oF hr

Water 309 (not included in BLC)
Wall
Opaque 1107 0.07 77 .5
\~a11 s
Windows 120 0.55 66.0
(E,W,N)
Roof 1728 0.05 86.4

Floor 1728 0.05 86.4
Building Skin Conductance = 316.3

Infiltration:

(12320 ft 3)(1/2 ACH)(0.018) = 110.9
Total: Building Loss Coefficient = 427.2 BTU/hroF

= 10250 BTU/DD
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SHF = 0.48

METHOD B

With R9
Insulation added from
5:00 p.m. to 8:00 a.m.

0.18
0.12

0.33
0.22

P1 ain
Double
Glazed

The SLR can be expressed as follows:

(

Monthly Solar Energy)

(
Co11ector\ Transmitted through

SLR _ Wall Area) (Absorptance) the Glazing _
-(MOdified B~i~ding) (Monthly Degree Days)

Loss Coefflclent

(Monthly Solar Energy) /
SLR = Transmitted .LCMonth1y Degree Days)

(MOdifi ed Buil di ng) / (wa 11 area \
Loss Coefficient x Absorptancel

SLR = Solar Capability Index
Modified Load Collector Ratio

The value of Uw is the steady-state conduction coef­
ficient of the combined wall, glazing, and insula­
tion, averaged over the day •.

Step 2

Determine the SLR for each month of the year. Solar
radiation values generally available in tables are
measured on a horizontal surface, whereas the values
required in order to determine the SLR are the actu­
al solar radiation transmitted through the vertical
south facing surface. The values of solar radia­
tion in the ASHRAE tables for clear-day conditions
are not applicable. The use of a cloudiness factor,
which is an approach sometimes used, is not accurate
enough. Thus it is necessary to provide a simple
method of making a transformation.

Hour-by-hour calculations were made for one month
periods for the 29 locations for each month of the
year. The hourly transformation from the horizon­
tal to the vertical was made using the correlation

The SLR is given by the ratio of two different terms,
the Solar Capability Index, which depends only on
the weather for the locality and a Modified Load
Collector Ratio (MLCR) which depends only on the
building construction.

Water Wall
18" Trombe Wall

Determine the Building Loss Coefficient in the same
man~er as in Step 1 of Method A. Compute a Modi­
fied Building Loss Coefficient by adding the term
24 x (Solar Wall Area)x Uw where Uw is taken from
the following table:

0.60
23

0.50
31

0.30 0.40
61 43

SHF
LCR

Auxiliary =(1-0 48)(10250) (4986)=26.6 MBTU/yr.Energy •

Our Load Collector Ratio of 33.2 lies between
the two values of 0.40 and 0.50 Solar Heating
Fraction. By interpolation we obtain:

The values listed in Table 1 for use in Method A
were derived using the Monthly Solar Load Ratio
Method. ·This method provides an empirical means
of estimating the monthly solar auxiliary energy
requirements based on the Monthly Solar Load
Ratio (SLR). The Monthly Solar Load Ratio is
a dimensionless correlation parameter defined
as follows:

monthly solar energy absorbed on
SLR = the thermal stora e wall surface

monthly building load including
the wall steady-state losses in
the absence of solar gains)

The numerator is equal to the product of the
total solar collection wall area times the
monthly solar energy transmitted through one
square foot of south glazing times the wall
absorptance. The denominator is equal to the
building loss coefficient (including the steady
state conduction through the south solar col­
lection wall) times the monthly heating degree
days.

The building is tightly sealed and equipped with
an air-lock entry and thus the infiltration can
probably be held to the minimum recommended level
of 1/2 air change per hour.

The energy saved by the installation of the
solar wall is estimated as (0.48)(10250)(4986)
= 24.5 MBTU/yr. The energy actually supplied
by the solar wall will be greater than this as
discussed in the last section of the paper.

(Step 4) The·auxi1iary energy can be estimated
as:

(Step 2) The building south wall is glazed with
18 standard patio door size sealed double glass
units each with a net effective exposed area of
75 x 33 in. for a total of 309 sq ft of collec­
tion area. Thus the Load Collector Ratio fs
10250/309 = 33.2 BTU/degree-day-sq ft.

(Step 3) In the table for Dodge City, Kansas we
find the following entries for the case of a
water wall without night insulation:
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0.2260 - .0025l2(L-D)
+ .0003075(L-D)2

technique developed by Boes. 2 for separating
diffuse from direct beam radiation. A ground
reflectance of 0.3 was assumed. The fraction
of the incident energy which is actually trans­
mitted through the glazing was then calculated
using the Fresnel relationship for ~he hourly
angles of incidence and the absorptlon coef­
ficient of ordinary double strength glass.
The hourly values were summed in order to de­
termine monthly integrals. It was found that
the results could be correlated quite well
using the fo1~owing parameter

L-D = Latitude - Solar Declination at
Mid-Month

The solar declination at mid-month should be
estimated from the following equation:

o = 23.3° cos(300M - 187°)

M= month (i.e •• June = 6)

This plotting parameter. L - D.is equal to the
noon-time angle between the vertical and the
sun. A plot of the results is shown in Fig. 1.
The solid line plotted on Fig. 1 is a 1east­
squares fit through the data given by the
following equation:

Monthly Solar Energy
Transmitted through
South Double Glazing
Monthly Solar Energy
Incident on Horizon­
tal Surface

The errors which would be incurred by using
the least-squares fit rather than the actual
values of solar radiation transmitted do not
significantly increase the error in Monthly
Solar Heating Fraction indicating that the
two errors are uncorrelated.

If the building does not face due south. then
this equation cannot be used as is. It will
be necessary to make another correction for
building orientation. LASL has not yet de­
vised a separate series of correlations for
different tilts and orientations. It is felt.
however. that· a correction factor based on
the ASHRAE clear-day tables would probably be
a reasonable estimate. Those tables provide
values for the clear day conditions for south­
west and southeast orientations as well as due
south, as a function of latitude. For the
time being, a straight proportional correction
factor based on these tables is recommended.
Note that a separate correction factor will be
required for each month.

Step 3

Determine the Monthly Solar Heating Fraction for
each month of the year based on the values of SLR
computed in Step 2. Plots of the function for
the four different cases of Trombe wall and water
wall with and without night insulation are given
in Fig. 2.

Step 4

Compute the auxiliary energy required each month
from the following equation:

Auxiliary = (l-SHF)(Degree Days)(Modified Building
Energy Loss Coefficient)

Step 5

Compute the sum of the monthly auxiliary energy
requirements. This is the annual auxiliary energy.
The annual solar heating fraction can then be de­
termined from the following equation:

AnnualAnnual SHF = 1 - --~~~:..r~"'::';~=':';~1J-

(~~~~:~) x
Days

Example

The same building in Dodge City. Kansas will now
be used as an example for Method B. The Building
Loss Coefficient has already been determined as
10250 BTU/degree-day. The latitude of Dodge City
is 38°. Following through these steps. one by
one. results in the table on the next page.

The small error observed between the auxiliary
energy calculated by Method A and that by Method
B in this example is attributed to the slight
error in interpolating in the table and the round­
off of the numbers listed in Table I.

If the user desires to calculate values of the
collector load ratio similar to those listed in
Table I. but for a different locality or a dif­
ferent set of values of solar radiation or heat­
ing degree-days. he can easily do so by ca:rying
through the five steps of Method B for varlOUS
values of the Load Collector Ratio. In this man­
ner as many points as are desired can be filled
in to the table for various values of Solar Heat­
ing Fraction. It will be necessary to iterate
in order to determine an exact value of Solar
Heating Fraction.

The values of heating degree-days and solar radia­
tion incident on a horizontal surface which were
used to compute Table 1 are the standard values
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Modified Horizontal Solar
Monthly Solar Radiation

Dodge Load, Radiation 2 Absorbed Auxiliary
City DD MBTU/Mo. BTU/t·l0. ft L",D MBTU/Mo. SLR SHF MBTU/Mo.

Oct. 251 3.19 41180 47.1 10.05 3.15 .972 .09
Nov. 666 8.46 28560 56.6 9.43 1.11 .631 3•. 12
Dec. 939 11.92 25050 61.1 9.45 .79 .474 6.77
Jan. 1051 13.35 27910 59.4 10.02 .75 .450 7.34
Feb. 840 10.67 33270 57.0 9.53 .89 .529 5.03
Mar. 719 9.13 47590 40.8 9.34 1.02 .592 3.73
Apr. 354 4.50 58230 28.9 7.38 1.64 .797 .91
t4ay 124 1.57 65320 19.4 5.91 3.76 .992 --&l.
Total 4944 27.00

The column labeled Modified Load is calculated with a Modified Building Loss Coefficient of 12700 BTU/DD.
The added loss is (309 ft 2)(.33)(24) = 2450 BTU/DD to account for the steady state solar wall loss
coefficient. The Solar Heating Fraction is calculated from the (unmodified) Building Loss Coefficient
as follows: 27.0 x 106

SHF = 1 - 0.47
(10250)(4944)

which have been listed in the literature.
Revised values of solar radiation will probably
be generated to reflect better knowledge of py­
ranometer calibrations and other factors. As
these numbers become available, more accurate
va1ues for Table I can be generated. It shou1 d
be noted however, that the accuracy of the
Solar Load Ratio Method itself does not depend
on the accuracy of the solar radiation data used,
since there was complete consistency between the
values of the hourly solar radiation used and
the monthly integrals of solar radiation.

EFFECT OF INTERNAL GENERATION IN THE BUILDING

Heat generated in the building, by people, lights
and equipment is effective in reducing the month­
ly load. This reduces both the auxiliary ener­
gy requirements and the monthly solar contri­
bution.

The original basis for defining the degree-day
base at 65°F was on the assumption that these
internal energy sources would raise the build­
ing temperature from 65°F up to the accepted
comfort standard of 72°F. This assumption can
still be made in using the results from this
section. namely, that the actual building
temperature would be several degrees greater
than the 65°F to 75°F band assumed in ·the
analysis.

However, experience has been that most people
now set their thermostat at lower levels. This
is especially true of people who live in passive
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solar homes because the effect of the warm sur­
rounding surfaces of these buildings increases
the mean radiant temperature within the space so
that one can be comfortable at a reduced air tem­
perature. In any case, a 65°F thermostat setting
seems more consistent with actual practice in the
winter than the ASH RAE standard value of 72°F.

The hour-by-hour analysis used to determine the
Monthly Solar Load Ratio curves did not provide
any internal energy in the building to account
for.that generated by people, lights and equipment.
The user of the method can correct for this by
subtracting the estimated internal energy genera­
tion from the monthly loads prior to computing the
monthly Solar Load Ratio. The effect of this would
be to increase the Solar Load Ratio, increase the
Monthly Solar Heating Fraction, and decrease the
auxiliary energy requirements.

VARIATIONS FROM THE ASSUtlED REFERENCE SYSTEMS

The monthly solar load ratio curves which have been
determined are for very specific reference systems
as defined in Table II. If it is desired.to esti­
mate the performance of the system which is dif­
ferent than one of these reference systems, then
it is necessary to make a correction. The most
reliable way of doing this is to refer to results
of hour-by-hour calculations which are made for a
specific system varying only the parameter of
interest. Quite a few such calculations have been
made by LASL and have been pUb1ished.3.~ These
describe the effect of water mass in a water wall,
the effect of using or not using the vents in the



Trombe wall. the effect of thickness of a Trombe
wall. and the effect of different therma1'~on­

ductivities of the material.

The recommended procedure is to make a calcula­
tion for the reference case and then to adjust
that value up or down.

EFFECT OF A REFLECTOR

A tremendous performance advantage can be
achieved through the use of a reflector to in­
crease the total amount ~f solar radiation on
the solar collection wall. A combination of a
reflector and night insulation was demonstrated
by Steve Baer in his Corrales home using water
walls. He used a fold-down door hinged at the
base with a reflective surface on the inner side.
The door was insulated so that when it was raised
it would reduce nighttime heat loss. When low­
ered during the day. the reflector augmentation
increased performance.

LASL has ta1cu1ated the performance increase to
be expected from the reflector. and has deter­
mined that the estimating procedure can accur­
ately· be separated into two steps. The first
step is to estimate the increase in solar radia­
tion transmitted through the south facing glaz­
ing. The second step is to use this informa­
tion in Monthly Solar Load Ratio calculation
to determine monthly performance.

The reflector geometry which was studied is as
follows: The size of the reflector is exactly
equal to that of the solar co11ection~wa11. It
is positioned horizontally in front of the solar
collection wall so that the edge of the reflec­
tor is against the base of the wall (as if it
were folded down from the wall. hinged at the
bottom). The end effects were calculated
assuming that the width of both the wall and
the reflector is equal to five times the height
of the wall. The reflectance of the material .
of the reflector was assumed to be 0.8. equi­
valent to that of the best commercial reflec­
tive materials available. (Reflectance of
normal shop-grade aluminum is approximately
0.6.)

The method used to calculate the reflector en­
hancement achieved was similar to that used to
calculate the ratio of vertical energy trans­
mitted to horizontal energy as described in
Step 2 of Method B. Hour-by-hour calcula­
tions were made for the 12 months of each year
for 10 locations., The angular effects were
calculated each hour as well as the effect of
the modified incidence angle on the collection
wall of the reflected beam. The energy trans­
mitted through the glazing was decreased by
the amount which would have been reflected

from a diffuse foreground with a reflectance of
0.3. which is the assumption which had been made
for all of the preceding calculations.

The ratio of the total monthly solar energy trans­
mitted with the refl ector to that without the re­
flector is plotted in Fig. 3. Again it was fo~nd
that the parameter L - Dwas an effective correla­
ting parameter for this ratio. A least-squares
fit of these data is given by the following
equation:

Enhancement = 1.0083 - .01787(L-D) + .001916(L-D}2

- 4.031 x 10-5 (L~D}3

+ 2.466 x 10-7 (L_D}4

which is the solid line shown on the figure.

If a reflector is used with a reflectance other
than 0.8. the enhanced values of solar radiation
can be computed from the above equation by assum­
ing that the difference between unity and the
calculated enhancement is proportional to the
reflectance.

DERIVATION OF THE CORRELATIONS

The method is based on a brute-force empirical
curve fitting approach using appropriate cor-;
relating parameters (the solar load ratio and
monthly degree-days) based on detailed hour-by­
hour computer simulation analyses from a wide
variety of climates and building loads. Thus
far. the method has been developed only for four
types of passive solar heating buildings all of
which fall in the category of thermal storage
wall s.

The method was first applied to active systems. l
In an active system the load is a separable quan­
tity unconnected to the solar heat supply. How­
ever. in most passive systems the thermal load
and the solar heat supply are inter-related.
It was determined. by trial and error. that if
the load were calculated to include the steady­
state load associated with the collector wall.
then the Solar Load Ratio (SLR) is an effective
correlating parameter. Consistent results were
only obtained by using this approach.

The basic assumption of the method is that the
monthly Solar Heating Fraction can be expressed
as a unique function of the SLR. independent of
either location or time of year. This is a rather
brash assumption considering the variability of
the weather in various locations and clearly one
cannot expect exact answers from such a broad­
brush approach.
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In order to test the hypothesis, hour-by-hour
computer simulation analyses were run for 29
different cities scattered throughout the U. S.,
Southern Canada, and three foreign locations.
Six different values of the Load/Collector
Ratio were chosen for each city so that the
total of 174 year-long calculations were made
altogether, representing a total of 1390 months
during the heating season. A plot of all these
results is shown on Fig. 4 for the case of a
Trombe wall.

In order to make such a calculation the system
had to be completely defined. A reference sys­
tem was chosen as indicated in Table II.

The data of Fig. 3 show a relatively good cor­
relation between Monthly Solar Heating Fraction
and Monthly Solar Load Ratio. The individual
plotting symbols shown on Fig. 4 identify the
city for which the calculation was made. A
list of these cities and their associated
plotting parameters are given in Table III.

The reason for the scatter in Fig. 4 is that
the assumption made is not quite correct. Two
months may have the same Monthly Solar Load
Ratio and yet actually have a different load,
a different amount of sunshine incident on
the wall and furthermore, the distribution of
sunny and cloudy days within the two months
may be entirely different. However, given
these disparities, it is encouraging to note
the total range of monthly solar heating frac­
tions is as small as observed.

A least squares fit could have been made through
the data of Fig. 4. Such a fit would give a
minimum rms error in the predicted Monthly
Solar Heating Fraction. However, it was de­
sired to obtain a minimum error in the annual
Solar Heating Fraction, not the monthly values.
In order to do this, a functional form was
chosen for the relationship between Monthly
Heating Fraction and Monthly Solar Load Ratio
as follows:

SHF = al (SLR) SLR < R

SHF = a - a e- a4 (SLR) SLR > R
2 3

such that the values are equal at SLR = R. The
values of the parameters in the function were
chosen to give a minimum least square error
in the annual solar heating fraction for the
174 s~mple years calculated. The resulting
functlon for a Trombe wall is shown plotted on
Fig. 4; the results on Fig. 5.

The values of the least-squares coefficients and
the standard deviation of annual SHF are as
follows:
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Case R al a2 a3 a4 cr--- --- ---
WW 0.8 0.5995 1.0149 1.2600 1.0701 .028

WWNI 0.7 0.7642 1.01 02 1.4027 1.5461 .026

TW 0.1 0.4520 1.0137 1.0392 0.7047 .024

TWNI 0.5 0.7197 1.0074 1.1195 1.0948 .023

.Discussion of Loads

Two coefficients have been used to describe the
he~t loss characteristics of the building: a
BUllding Loss Coefficient, used in Method A and
a Modified Building Loss Coefficient used to de­
t~rmine the Solar Load Ratio in Meth~d B. The
dlfference is the steady-state or static loss
coefficient of the solar wall in the absence of
~olar gains, 24 x Aw x Uw' The Modified BLC was
lntroduced only to facilitate the calculation of
the Solar Load Ratio, as discussed above.

Monthly heating degree-day values were used in
the correlation procedure because they are the
only indicators of heating load that are readily
available in most localities. The actual annual
auxiliary heating values used in calculating the
ordinant of Fig. 4 were the sum of the hour-by­
hour requirements from the simulation. Thus
the auxiliary will be accurately estimated
provided the user is consistent in calculating
loads in the same way that was used to determine
the correlations.

The Modified Monthly Load, which is the product
of the monthly degree-days times the Modified
Building Loss Coefficient, has no accurate
physical meaning. It is simply a convenient
intermediate parameter used in the calculation.

It is possible to distinguish between two solar
heat contributions from the solar wall: 1) the
e~ergy save~, and 2~ the.energy supplied. The
dlfference lS explalned ln the following para­
graphs. In this paper the energy saved is used
to define the solar heating fraction even though
it gives a lower value.

Sin~e the auxiliary energy is only required during
perl ods when the temperature inside the room is
actually at 65°F, the auxiliary energy require­
ments determined by the simplified method will be
a good estimate.

The actual solar energy supplied by the solar col­
lection wall will be greater than that estimated
by taking the difference between the annual degree­
day load and the auxiliary energy. The extra
solar heat is the amount used to maintain the
building above 65°F during a significant portion
of the year. Since it is the actual auxiliary



energy required which is the most important num­
ber to be estimated, it was felt that the
approach used was best.

TABLE III
WEATHER DATA USED FOR CORRELATIONS

In reality, the solar heated building will gen­
erally be warmer than the non-solar heated build­
ing, assuming that the thermostat is set at
65°F in both cases. The non-solar heated build­
ing will frequently rise above that value and
occasionally to 75°F, at which time it is as­
sumed that any additional energy is dumped (pre­
sumably by opening a window).
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City
Los Alamos, NM
El Paso, TX
Fort \~orth, TX
Madison, HI
Al buquerque, NM
Phoenix, AZ
Lake Charles, LA
Fresno, CA
Medford, OR
Bismarck, NO
New York, NY
Tallahassee, FL
Dodge Ci ty, KS
Nashvi 11 e, TN
Santa Maria, CA
Boston, MA
Charleston, SC
Los Angeles, CA
Seattle, WA
Li ncoln, NE
Boulder, CO
Vancouver, BC
Edmonton, ALB
Winnipeg, MAN
Ottawa, ONT
Frederickton, NB
Hamburg
Denmark
Tokyo

Symbol
(Figs. 3-4)

1
2
3
4
5
6
7
8
9
o
A
B
C
o
E
F
G
H
I
J
K
L
M
N
P
Q
R
S
T

TABLE II
REFERENCE PASSIVE SOLAR SYSTEMS USED FOR CORRELATIONS

Assumptions for both Method A and Method B:
Thermal Storage = 45 BTU/oF ft2 of glazing
Trombe wall has vents with backdraft dampers
Double Glazing (normal transmittance = 0.747)
Temperature Range in Building: 65°F to 75°F
Building Mass is Negligible
Night Insulation (when used) is R9;
5:00 p.m. to 8:00 a.m. 2

Wall to room conductance = 1.0 BTU/hr of ft
Trombe wall properties k = 1.0 BTU/ft hr of

pc = 30 BTU/ft3 of

Additional Assumptions for Method A:
Vertical, south-facing glass
Wall absorptance = 1.0
Ground reflectance = 0.3
No Shadings
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00 20 40 60 80
L-D, degrees

Fig. 1. The vertical/horizontal factor is the
ratio of the monthly solar radiation transmitted
through vertical south-facing double glazing to
the monthly total horizontal solar radiation.
L-D is the latitude minus the solar declination
at mid-month. Ground reflectance is 0.3 and is
diffuse. No shading is used.
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Fig. 3. The reflector enhancement factor is
the ratio of the monthly solar radiation
transmitted through vertical south facing
double glazing with a reflector to that with­
out a reflector. The reflector size is
equal to the window size and is horizontal
in front of the window: Reflectance is 0.8
and is specular.
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PERFORMANCE PARAMETERS FOR PASSIVE SOLAR HEATING SYSTEMS USING THERMAL STORAGE WALLS
Load Collector Ratio (BTU/DD-ft2) for particular values of Solar Heating Fraction (SHF)

SHF 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 :f~~~~~iC01a. SHF 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.1 0.2

1028 482
1375 649
916 458

1294 608

0.1 0.2

405 186
577 271
370 181
550 257

0.3 0.4

301 214
407 290
284 194
382 270

0.3 0.4

113 77
168 117
109 72
159 110

0.5' 0.6

161 125
221 175
140 103
202 154

0.5 0.6

55 40
87 66
49 34
79 59

8

0.9

32
53
24
42

0.9

35
56
25
44

0.9

28
48
21
37

0.9

69
102
49
80

0.9

8
22
7

17

0.9

10

8

0.9

16

13

11

14

0.8

18

16

65 48
97 75
51 36
82 61

0.7 0.8

69 51
102 79

54 39
86 64

0.7 0.8

57 42
87 67
45 32
73 54

0.7 0.8

129 98
182 141
100 73
152 114

0.7 0.8

23 15
42 32
18 12
36 26

0.7 0.8

6
23
6

21

0.7

24
7

22

12
31
12
29

0.&

97 75
138 109
84 61

127 97

0.5 0.6

210 166
283 227
179 134
258 199

0.5 0.6

43 31
69 54
38 27
64 48

0.5 0.6

20
43
20
40

0.5

11
31
12
30

31
59
31
56

0.4

18
42
20
42

48
86
50
83

0.3

29
61
33
61

322 204 145 110 85
444 281 203 155 123
313 194 133 95 70
240 266 189 142 108

0.2 0.3 0.4 0.5 0.6

333 212 152 116 90
457 292 211 162 129
326 202 139 100 73
435 276 197 148 113

0.2 0.3 0.4 0.5 0.6

285 179 128
397 249 180
279 172 117
376 237 169

0.2 0.3 0.4

573 374 272
760 500 365
548 351 245
717 467 339

0.2 0.3 0.4

136 83 58
207 129 91
138 83 55
198 123 87

0.2 0.3 0.4

185 83
299 139
182 86
290 135

0.1 0.2

120 51
219 100
129 59
216 99

700
956
635
906

0.1

731
1000
662
943

0.1

621
857
563
809

0.1

1147
1520
1059
1443

0.1

301
448
286
431

0.1

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

3O'N

Tampa,
Florida

683 DO

Atlanta,
GeOr9ia

2961 00

30'N

28'N

3O'N

Tallahassee.
Florida

1485 DO

1308 DO

1239 DO

Gainesville,
Florida

34'N

Bohe,
Idaho

5809 DO

44'N

l....,nt (ANL)
l111nois

42'N

6155 DO

0.9

29
49
21
38

0.9

15

12

0.9

29
49
21
38

18

14

0.9

11
26
9

21

0.9

50
77
36
60

0.9

10
25
8

20

7
22

6
18

0.8

44
69
33
56

0.8

43
68
33
56

0.8

11
26
9

22

0.8

21
39
16
32

0.8

72
107

54
87

0.8

19
37
15
31

13
29
11
26

0.7

60
90
47
76

0.7

59
89
46
75

0.7

17
35
14
30

0.7

30
52
25
45

0.7

97
139

75
117

0.7

29
50
24
43

0.6

77
112
63
99

0.6

24
44
21
40

0.6

42
68
36
61

19
38
17
35

0.6

78
114

64
101

0.5

100
142
87

130

0.5

33
57
30
54

0.5

57
89
51
82

27
49
25
'46

0.5

102
145
88

132

37
65
37
63

0.4

135
189
123
176

0.4

132
185
121
173

0.4

46
76
44
73

0.4

79
120

74
112

0.3

184
256
176
243

0.3

66
107

67
103

0.3

115
170
111
161

54
91
56
89

0.3

188
261
179
247

0.2

291
403
284
383

0.2

108
172
112
165

0.2

187
272
183
259

88
145

94
141

0.2

294
407
287
386

0.1

631
871
578
825

0.1

239
365
232
356

0.1

409
585
376
556

196
312
195
304

0.1

626
863
577
819

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

WW
WWNI
TW
TWNI

SHF

WW
~lWrH

TW
TWNI

SHF

WW
W'o/NI
TW
Ti/NI

WW
WWNI
TW
TWNI

SHF

37'N

Little Rock.
Arkansas

1458 DO

2502 00

Fresno,
California

35'N

Davis.
Cal ifornia

33'N

2492 DO

3219 DO

39'N

E1 Centro.
California

Phoenix.
Arizona

37'N

33'N

6632 00

Page,
Arizona

1765 DO

TABLE I:

32'N

Tucson,
Arizona

1800 DO

Inyokern. SHF
Cal ifornia

WW
3528 DO WWNI

TW
36'N TWNI

Los Ange1es. SHF
California

WW
2061' DO WWNI

TW
34'N TWNI

Riverside. SHF
Cal ifornia

WW
1803 DO WWNI

TW
34'N TWNI

Santa Ma ria. SHF
California

WW
2967 DO WWNI

TW
35'N TWNI

Granby. SHF
Colorado

WW
5524 DO WWNI

TW
40'N TWNI

Grand Junction. SHF
Colorado

WW
5641 DO WWNI

TW
39'N TWNI

Washington. SHF
D. C.

WW
4224 DO WWNI

TW
39'N TWNI

0.1 0.2 0.3 0.4 0.5 0.6

453 209 129 90 66 50
641 300 188 132 100 77
419 204 124 84 59 42
613 284 177 124 92 69

0.1 0.2 0.3 0.4 0.5 0.6

763 362 225 158 118 91
1032 498 310 219 165 131
687 344 213 145 103 75
979 464 291 205 153 116

0.1 0.2 0.3 0.4 0.5 0.6

767 356 224 160 121 94
1039 488 308 221 169 134

692 344 214 146 105 77
984 459 290 207 155 118

0.1 0.2 0.3 0.4 0.5 0.6

544 272 176 126 96 74
752 376 247 179 137 108
514 264 167 115 83 61
720 358 231 166 126 96

0.1 0.2 0.3 0.4 0.5 0.6

1% ~ ~ H ~ m
313 146 94 67 51 40
197 96 58 38 26 18
303 143 91 65 48 36

0.1 0.2 0.3 0.4 0.5 0.6

1~ n ~ H ~ m
317 150 95 67 51 39
201 97 58 38 26 17
310 145 91 64 48 36

0.1 0.2 0.3 0.4 0.5 0.6

179 79 47 32 22 15
292 135 83 58 44 33
180 85 50 32 21 13
285 131 81 57 41 31

0.7 0.8

37 26
60 46
30 20
52 38

0.7 0.8

70 52
103 80

55 39
88 65

0.7 0.8

72 53
106 82

56 40
90 67

0.7 0.8

56 41
86 66
44 31
73 54

0.7 0.8

14 8
31 23
12 7
27 19

0.7 0.8

13
30 22
11 6
26 19

0.7 0.8

9
25 18
8

22 16

0.9

16
32
12
25

0.9

35
57
26
45

0.9

36
58
26
46

0.9

27
4S
20
36

0.9

15

13

0.9

15

12

0.9

12

10

Indianapolis,
Indiana

5699 DO

40'N

Ames,
Iowa

6588 DO

42'N

Oodge City,
Kansas

4986 'DO

38'N

Manhattan,
Kansas

5182 DO

39'N

Lexington.
Kentucky

4683 DO

38'N

Lake Charles,
Louisiana

1459 DO

30'N

Shreveport.
Louisiana

2184 DO

32'N

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

0.10.2

136 58
239 109
142 65
235 107

0.1 0.2

117 50
215 99
127 58
213 98

0.1 0.2

214 99
335 160
214 104
327 154

0.1 0.2

165 74
274 128
169 80
269 125

0.1 0.2

143 63
246 114
148 70
242 112

0.1 0.2

522 239
730 338
481 237
695 322

0.1 0.2

361 166
524 245
340 167
500 234

0.3

33
67
37
66

0.3

29
61
33
60

0.3

61
101

63
97

0.3

44
80
47
78

0.3

36
70
40
69

0.3

152
214
146
204

0.3

104
154
103
148

0.4 0.5 0.6

21 14 7
46 34 26
23 14 8
45 33 24

0.4 0.5 0.6

18 11
42 31 23
20 12 6
41 30 22

0.4 0.5 0.6

43 31 23
72 54 42
41 28 20
69 51 38

0.4 0.5 0.6

30 21 14
56 42 32
30 20 13
54 40 30

0.4 0.5 0.6

24 16 10
49 36 28
25 16 10
48 35 26

0.4 0.5 0.6

109 82 63
155 119 94
100 71 52
146 109 83

0.4 0.5 0.6

74 65 42
111 85 67
69 49 35

105 79 60

0.7

19

17

0.7

18

16

0.7

16
33
13
29

0.7

8
25
8

22

0.7

21
5

19

0.7

48
74
38
63

0.7

31
53
25
45

0.8 0.9

14 9

12

0.8 0.9

12 8

11

0.8 0.9

10
25 17
8

21 14

0.8 0.9

18 12

15 10

0.8 0.9

15 10

13 8

0.8 0.9

3S 23
57 40
26 17
46 32

0.8 0.9

22 14
40 28
17 10
33 22
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TABLE I: PERFORMANCE PARAMETERS FOR PASSIVE SOLAR HEATING SYSTEMS USING THERMAL STORAGE WALLS (Cont.)
Load Collector Ratio .(BTU/DD-ft2) for particular values of Solar Heatinq Fraction (SHF)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

7
25 19
8

23 17

14

12

8

7
21
6

18

16 9
33 23
13 7
27 18

12
29
11
25

24
43
19
37

13

12

18
37
16
34

18

17

26
48
24
45

24
6

24

44 33
70 55
39 28
65 49

36
64
36
61

9
34
13
34

59
92
56
87

18
50
24
50

179 84 52
288 139 89
183 89 54
283 136 86

278 133 83
414 201 128
271 135 83
402 193 123

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

93 36
189 83
106 46
188 83

WW
WWNI
nI
nlNI

SHF

SHF

WW
WWNI
nI
'I\INI

WW
WWNI
'1\1
nlNI

SHF

36°N

Ithaca.
Now York

Los Alamos,
Now Mexico

35°N

4348 00

Albuquerque,
Now Mexico

6604 00

6914 DO

42°N

15

13

14

12

13

12

g
27 21
9 5

25 18

17

17

15
36
15
34

24
5

23

13
33
14
32

31 20
64 45
35 22
63 44

35 23
68 48
39 24
67 47

17 8
48 33
23 12
48 33

137 60
241 110
145 67
238 108

125 54
223 103
133 62
221 102

83 34
172 78

97 43
172 79

SHF

SHF

WW
WWNI
'1\1
'l\lN1

WW
WWNJ
'1\1
'I\IN!

WW
WWNJ
'1\1
'I\INJ

SHF

42°N

9769 00

5634 00

Bolton.
IIIssachusetts

47°N

Portland.
llline

7511 00

Cllrlbou.
IIIlne

"ON

East llnslng. SHF
Michl gin

WW
6909 00 WWNI

'1\1
43°N 'I\INI

Sault St. Marie. SHF
IItchlgan

WW
9048 00 IMII

'1\1
46°N 'I\INI

St. Cloud. SHF
Minnesota

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

111 46 25 15 8
208 94 57 39 29 22 16 11
120 54 30 18 10 4
206 93 57 39 28 20 15 10

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

100 40 21 11
193 87 53 36 26 19 13
110 49 26 15 7
192 87 53 36 25 18 13 4

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

96 39
189 85
108 48
189 86

21 11
52 36
26 15
52 36

13

12

18

17

0.6 0.7 0.8 0.9

24 17 11
44 35 26 18
21 14 9
40 30 22 14

24
6

24

0.5 0.6 0.7 0.8 0.9

17 11 5
38 29 22 16 10
17 11 6
36 27 20 14

0.5 0.6 0.7 0.8 0.9

21 14 9
43 33 25 18 12
20 13 8 4
40 30 22 16 10

0.5 0.6 0.7 0.8 O.g

9
33
13
33

0.1 0.2 0.3 0.4

147 64 38 25
250 117 72 51
152 71 42 26
247 114 71 49

0.1 0.2 0.3 0.4

165 74 45 30
272 129 80 57
169 81 48 31
268 125 78 55

0.1 0.2 0.3 0.4

84 34 18
174 79 48

98 43 23
175 79 49

0.1 0.2 0.3 0.4 0.5

237 107 66 46 33
367 170 107 75 57
231 112 67 44 30
354 165 103 72 54

WW
W\INI
'1\1
nlNI

6650 DD

43°N

SChenectady. SHF
New York

Greensboro, SHF
North Carolina

IIW
3805 DD WWNI

'1\1
36°N 'I\INI

Now York City. SHF
New York

WW
4871 DD WWNI

'1\1
41°N 'I\INI

Sayvill e. l. I. SHF
Now York

WW
4811 DD W\INI

'1\1
41°N nlrH

19 14

18 13

26
7

25

0.5 0.6 0.7 0.8 0.9

21 14 8
43 33 25 18 12
20 13 8
41 30 22 15 10

0.4

31
57
31
55

0.3

46
82
49
80

0.2

77
133
83

129

0.1

175
28'
177
281

WW
WWNI
'1\1
'I\INI

WW
WWNI
'1\1
'I\INI

SHF

46°N

ColUl1t>h.
Missouri

5046 00

39°N

8879 00

'llSgow.
Montana

8996 00

48°N

'rut Fills.
Montanl

7750 00

47°N

lincoln.
MebrlSkl

5864 00

41°N

Ely.
Mevlda

7733 00

39°N

lis Veges.
Nevldl

2709 00

36°N

Reno.
Mevada

6332 00

39°N

Selbrook.
New Jersey

4812 00

39°N

SHF

WW
WWNI
'1\1
'l\lN1

SHF

WW
WWNI
'1\1
'l\lN1

SHF

WW
WWNI
'1\1
'l\lN1

SHF

WW
WWNI
'1\1
'l\lN1

SHF

WW
IMII
'1\1
'l\lN1

SHF

WW
IMII
'1\1
'l\lN1

SHF

WW
WWNI
TIl
TIINI

0.1

168
277
171
272

0.1

143
246
149
243

0.1

175
288
176
280

0.1

172
282
178
277

0.1

448
632
414
603

0.1

192
307
192
298

0.1

163
271
167
267

0.2

75
130
80

126

0.2

63
115

69
112

0.2

77
133
83

129

0.2

80
134
86

131

0.2

209
300
205
284

0.2

88
145

93
141

0.2

72
126

78
123

0.3

44
81
47
78

0.3

37
71
40
69

0.3

45
82
48
79

0.3

50
85
52
83

0.3

130
188
126
179

0.3

54
91
55
89

0.3

43
78
46
76

0.4

29
56
30
54

0.4

23
49
25
48

0.4

30
57
31
55

0.4

35
61
34
59

0.4

92
134

85
126

0.4

37
65
36
62

0.4

29
55
29
53

0.5 0.6 0.7 0.8 0.9

19 12 6
41 31 23 17 10
19 12 7
39 29 21 14

0.5 0.6 0.7 0.8 0.9

14 8
36 27 20 14 8
15 9
34 25 18 12

0.5 0.6 0.7 0.8 0.9

21 14 8
42 33 25 18 12
20 13 8
40 30 22 16 10

0.5 0.6 0.7 0.8 0.9

25 18 12 6
47 36 28 21 14
23 16 10 6
44 33 25 18 11

0.5 0.6 0.7 0.8 0.9

68 52 39 28 17
1~ 00 ~ 48 33
60 43 31 21 13
94 71 53 39 26

0.5 0.6 0.7 0.8 0.9

26 18 12 6
49 37 28 21 13
24 16 10 5
46 34 25 18 11

0.5 0.6 0.7 0.8 0.9

20 13 8
41 31 24 17 11
19 12 7
39 29 21 15 9

Hatteras. SHF
North Carolina

W\I
2612 DO W\INI

nI
35°N nlNI

Raleigh. SHF
North Carolina

W\I
3393 DD W\INI

nI
36°N nlNI

Bismarck. SHF
North Dakota

WW
8851 ·DD W\INI

'1\1
47°N 'I\INI

Cleveland. SHF
Ohio

WW
6351 DD WWNI

'1\1
41°N 'I\INI

Columbus. SHF
Ohio

WW
5211 DO W\INI

nI
400 N nlNI

Put-In-Bay. SHF
Ohio

WW
5796 DD ;roN I

nI
42°N nlNI

Oklahoma City. SHF
Oklahoma

WW
3725 DD W\INI

nI
35°N TNNl

0.1 0.2 0.3 0.4 0.5

412 189 118 82 61
588 274 173 123 93
381 187 115 77 54
560 261 164 115 86

0.1 0.2 0.3 0.4 0.5

256 117 71 50 37
391 182 114 80 61
249 120 72 48 33
378 175 109 77 57

0.1 0.2 0.3 0.4 0.5

111 46 25 14 6
208 94 57 39 28
120 54 30 17 9
207 94 57 39 27

0.1 0.2 0.3 0.4 0.5

103 41 22 12
202 89 53 36 26
114 50 27 15 8
200 89 53 36 26

0.1 0.2 0.3 0.4 0.5

120 51 29 18 11
218 100 61 42 31
128 59 33 20 12
216 99 61 42 30

0.1 0.2 0.3 0.4 0.5

102 39 20 9

1~ M " H "
112 48 26 14 6

1~ ~ " H "

0.1 0.2 0.3 0.4 0.5

250 115 70 49 36
382 179 112 80 60
243 118 71 47 32
370 172 108 76 57

0.6 0.7 0.8 0.9

46 34 24 15
73 57 43 30
39 28 19 11
65 49 36 24

0.6 0.7 0.8 0.9

27 19 12 7
48 37 28 19
23 16 10 5
43 32 23 15

0.6 0.7 0.8 0.9

21 15 10

20 14

0.6 0.7 0.8 0.9

20 14 10

19 13

0.6 0.7 0.8 0.9

23 17 12
6

22 16 11

0.6 0.7 0.8 o.g

18 13

18 12

0.6 0.7 0.8 0.9

26 19 12 6
47 37 28 19
23 15 10 5
43 32 23 15

281



TABLE I: PERFORMANCE PARAMETERS FOR PASSIVE SOLAR HEATING SYSTE~1S USING THERMAL STORAGE WALLS (Cont.)
Load Collector Ratio (BTU/DD-ft2) for particular values of Solar Heating Fraction (SHF)

Astoria ,
Ore90n

5186 DO

46°N

Corvallis,
Ore90n

4726 DO

45°N

Medford,
Oregon

5008 DO

42°N

State College,
Pennsyl vanf a

5934 00

41°N

Newport.
Rhode Island

5804 DO

41°N

Charleston,
South Carolina

2033 00

33°N

Rapid City,
South Dakota

7345 00

44°N

SHF

WW
WWNI
TW
TWNI

SHF

ww
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWIll
TW
TWNI

0.1

207
322
205
315

0.1

224
352
217
341

0.1

188
306
186
296

0.1

117
214
126
213

0.1

150
256
156
251

0.1

442
624
407
594

0.1

149
253
155
249

0.2 0.3

98 59
158 99
99 59

152 95

0.2 0.3

96 57
158 97
100 58
153 93

0.2 0.3

83 49
139 86
87 50

136 83

0.2 0.3

50 28
98 61
58 33
97 60

0.2 0.3

66 40
118 74

74 43
116 72

0.2 0.3

204 127
295 184
202 124
279 176

0.2 0.3

67 40
118 74
73 43

116 72

0.4 0.5 0.6 0.7 0.8 0.9

39 26 17 9
69 50 37 27 19 11
38 25 16 9
65 47 34 24 16

0.4 0.5 0.6 0.7 0.8 0.9

37 24 16 9
67 48 36 26 18 11
36 24 15 9
63 45 33 23 16

0.4 0.5 0.6 0.7 0.8 0.9

31 20 12
60 43 32 23 16
31 20 12 6
57 40 29 21 14

0.4 0.5 0.6 0.7 0.8 0.9

18 11
42 31 23 17 12
20 12 6
41 30 22 16 11

0.4 0.5 0.6 0.7 0.8 0.9

27 19 12 7
52 39 30 ·23 17 11
27 18 11 7
51 37 28 20 14

0.4 0.5 0.6 0.7 0.8 0.9

90 67 52 39 28 18
1" 1~ ~ ~ ~ M
84 59 43 31 21 13

124 93 71 53 39 27

0.4 0.5 0.6 0.7 0.8 0.9

26 18 11 6
52 39 30 22 16 10
27 17 11 6
50 37 27 20 14

Flamin9 Gorge, SHF
Utah

WW
6929 DO WWNI

TW
41°N TWNI

Salt Lake City, SHF
Utah

WW
6052 DO WWNI

TW
41°N TWNI

Burlin9ton, SHF
Vermont

WW
8269 00 WWNI

TW
44°N TWNI

Pullman, SHF
Washin9ton

WW
5542 DO WWNI

TW
47°N TWNI

Richland, SHF
Washin9ton

WW
5941 DO WWNI

TW
47°N TWNI

Seattle, SHF
Washin9ton

WW
4424 DO WWNI

TW
48°N TWNI

Spokane. 5HF
Washi n9ton

WW
6655 DO WWIll

TW
~oN TWNI

0.1

170
277
173
272

0.1

192
308
190
299

0.1

80
171
94

172

0.1

178
291
175
282

0.1

179
293
176
285

0.1

219
346
211
333

0.1

149
255
151
251

0.2

79
132
84

129

0.2

86
143

91
140

0.2

30
75
41
77

0.2

78
134

81
130

0.2

77
133

80
130

0.2

93
154

95
149

0.2

63
116
68

114

0.3

48
84
50
82

0.3

52
90
54
87

0.3

15
46
21
46

0.3

44
82
46
79

0.3

43
81
45
78

0.3

52
93
54
89

0.3

34
70
38
68

0.4

33
60
33
sa

0.4

35
63
34
60

0.4

31
11
31

0.4

27
56
28
53

0.4

25
54
27
52

0.4

32
62
33
59

0.4

20
47
22
45

0.5

23
45
22
43

0.5

24
46
23
44

0.5

23

22

0.5

17
40
18
37

0.5

15
38
16
36

0.5

20
44
20
41

0.5

10
33
13
32

0.6

16
35
15
32

0.6

16
35
15
32

0.6

17

16

0.6

9
29
10
27

0.6

7
27
9

26

0.6

11
31
12
29

0.6

23
6

22

0.7

10
27
9

24

0.7

10
27
9

24

0.7

12

11

0.7

21

19

0.7

19

18

0.7

22
6

20

0.7

17

16

0.8

5
20

5
17

0.8

19
4

17

0.8

8

0.8

14

13

0.8

13

12

0.8

15

13

0.8

11

10

0.9

13

11

0.9

12

10

0.9

0.9

0.9

0.9

8

0.9

385 184 115 82 61 47 35 25 16
548 267 169 121 93 73 57 44 31
362 182 113 76 54 39 28 19 12
527 253 161 115 86 65 49 36 24

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.4 0.5 0.6 0.7 0.8 0.9

547 253 159 114 86 66 50
762 355 224 162 124 98 78
501 248 154 104 75 54 40
722 337 213 152 114 87 66

0.4 0.5 0.6 0.7

76 57 43 32
115 87 69 54

71 50 36 26
108 81 61 46

0.4 0.5 0.6 0.7

0.9

0.9

0.9

13

10

0.9

0.9

4

12

10

0.9

0.8

19
4

16

0.8

10

8

8

0.8

19
4

16

0.8

11

10

0.8

0.8

0.7

8

16

14

0.7

9
26
9

23

0.7

10
26

9
23

0.7

15

14

0.7

12

12

0.7

14

14

13

14

0.6

17

17

0.6

0.6

21

19

21

20

0.6

15
34
14
31

0.6

15
33
14
30

0.6

20

20

20

20

0.5

0.5

24

24

0.5

29
7

29

31

31

0.4

7
33
13
33

0.4

14 6
38 27
16 9
37 27

0.4

14 7
38 28
17 10
38 27

0.4 0.5

32 22
58 44
32 21
56 41

0.4 0.5

31 22
56 43
31 21
55 41

0.4 0.5

0.3

47
82
49
80

0.3

44
79
47
77

0.3

48
20
48

0.3

17
49
23
49

0.3

0.3

27
73 44
37 18
74 44

34
83
42
83

0.2

35
81
45
82

0.2

0.2

44 24
92 56
53 29
92 56

0.1 0.2

163 76
267 129
168 81
264 126

0.1 0.2

157 72
263 124
164 79
259 1<2

0.1 0.2

74
162
88

164

93
184
102
184

0.1

91
185
103
184

0.1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.1

108
206
119
204

103 42 23
198 89 55
114 51 28
197 89 55

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWIII
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

WW
WWNI
TW
TWNI

SHF

45°N

laramie.
Wyomin9

7381 00

43°N

Toronto,
Ontorio

500 N

41°N

Winni peg,
Hanatoba

43°N

7863 00

lander,
Wyomin9

7870 00

6827 DO

44°N

Edmonton.
Alberta

8735 00

10679 DO

Ottawa,
Ontario

10268 00

54°N

Hadi son, SHF
Wi sconsin

15

12

18
34
13
27

0.9

14
29
10
23

0.9

8
23
7

19

37 24
60 42
28 18
49 33

28
48
22
40

0.8

23
41
18
34

0.8

39
63
31
54

13
30
11
27

0.7 0.8 0.9

12 6
29 21 14
6

25· 18 11

0.7 0.8 0.9

117 88 60
165 127 90

91 66 44
140 104 71

0.7 0.8 0.9·

52
80
44
72

28 20
51 39
26 18
48 36

0.5 0.6

26 18
48 37
24 16
46 34

0.5 0.6

194 151
265 209
165 123
238 183

0.5 0.6

0.3 0.4

54 36
92 64
56 36
89 62

0.3 0.4

348 254
465 342
324 226
435 315

0.3 0.4

129 92 69
187 134 103
125 85 60
178 126 94

0.2 0.3

227 99 59 40
355 161 98 68
219 103 61 39
343 155 95 66

0.1

0.1 0.2 0.3

364 171 108
526 251 159
344 171 106
503 239 152

0.1 0.2 0.3

0.1 0.2

204 90
325 149
201 95
315 145

0.1 0.2

1052 526
1399 700
976 506

1330 664

0.1 0.2

431 205
608 295
402 202
582 279

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TIl
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWNI
TW
TWNI

SHF

WW
WWlll
TW
TWIll

WW
WWNI
TW
TWNI

SHF

San Antonio,
Texas

36°N

Oak Ridge,
Tennessee

32°N

2591 00

Midland,
Texas

33°N

1546 00

Fort Worth,
Texas

300 N

3578 DO

2405 DO

2700 DO

32°N

Nashville,
Tennessee

3817 00

36°N

600 DO

Brownsville,
Texas

26°N

El Paso,
Texas
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