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III. ABSTRACT

Building orientations in a hot-arid climate were studied using Calpas3. The results

are analyzed in terms of annual energy consumption. An existing residence and several

variations were simulated using weather files for both Tucson and Phoenix, Arizona. The

selected variations comprise a representative sample which demonstrates that orientation may

not be as significant a factor in a building's thermal performance as the literature suggests.

There is a general range between 25-35° of either side of due south in which the thermal

performance of a building is satisfactory; however, the effect of orientation is related to all

of the building's characteristics. Of these characteristics, glazing area and location play the

greatest role when analyzed by a simulation program which measures heat gain and loss

across the building envelope. Variations in local climatic conditions can also have a

significant effect on the thermal performance of a building.
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IV. INTRODUCTION

Building Orientation has long been considered a significant factor in energy-efficient

design. Since it is a strategy that generally does not impact the cost of a building, orientation

is usually one of the first considerations when designing an energy-efficient building. But how

does an architect know which is the optimal orientation for any given building? The most

widely known reference is Victor Olgyay's 1963 publication "Design with Climate". Recently

revised and republished (Olgyay, 1992), this book provides a basic description of how

buildings interact with the climate in which they are situated. Accompanying this description

is a series of specific strategies, including orientation, for optimizing the performance of a

building. These recommended strategies are based on research conducted by Victor Olgyay

and his brother, Aladar. Since 1963, numerous other publications have been written on the

topics of energy-efficient design and designing with the local climate. All of these works

address the issue of building orientation; however, the majority of them refer to Olgyay in

their recommendations. His ideas have been widely accepted.

The recomendations presented by Olgyay are based on a series of calculations. Heat

transfer formulas were utilized to determine the energy load on a building with a given set of

conditions. Olgyay selected cities representative of the four U.S. climatic regions delineated

in his adaptation of K6ppen's world climate regions (figure 1). By modifying different

parameters of the building, such as orientation, building forms, shading devices, air flow

patterns, and building materials Olgyay determined the 'optimal' building configuration and

community layout for each of the four climatic regions.
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Designing buildings for their climatic region is an important aspect of energy efficiency

and sustainable design. On a very general level, utilizing published strategies anywhere within

a given region should produce positive results. The problem with this approach is that there

are significant localized climatic differences within the larger climatic regions. Blindly

applying design strategies to a building without understanding the specifics of the local-scale

climate could produce disappointing results.

Little literature exists which analyzes the results of utilizing recommended strategies

in terms of actual energy savings of the building. Additionally, not much attention has been

given to the effects of variations within the four regional climates. Localized climatic effects

may potentially have a significant influence on the thermal performance of a building. As a

result, the local climate may suggest that a standard design strategy will either be ineffective,

or have a negative thermal impact on the building. This thesis attempts to quantify, in terms

of annual energy consumption, the effects of different building orientations and local climatic

characteristics on thermal performance of a building.

This thesis draws from Olgyay's work and that of others. Widely published strategies

for designing for the local climate are tested by modelling a house using the computer

simulation program Calpas3. To model the house, a "base" house was generated. Variations

of the house were then created to study the influences of the following factors in conjunction

with building orientation: the coefficient of absorptivity of the wall surface, the shape of the

building, and the glazing area and location. High mass and low mass versions of each

variation were created to test whether these two construction types, both typical in the
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southwestern United States, perform similarly under identical climatic conditions. A

computer simulation for each variation of the house was then generated with Calpas3 in eight

different compass orientations. The results of these simulations were analyzed to determine

the significance of the building's orientation on the thermal performance. In addition, the

impact of climatic variations within the hot-arid climatic region was tested to determine the

limitations of the generalized strategies. Each variation of the house was simulated for

conditions in both Tucson and Phoenix, Arizona.

Finally, the results of the above computer simulations are examined in the context of

current energy codes and mortgage incentive programs. A model energy code will be in

effect in Tucson and other parts of Arizona in the near future. In addition, mortgage

incentives are now available for those with proof of an energy-efficient home design.

Compliance with the standards for the energy codes and mortgage incentives generally

requires specific measures to be incorporated into a home. These measures, which include

characteristics of the building materials as well as efficiency ratings for mechanical, plumbing,

and electrical equipment, tend to be based on east-coast construction standards and climatic

characteristics. There are no basic provisions for strategies such as sleeping porches and

nighttime ventilation, which are very effective in an arid environment because of the large

daily diurnal temperature swing. Instead the burden is on the architect to document that

creative design strategies such as this comply with the energy requirements of the code or

mortgage company.
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The requirements of the codes and mortgage incentive programs also make little or

no provision for climatic differences within a given jurisdiction. Specific site location is

generally not a factor in the compliance equations. If the energy loads for different locations

within a jurisdiction differ, then alternative design strategies might be appropriate. Once

again, the codes and incentive programs provide blanket guidelines and requirements. It is

up to the architect to document that anything but the basic solution will comply. This

examines the qualification requirements of the local codes and mortgage incentive programs

with respect to local climatic influences, and discusses the implications of the current methods

for compliance.
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V. BACKGROUND ON BUILDING ORIENTATION AND CLIMATE

Building Orientation for Optimal Thermal Performance

Generally, the placement of a building on a site is in response to a number of

conditions and requirements. These conditions and requirements can include access,

topography, views, proximity to specific elements on the site, and climatic conditions. The

specific orientation of the building will affect the thermal load on the building. Determining

the optimal orientation can be complicated, though. The quantity of solar radiation on the

facades will affect the heat gain of the building. The relationship between the direction of the

prevailing winds and the building orientation will affect the ventilation of the building (Givoni

1976). As Givoni points out, the optimal orientation for solar radiation may not be optimal

for ventilation. The designer must weigh the benefits and drawbacks of designing for each

of those conditions and then determine the ideal building orientation for the specific situation.

Publications ranging from architectural design resources to textbooks on climatology

(Aronin, 1953; Geiger, 1965; Givoni, 1976; McClenon, 1977; Sealy, 1979; Waston and

Labs, 1983; Cook, 1984) address the issue of siting a building as a response to local climatic

conditions. Much of this literature is theoretical in nature and references the work of Victor

Olgyay conducted in 1963. Olgyay's recommendations are based on human comfort and

climatic data, and are supported by empirical data from solar radiation and heat transfer

calculations (Olgyay, 1992). Olgyay and Olgyay developed the "sol-air" method for

determining the optimal building orientation. This method analyzes solar radiation in
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conjunction with air temperature. The orientation which provides the greatest solar radiation

in the underheated period and the least amount of solar radiation in the overheated period is

considered the optimal building orientation. For Phoenix, Arizona Olgyay has determined

that the optimal building orientation for Phoenix is with the long axis of the building facing

25° east of due south, and that any orientation between due south and 35 0 east of due south

is acceptable (Olgyay, 1992).

Subsequent research of solar radiation has been conducted (Cook, 1975; Balcomb,

et. al., 1984; Lumsdaine, 1979) with similar results. These studies are also theoretical in

nature. Solar radiation on various building surfaces are calculated, and heat gains and losses

are then determined with heat transfer calculations. The resulting optimal orientation varies

between studies, but all of the authors recommend an orientation which is within a few

degrees of Olgyay. All 'optimal' orientations are either due south or east of south.

This thesis expands on the prior research by quantifying the effects of solar radiation

and building orientation in terms of energy consumption. Computer simulations of a

particular house provide information on actual annual energy consumption required to

maintain a comfortable indoor environment. Changes in energy consumption as a result of

different building orientations are analyzed to verify the validity of Olgyay's assertion.

The Relationship of Building Characteristics and Local Climate to Thermal Performance

For the purpose of this thesis, thermal performance is defined as the ability of a

building to maintain comfortable interior living conditions. It is measured in terms of kBtu's
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of energy required to maintain that comfort level. The thermal performance of a building is

related to the following factors in conjunction with orientation: building materials,

absorptivity of the walls and other building surfaces, building shape, area and location of

glazing, and local climatic conditions. The ensuing descriptions are an accounting of the more

notable studies which have been conducted to ascertain the nature and scope of the effects

of these factors.

Givoni (1976) has examined the effects of wall absorptivity. He states that "in the

absence of solar radiation, the temperature patterns of wall surfaces in any orientation are

more or less parallel to that of the outdoor air..." (Givoni, p. 219). He goes on to say that

when exposed to any type of solar radiation (direct, diffuse, or reflected), those same surfaces

will experience an increase in temperature. The magnitude of the increase is proportional to

the quantity of radiation absorbed. This assertion is supported by the results of a study

conducted at the B.R.S. in Haifa. This study involved conducting heat transfer calculations

on a building in which the coefficient of absorption of the exterior walls was varied. Givoni

concluded that the coefficient of absorption has a significant effect on the heat transfer

through the wall. This effect is particularly evident in lightweight curtain walls. Based on this

study, Givoni maintains that "the thermal effect of orientation is meaningless unless

reference is made to the external colour (absorptivity) of the surfaces in question" (Givoni,

p.219).

The effects of building shape have been determined largely by studies of the

proportions of a rectangle. General principles about optimal building shape for a specific
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climate are derived from the results of those rectangle studies. Olgyay's research and

recomnrendations (1992) are representative of the existing literature. For a hot-arid climate,

Olgyay has determined that the optimal rectangular proportions of a building are 1.3:1 with

the long axis in the east-west direction. Olgyay has also identified a range of "elasticity", in

which the performance of the building is considered acceptable. For the hot-arid region, the

upper limit of this range of elasticity is 1.6:1. Finally, Olgyay asserts that a square shape is

not optimal in any climatic region.

There is a large literature regarding glazing and thermal performance of a building.

This literature includes both prescriptive codes, and documented studies. Energy codes are

becoming more prevalent. In Tucson, the Model Energy Code is proposed for adoption

within the year. The code requires a minimum R-value for the entire wall system, including

windows. The allowable area for glazing is then a function of the R-values of both the walls

and the glazing. For a typical low mass house, constructed of 2x6 wood studs with R-19

insulation and single glazing, the code allows for the use of 12% of the wall area for windows.

The Energy Code requirements for a high mass adobe house are unclear in the current version

of the proposed code.

Contrary to the codes, which limit the glazing area, Watson and Labs (1983)

conducted a study which documents the benefits of glazing. Watson and Labs illustrate that

south-facing glazing can be advantageous because it effectively turns the building into a solar

collector. The magnitude of this effect varies by the quantity of the glazing and the location
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of the building For a building located in Phoenix, Arizona, south-facing glazing equal to 6%-

12% of the floor area will reduce the annual heat load by 37%-60%.

"...microclimatic variations even within the same general
climatic zone must be taken into account as these can have
significant effects on building design" (Van Straaten, 1967)

Olgyay and others (Givoni, 1976; Watson and Labs, 1983; Lechner, 1991)

recommend design strategies for buildings within the delineated climatic regions. Olgyay has

divided the United States into four climatic regions. He has selected representative cities for

each of those regions and used these four cities to illustrate his assertions and

recommendations. The hot-arid region is represented by Phoenix, Arizona. It is important

to note that variations within those regions may also affect the thermal performance of a

building. This is illustrated by examining the conditions in both Tucson and Phoenix.

The city of Tucson is documented at an elevation of approximately 2,600' above sea

level. This is based on the location of the official weather station at Tucson International

Airport. Sites throughout the city, however, range in elevation from 2200' at the edges of

sorrr of the arroyos to 3300' at the mountain edges of the foothills. This range represents a

difference of 1100' of elevation across the city. The mountains and arroyos create a large

number of microclimates which are scattered throughout the city (Kirby and Sellers, 1987).

The official weather station for Phoenix is located at Sky Harbor International Airport.

The official elevation for Phoenix is listed as approximately 1200' above sea level. Phoenix

does have somt arroyos as well as foothill developnrnt on Camelback Mountain. The overall
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topography is very different, though. The variation in elevation, at about a 300', is much less

than that of Tucson.

The differences in the elevations of the two cities, as well as the differing local climatic

regions in which the two cities are located, suggest that the thermal performance of a building

will be different in these two cities. This assumption is supported by the fact that Tucson

typically has summer temperatures from 30 to 6°F cooler than Phoenix, and in the winter,

Tucson is typically a few degrees cooler. According to Jeff Cook (1984), both the ASHRAE

summer and winter design dry bulb temperatures and the number of summer cooling hours

which are over 80° differ for Tucson and Phoenix.

Climatic Components Affecting the Thermal Performance of A Building

The thermal response of a building is determined by heat gains and losses through the

several structural elements. These structural elements include the roof, floor, walls, and

windows. Internal heat loads and rate of ventilation also affect the thermal response of a

building. The actual heat gains and losses are a function of the physical and thermal

properties of those structural elements, such as absorptivity and conductivity. (van Straaten,

1967) Ultimately, the thermal performance of a building is affected by occupant behavior and

the following climatic factors: solar radiation, cloud cover, atmospheric conditions, air

temperature, humidity, wind, precipitation, and evaporation.

In Southern Arizona, the climate is greatly influenced by solar radiation. Receiving

approximately 90% of possible sunshine, southern Arizona has more annual sunshine than
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virtually all other parts of the United States. According to Givoni (1976), the amount of solar

energy actually reaching the earth is dependent upon the quantity of both clouds in the sky

and particulates of dust, carbon dioxide, and water vapor in the air. Typically, in desert

regions cloud cover is low and air particulates are minimal. Consequently, both the intensity

of solar radiation and re-radiation to the sky are relatively high. This results in high daytime

temperatures and low nighttime temperatures, with a daily diurnal temperature swing

averaging 20 0 to 30°F which occurs year-round.

During the day, the high temperatures and intensity of the solar radiation in Southern

Arizona combine to produce a high sol-air index. The "Sol-Air" approach to determining

optimal building orientation was developed by Olgyay and Olgyay in 1954. This approach

recognizes and responds to the notion that solar radiation and air temperature work

collectively to produce one overall sensation of heat in the human body. This sensation is

identified as the sol-air index (Olgyay, 1992). This sol-air index is crucial when determining

the thermal impact of the suns rays. It is used to determine the optimal orientation of a

building for a given site.

The sol-air method can be used to maximize the thermal performance of a building.

In addition, the daily diurnal swing in an arid environnent allows for specific design strategies

which can improve the thermal performance of a building. Sleeping porches and other

outdoor spaces would not be desirable in other climates, but are highly effective in a hot-arid

climate. These strategies can both reduce the amount of conditioned space and modify

temperatures around the building enclosure.
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Regional Climatic Variations

World climatic regions have been defmed and studied extensively, and numerous

classifications systems and delineations exist. The classification system most widely employed

is that of Wladimir K6ppen. K6ppen's 1931 classification system, based on the climatic

factors and vegetation communities, delineates five major climatic regions: arid, hot-humid,

temperate-humid, cool-humid, and polar. In the context of architecture in America, a

majority of the publications which discuss climate reference the 1963 work of Olgyay, who

uses a modification of K6ppen's classification system and delineation. Olgyay's system divides

the North Anrrica into the following four regions: hot-arid, hot-humid, temperate, and cool

(figure 1). This delineation is generally accepted in the architectural community.

A more detailed delineation than that of Olgyay would allow for consideration of local

climatic variations within the larger zones. Those variations might affect how Olgyay's

strategies are best applied. The specific classification system utilized is not as important as

the understanding that within large climatic regions there exist great climatic variety. To

design with the climate successfully, an architect must first understand the characteristics of

the general climatic in which the building will be located. Second, the architect must be

familiar with local climatic variations.

The climate map of North America utilized by Olgyay places Tucson and Phoenix in

the same hot-arid region, along with a large percentage of the southwestern United States.

A study by Reeves and Hecht (1981), however, illustrates that the climate within Arizona is

actually quite diverse. The study describes four different classification systems, each with a
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Figure 1. Olgyay's Climatic Zone Delineation for the North America
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distinct objective, and unique resulting delineation. The authors demonstrate, though, that

when the four maps are compared, there are significant similarities. These similarities are

exemplified by a review of Tucson and Phoenix which, in three of the classification systems,

are in different climatic regions. Even the Klippen classification applied to Arizona (figure

2) places Phoenix within the arid region, while Tucson is on the border of the arid and semi-

arid regions.

Each building site has unique climatic characteristics which vary by season and time

of day. There are numerous localized climatic effects which may be present on a given site.

These effects can include evaporation, transpiration, and different types of wind patterns.

These microclimates are predominantly due to solar orientation, wind exposure, moisture,

surface reflectance, and terrain-specific wind patterns. Proper siting of a building in response

to both local climatic conditions and microclimates within the site can greatly affect the

thermal performance of the building. Architects must have a basic understanding of these

localized climatic effect to produce buildings which truly respond to the climate.
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Reprinted by permission of the author from Arizona Atlas by Melvin E. Hecht
and Richard Reeves, p. 63. Department of Geography and Regional
Development and Office of Arid Land Studies, University of Arizona, 1981.
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VI. METHODOLOGY

In a study where computer simulations are utilized, it is vital that the results from the

computer be validated. The Kliman residence was selected for use in this study because of

the availability of data on the actual energy consumption and cost. While the house is not

'ideal' in terms of layout and window locations, the concrete data allowed for the comparison

of the computer predicted results with real conditions. Those comparisons subsequently

established that the simulations were valid. The Kliman residence is exemplary of typical tract

homes, where each house is located according to the layout of the development and the

window locations may or may not be optimal. The modifications made to the physical

parameters of the Kliman residence for this thesis provided a representative sample from

which some basic conclusions could be derived about the effects of building orientation on

thermal performance.

The Kliman Residence

The Kliman residence (figure 3), located in Tucson, Arizona, is a typical ranch-style

house. This residence is a masonry home constructed in 1956 in accordance with standard

construction methods of the time. The house is a 44'-0" long by 28'-0" wide rectangle with

1,126 net square feet. The house is oriented with the length in the east-west direction, the

front of the house facing due south. The foundation consists of a 4" concrete slab on grade

with turn-down footings. This foundation supports the exterior walls, which are constructed
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Figure 3. Floor Plan of the Kliman residence
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of 8" burnt adobe brick with a 3/4" coat of plaster applied directly to the interior face of the

brick. The windows are the steel casement type, with a mixture of fixed and operable sections

and single-pane glazing. All interior walls are constructed of 2x4 wood studs with a lath and

plaster finish. The roof is constructed of 2x8 rafters which are supported by the exterior

masonry walls and a central beam running the length of the house. There is 4" of batt

insulation between the rafters, and the underside is finished with lath and plaster, creating

vaulted ceilings. The roof itself is a standard built-up system with a pea gravel finish. The

rafters create a continuous l'-8" overhang on the north and south sides. On the east end of

the north side there is a 21'-0" porch which has an 8'-0" overhang. The south side has an 8'-0"

wide by 10'-0" deep porch at the front door. The house is heated and cooled by a central

system which consists of a split unit 12 seer air conditioner and a forced air gas furnace which

utilizes natural gas. This equipment is approximately 2-1/2 years old. In addition, there is a

rooftop evaporative cooler of unknown age which is utilized in the spring and fall.

The house is surrounded by predominantly desert vegetation. The south and west

sides of the house have decomposed granite and the vegetation consists of native or desert

adapted low water-use plants. The south wall has a pyracantha hedge which extends almost

the full length of the house and is present along but under all of the windows. Adjacent to

the east wall is concrete walk. The north side of the house has a mixture of adjacent ground

surfaces. The west half of the yard is grass, while the east half has a concrete tile patio

connected to a concrete porch.
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The house is currently occupied by a young couple with no children and one indoor

cat. Both occupants are full-time graduate students and also work between 30 and 50 hours

per week. The number of hours and times during the week which the house is occupied

varies greatly. The internal heat gain and thermostat settings have been modelled as to reflect

these habits as closely as possible.

Kliman Residence Validation

The thermal performance of the Kliman residence was simulated using the Calpas3

program. Specifics on the construction of the home and the lifestyle patterns of the residents

were used for the input. The home was modelled with the use of the air conditioning and

heating only. The evaporative cooler was excluded from the simulations for simplicity. In

order to validate the simulation, actual energy consumption for cooling and heating was

determined by examining utility bills for 1993, a year when no evaporative cooling was

utilized by the residents. In order to compare the utility bills to Calpas3, the bills were first

totalled to determine the amount of electricity and natural gas consumed during the year

(table 1). The electricity and fuel usage for appliances was then subtracted from the totals

to determine the amount of energy consumption for cooling and heating (table 2). In

addition, an energy audit was performed by a representative of the local electric power

company. The results of the energy audit confirmed the annual kilowatt-hour usage for

appliances and cooling. Results of the Calpas3 simulation were validated by comparing the

predicted energy usage to the actual energy consumption and cost (Table 3).
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Actual Energy Consumption
-

Month Fuel Electricity
Therms I Cost kWh I Cost

1993 January 66 41.11 610 51.73
February 55 34.26 490 42.52
March 28 17.44 430 37.91
April 11 6.85 490 42.52
May 11 6.85 930 85.92
June 8 4.98 1350 123.03
July 11 6.85 1750 158.37
August 9 5.61 1680 152.19
September 12 7.47 1250 114.88
October 10 6.23 1020 94.85
November 32 17.67 650 55.42
December 76 47.34 570 49.21

I	 Total 329 I 202.66 11220 11008.55

Note: Fuel cost have been adjusted to remove a basic monthly surcharge of $5.50 and fuel
adjustment charges by the gas company. Electricity costs have been adjusted to
remove all tax and assessment charges.

Table 1. Kliman Residence Actual Energy Consumption for 1993

Heating
kBtu Cost

Total Annual Therms 329.00 Total Annual Cost $202.66
- Therms for Appliances 123.00 - Cost for Appliances $77.00
= Therms for Heating 205.54 = Cost for Heating $126.00
Therms x 100 = kBtu 20557.00

Cooling

kWh Cost
Total Annual kWh 11220.00 Total Annual Cost $1,008.55
- kWh for Appliances 6480.00 - Cost for Appliances $559.00
= kWh for Cooling 4740.00 = Cost for Cooling $450.00

Table 2. Kliman Residence Breakdown of Energy Consumption and Costs for 1993.
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Calpas3 Prediction
for Annual

Consumption

Actual Annual
Consumption

1993

Predicted %
of Actual

kWh;, I	 Cost kWhkBtu I	 Cost kWh; kBtu Cost
Electricity 4232 377 4740 450 89% 84%
Fuel 24549 147 20557 126 119% 117%

Table 3. Validation of Calpas3 Prediction for Kliman Residence

As indicated in the table, the predicted electrical use is 11% less than the actual use

for 1993 and the predicted fuel use is 19% higher than the actual use for 1993. These values

are considered acceptable. Although the actual cooling load was lower and the actual heating

load was greater than those predicted, the differences between predicted and actual energy

consumption can be explained by the following conditions: differences in the 1993 weather

as compared to the 25 year average; variations in actual living patterns of the occupants

compared to those simulated; and transitional months where the weather was such that no

heating or cooling was utilized --the occupants tolerating temperatures outside specified

parameters-- but for which Calpas3 used heating or cooling to compensate.

This validated simulation of the Kliman Residence is the benchmark for the

simulations conducted in the orientation study. Although developers have become more

responsive to energy conservation issues, homes are still placed according to the overall

layout of the tract. The majority of tract developments are laid out for the efficiency of the

lots, not the efficiency of the homes. As a result, there is no guarantee that the glazing on a
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individual house will have the optimal orientation. Construction methods have changed since

1956, however. To address these changes, some modifications have been made to the

control house to determine more accurately how orientation affects a house which is

constructed by today's standards. In the southwestern United States, houses are being

constructed as either high mass with little or no insulation --such as thick adobe-- or low mass

with r-19 insulation - such as a 2x6 frame house. The Kliman residence was modified to

create both a high mass and a low mass version of the house. The purpose for this is to

determine whether there is a difference in thermal performance of a high mass and low mass

house in various orientations.

High Mass Base House

The high mass house is identical to the Kliman Residence except for the wall

construction. The high mass walls are constructed of 16" thick adobe. Glazing types vary

greatly from one builder to another, with a large portion of homes still being constructed with

single pane glazing. The windows are not altered in the high mass house for this reason.

Roof systems also come in many types. The built-up system on the Kliman residence is still

prevalent among newly constructed homes. Insulation in the roof tends to have a slightly

higher R-value than that in the Kliman residence (typically at least r-19, not r-11), but there

is no industry standard. The entire roof system, therefore, is left intact in order to minimize

the number of variables in the study.
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Low Mass Base House

The low mass house, like the high mass house, is identical to the Kliman Residence

except for the wall construction. In the case of the low mass house, the walls are constructed

of 2x6 wood studs with R-19 batt insulation between the studs. The inside is finished with

1/2" gypsum board. The outside of the walls in finished with a standard three coat stucco

system, which is about 3/4"-7/8" thick. For the same reasons noted above in the description

of the high mass house, the glazing and roof systems are unchanged from the Kliman

Residence.

Building Orientation

To determine the effects of orientation on the thermal performance of a building, some

base orientations have been selected. Since Olgyay's work is the most commonly cited

reference, his recommendations are the primary orientations tested. First, the optimal

orientation for Phoenix of 25° east of south was simulated. Second, consideration was given

to what Olgyay considers the range of acceptable building orientations for this climate. His

eastern limit of 35° east of south for this acceptable range is also included in the simulations.

Western orientations were also examined. Temperatures are greater in the afternoon

than in the morning. The solar radiation combined with the temperature are very effective at

heating up the south face of a building. This heating is a desirable condition in the winter.

Although too much radiation with the high temperatures is undesirable in the summer, the test

house has overhangs of the proper dinEnsion to shade the south windows in the summer and
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allow sun penetration during the winter. Orientations of 25° and 35° west of south were

tested to determine whether there is a reduction in the winter heating load on the house.

The effects of extreme orientations on a house are also important to understand.

Often the views or sone other site condition merit windows on building faces where climatic

conditions would normally preclude windows. Architects need to know the ramifications of

placing glazing on these sides of the building to determine whether the positive effects

outweigh the negative ones. To determine the possible negative effects of building

orientation, simulations of the house were conducted in each of the four cardinal directions.

The above set of eight orientations was used to test the high mass and low mass

houses, both as a base and then with a set of modifications. The modifications test the

validity of statements and theories presented in the research of Olgyay (1992, 1957), Watson

and Labs (1983), Givoni (1976), and the authors of the proposed Model Energy Code (1994).

The effects of the following specific factors are investigated in conjunction with building

orientation: wall absorptivity, building proportion, and glazing area and location.

Wall Absorptivity

The coefficient of absorption is important with respect to the amount of solar radiation

absorbed by a building surface. Repeating portions of the Haifa study, the coefficient of

absorptivity for the walls was modified. The Calpas3 simulations were utilized to determine

the overall effect of solar radiation on energy consumption. The base house has a coefficient

of absorption of 0.65. Since this is fairly close to the middle of the absorption range, it was
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used as the medium absorption case. Simulations were then conducted for the extremes

utilizing values from the ASHRAE Handbook (1981). The high absorptivity house is

assumed as painted black, with a coefficient of 0.94. The low absorptivity house is assumed

to be painted white, with a coefficient of absorptivity of 0.18.

Building Proportion

For the study of proportions of a rectangular shaped building, once again Olgyay's

assertions were tested. The base house has the 'elasticity' ratio of 1.6:1, with the long axis in

the east-west direction, therefore utilized unchanged for comparison with the other proportion

variations. To achieve the optimal ratio for the hot-arid region of 1.3:1, the house was

shortened in the east-west dimension and lengthened in the north south dimension. Finally,

the east-west and north-south dimensions were modified to create a square building. In all

cases the area of glazing on each facade is unchanged. The square footage of the house is

also constant to within four square feet. The differences in building area are due to rounding

off the decimals. The overall volume of the house is modified slightly from one shape to

another because of the sloped ceiling throughout the house.

Glazing Area and Location

The quantity and location of glazing present on the exterior walls were modified in

three ways to test the effects of glazing in conjunction with the building's orientation. For
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each of the three modifications, the overall dimensions of the house remain unchanged from

the base house and only the glazing location or area is changed.

The house was first modified to test the effects of the glazing quantity. The base

house has glazing on the south, west, and north facades in varying quantities. Since this

house is a good example of current construction trends, the window locations were left intact,

but the areas modified The requirements of the Model Energy Code, proposed for adoption

in Tucson, were tested. To achieve the allowable glazing area of 12% of the wall area,

approximately 40 square feet of glazing was removed from the base house. This area was

removed from the large sliding glass door assembly on the north facade.

The second modification was a test of the effects of glazing location. The mirror

image (about the north-south axis) of the base house was generated for this simulation. The

base house, with the glazing on the front and left side, results in a southwesterly orientation

for solar heat gain (figure 4). In this condition, the house is exposed to a large quantity of late

afternoon sun as the house is rotated further to the west. With the left and right facades

reversed, the glazing has a southeasterly orientation (figure 5). The house then receives much

more early morning solar radiation, which is beneficial for the large heating load. The mirror

image of the house was utilized to determine whether the modified glazing location would

improve the performance of the house.

Finally, the recommendations of Watson and Labs (1983) to maximize the south-

facing glazing were tested. For this variation of the house no glazing was placed on the left,

right, or back facades. The front facade contains a glazing area equal to 12% of the floor
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Figure 4. Diagram of Resultant Orientation from Base House Glazing Locations

N

5

Figure 5. Diagram of Resultant Orientation from Mirrored House Glazing Locations
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area, or 135 square feet. This area is split into two windows, each four feet in height. This

arrangement will allow maximum sun in the winter, while the overhangs will prevent

overheating in the summer.

Building Location

The final study of the thermal performance of the building based on orientation relates

to the actual location of the building. In order to determine the effects of local climatic

factors, each of the simulations above was conducted using the weather files for both Tucson

and Phoenix, Arizona. The computer simulations of the house with the two files were

analyzed to determine the significance of weather differences within a climatic region to the

thermal performance of the house.

Calpas3 Program Overview

Calpas3 is a thermal network analysis program which was designed by the

programrrers, the Berkeley Solar Group, to simulate the thermal performance of residential

and small commercial buildings. Utilizing local weather data, the program calculates the

thermal characteristics of the building on an hour-by-hour basis. The programming code

contains the following simplifying assumptions which accelerate the execution time of the

program: the use of constant, combined radiant/convective coefficients between mass

elements and room; the use of constant exterior film coefficients; the assignment of a heat

capacity to the room air to represent non-massive material such as furniture and wall
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sheathing; and the use of thermal lag time for only mass storage elements. Additionally, in

lieu of calculating simultaneously the air and mass temperatures, Calpas3 calculates the air

temperature by first using estimated mass temperatures and then the mass temperatures are

updated one by one. (Atkinson, et. al., 1981).

Calpas3 was originally developed for use in modelling the thermal performance of

residences to determine compliance with the California Energy Code. It has since been

refined to have more capabilities than the original version. Version 3.12, utilized for this

thesis, can model two zones (generally consisting of a house and an attached sunspace),

various thermal mass elements, and underfloor rockbeds.

To conduct a simulation, the program user must first generate an input file. This input

file consists of specific information about the building materials and size, the mechanical

equipment, and some habits/preferences of the occupants. The program requires R- or U-

values for the exterior wall and roof assemblies as well as the glazing. Ground reflectivity

values, absorption values for the building surfaces, and shading coefficients for vegetation and

window coverings are required. Mechanical equipment types must be provided, along with

the efficiency rating of each unit and electricity or fuel costs. Occupant habits determine the

internal load. Occupant preferences are expressed in terms of thermostat settings and the

times the day is to begin and end. Finally, seasonal parameters for the particular building

location are input. Weather files for specific cities are provided with the program. These

weather files contain the following: latitude of the city, mean daily solar radiation on a

horizontal surface (global), and hourly weather data representing a temperature mean year (25
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year average). From a complete input file, and a selected weather file, the simulation can be

run and an output report generated.

Calpas3 Program Output

The output report generated by Calpas3 provides overall information about the

thermal performance of the building, such as annual energy consumption and annual operating

costs. In addition, the program calculates the house energy balance --heat gains, losses, and

transfers through the building envelope and between thermal storage elements-- and provides

information on the weather, house temperature, and peak loads. The results can be reported

on either a daily or monthly basis. For the purposes of this thesis, all simulations were

generated to produce this information on a monthly basis.

The first page of the output report is a summary of the building's annual energy

consumption (Appendix C, page 68). This summary indicates the total kBtu's consumed for

both heating and cooling, as well as peak loads for each. The summary also includes the

annual costs for heating and cooling the building, along with the total energy cost and the cost

per square foot.

The second page of the output report contains tables of both the monthly energy

balance and the monthly weather and house conditions (Appendix C, page 69). Monthly

gains and losses are categorized by conduction, infiltration, solar gain, internal gain, and

thermal storage of the house. Energy transfers represent energy removal from outside air

ventilation and the cooling system, and energy added from the heating system. The monthly
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conditions table indicates the low, high, and mean temperature of the house along with the

low, high, and mean dry bulb temperatures outside for comparison. Mean daily solar

radiation is also reported. Finally, peak heating and cooling loads are indicated, along with

the day on which that peak occurred. The output report also includes a copy of the input file

for reference (appendix C, pages 70-75).

Calpas3 Program Limitations

The Calpas3 program measures the thermal performance of the building envelope.

It is a good tool for measuring the effects of glazing area, overhangs and fins, building

materials, and, on a limited basis, surrounding site materials. These capabilities make the

program a useful design tool for determining conformance to energy code requirements such

as California's Title 24, the primary reason for which the program was written. Calpas3 also

can be used to conduct an energy audit for an existing building. With validations from utility

bills, studies can be conducted to determine the most cost effective means of reducing the

energy consumption of a building. There are two significant limitations of the program,

however. These limitations are the type and scope of input variables and the configuration

of the weather file.

The Calpas3 simulation is primarily a measure of the performance of the building

envelope, with little consideration to external factors or human variables. As previously

described, the input file consists of specific information about the building itself along with

weather and solar data from the weather file. Site characteristics are considered only in the
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form of ground reflectivity and wind speed. This input file and simulation format make it very

difficult to simulate accurately special operable features such as moveable insulation, the use

of cross ventilation for cooling (important in high mass construction), and shading from

adjacent vegetation. In addition, thermostat settings have limited input variables. For

example, a night setback temperature can be programmed into the input. In the summer,

however, if the desired nighttime temperature is cooler than that during the day, that setback

must still be input as a temperature to heat to during the night. This means that in an arid

environment, where the diurnal swing results in a temperature drop, the house could actually

be heated at night with Calpas3. In reality, the air conditioner simply turns off when the

temperature is below the thermostat setting. The result of this is that the simulated heating

load on a house could be greater than the actual heat load.

The weather file for each city is comprised of a 25 year average of National

Oceanographic and Atmospheric Administration (NOAA) data for that city's official

nrasuring station. This file cannot be modified. In the two cities modelled for this study, the

official weather station is at the airport. The Tucson airport is located on the southern edge

of the metropolitan area, in an open area with little vegetation. In Phoenix, the airport is

centrally located in the midst of the urban development, where there is a documented urban

heat island (Balling and Brazel, 1987). Dependent upon the actual site of the building, the

conditions of the measuring station may not be adequately representative. In order to model

site specific microclimates, including such conditions as cold air drainage, cooling due to

evapotranspiration of site vegetation, and localized breezes, it is necessary to change various
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climatic elerrents. These elements include relative humidity and wind direction. The inability

to modify the climatic elements within the weather file prevents the effective modelling of

site-specific climatic conditions.

Evaluation of Orientation and House Variations

The results of the Calpas3 simulations were recorded in a series of tables. These

tables illustrate the results of each of the parameters tested. Every table has eight columns,

representing the different orientations, and from eight to fifteen rows, dependent upon the

number of different specific conditions for each variation (i.e. for absorptivity there are high

and low mass versions located in both Tucson and Phoenix, or eight conditions). For every

condition of the house variation, the orientations are ranked from 1 (best) to 8 (worst) based

on the amount of annual energy consumption in kBtuss. The rankings for each orientation

column are then added together and re-ranked to determine the overall performance of the

eight orientations for each house variation. A master table with the ranlcings of all of the

variations simulated is included as appendix A (table 9). It is important to note that in many

cases the differences between the performance of the different orientations is hundredths or

even thousandths of a kBtu per square foot per year, and are thus not significantly different.

A complete table listing the total annual energy consumption for each orientation is included

as appendix B (table 10). Individual graphs for each of the house variations showing the

cooling, heating, and total energy consumption for each orientation are included as appendix

E (figures 6-39).
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VII. RESULTS AND DISCUSSION

The results of the computer simulations illustrate that for this particular house energy

consumption is not significantly affected by its orientation (appendix B: table 10). In all

cases, the energy consumption varies by only two to three kl3tu/sf/yr as the orientation is

changed. Often, the difference in performance between two orientations is only hundredths

or thousandths of a kl3tu/sf/yr. An analysis of the results, however, does suggest that there

are sone general patterns in thermal performance of the house based on its orientation. The

computer simulations conducted in this study do not support Olgyay's assertion that 25° east

of south is the optimal building orientation in an arid climate. In fact, there appears to be a

range of orientations in which the thermal performance of the building is acceptable, with due

south generally performing the best

General

In every case, except the version with the front glazing (appendix E: figures 22, 23,

39,40), the north orientation (where the house is rotated 180° and the front elevation faces

north), performed the best (appendix A: table 9). This is primarily due to the reduced heat

load in the winter. In this orientation, the large expanse of glazing is no longer losing heat

on the north, but rather gaining heat on the south. In addition, there are no windows on the

west side of the house with it oriented this way, greatly reducing the heat gain from the

afternoon sun. This orientation effectively optimizes the glazing locations on the house, and
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provides sonr critical information about glazing The computer simulations demonstrate that

in an arid climate south glazing is desirable, while glazing on the west and north facades of

a building should be minimized. In the winter, glazing on the east and west facades can be

beneficial; however, proper shading devices on these windows are necessary to prevent

overheating in the summer. Since this extreme case of orienting the house to the north

involves rotating the building 1800, it does not readily compare with the other simulations

which test the effects of incrementally deviating from true south. As such, the north

orientation is not included in the discussions below, except for that of the variation with the

front glazing.

When the other seven orientations are compared, contrary to the literature, the most

effective orientation for the majority of the house variations is due south. The orientation 25°

east of south does, however, perform almost as well. In the due south orientation, the front

facade receives the maximum amount of solar heat gain in the winter, and the windows on the

left wall receive additional heat p .m. The overhangs on the front wall prevent unwanted heat

gain in the summer, and the windows on the exposed to the west are small enough that the

summer heat gain is not excessive. The lack of windows on the right facade prevents

unwanted eastern sun and the associated early morning heat gain in the summer. As the

house is rotated further east, the performance decreases, because the front and left walls are

exposed to a greater percentage of solar radiation in the morning and late afternoon. While

this greater solar radiation is desirable in the winter, it undesirable in the summer. The

overhangs become less effective as the house is rotated and cannot properly shade the
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windows in the summer, greatly increasing the cooling load. In addition, as the house is

rotated east, the windows on the back of house are exposed to a greater amount of solar

radiation in the late afternoon as the sun sets in the northwest (reference solar path diagram,

figure 6). This condition also increases the cooling load on the house. In most cases, the

increase in the cooling load is not offset by a reduction in the heating load. The result in an

overall decrease in thermal performance of the house.

Figure 6. Solar Path Diagram for 32°N Latitude (Tucson, Arizona).

The orientation 35° degrees west of south consistently performed the worst. This is

not surprising, since the wall area exposed to the sun during the course of a summer day is

high in this orientation. The glazing on the front of the house is oriented to receive a large
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amount of late afternoon heating, and the overhangs are ineffective in this orientation for

shielding the unwanted sun in the summer. As a result, the cooling load is increased. In

addition, the large expanse of glass on the back of the house is oriented so that it receives

early morning sun in the summer, increasing the cooling load, and no solar gain in the winter.

It is a major source of heat loss in the winter, and increases the overall heating load. For

western orientations such as this it is important to note that adjustments to the shading

devices or proper planting of vegetation could eliminate the summer heat gain. If these

measures were taken, the orientations slightly west of south could perform as well as, or

possibly better, than the eastern orientations.

The remaining orientations do not follow a specific pattern. The performance of the

house in these orientations varies greatly, dependent upon the conditions of the actual house

variation, and the location of the house.

High Mass vs. Low Mass 

A comparison between the high mass (adobe) house and low mass (frame) versions

of the base house (table 4, appendix E: figures 8, 9, 25, 26) indicates that while the adobe

house consumes slightly less energy overall than the frame house, the thermal performance

of the two variations is similar. The heating loads are greater for the frame house, and the

cooling loads are somewhat greater for the adobe house. These results are partially a function

of the computer program, and do not completely reflect actual conditions. In an arid

environment, the large daily diurnal temperature swing allows for the use of nighttime
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CONDITION North West 35w 25w South 25c 35c East

High Mass -Tucson 1 5 8 7 2 3 4 6

High Mass - Phoenix 1 6 8 7 2 3 4 5

Total 2 11 16 14 4 6 8 11

Overall Rank 1 5 8 2 3 4 5

North West 35w 25w South 25c 35c East

Low Mass - Tucson 1 2 8 7 3 4 5 6

Low Mass - Phoenix 1 4 8 6 2 3 5 7

Total 2 6 16 13 5 7 10 13

Overall Rank 1 3 8 6 2 4 5 6

Base House Rank 1 4 8 7 2 3 5 6

Key: 1=best 8=worst

Table 4. Performance of High Mass vs. Low Mass House

ventilation. In a traditional high mass house, natural ventilation is utilized to flush the stored

heat from the mass in the summer when temperatures are high. When nighttime temperatures

are cooler than desirable the house is kept sealed, allowing the stored heat to warm the

interior of the house. Calpas3 does not model these conditions, and the simulations in this

study represent completely sealed adobe and frame houses.

The most significant difference between the performance of the two variations is that

in the frarne house the due west orientation performs better than the 25° east of south. This

is attributed to the fact that the low mass house does not store the heat from the solar

radiation received on the windowless right facade, which in this orientation faces south.

While the cooling load is slightly higher than other orientations because of the large quantity
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of glazing which faces east and west, that sanie glass area allows for early morning and late

afternoon heating in the winter. The heating load for this orientation is therefore significantly

less than that of the other orientations. The other difference between the high mass and low

mass houses is that the due east and 35° west of south orientations of the low mass house

perform the same. The heating and cooling loads of these two orientations differ, with due

east requiring less heat and more cooling, but the overall energy consumption is the same.

When the high mass and low mass versions of the house are compared to the original

Kliman residence, the high mass version performs more closely to the original than the low

mass version. This performance pattern occurs because although the thermal storage

capacity and insulating values of the burnt adobe block are not as high as 16" of modern

adobe, the burnt adobe effectively performs as a high mass structure.

Wall Absorptivity

There is very little difference in the overall performance of the house when the

coefficient of absorption for the exterior walls is modified (table 5). The performances of the

base house and the low absorptivity variation are identical. In these two variations, the

performance of the due west orientation falls between the orientations 25° east of south and

35° east of south. The difference in performance is minimal, and is attributed to the

difference in the heating load. This condition does not occur in the high absorptivity

variation, where the west and 35° east of south orientations perform the same, as do the 25°

west of south and due east orientations. The comparable energy loads for the east and west
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CONDITION North West 35w 25w South 25c 35c East

High Abs-Adobe-Tucson 1 5 8 7 2 3 4 6

High Abs-Frame-Tucson 1 2 8 7 3 4 5 6

High Abs-Adobe-Phoenix 1 7 8 5 2 3 4 6

High Abs-Frame-Phoenix 1 4 8 6 2 3 5 7

Total 4 18 32 25 9 13 18 25

Overall Rank 1 4 S 6 2 3 4 6

North West 35w 25w South 25c 35c East

Low Abs-Adobe-Tucson 1 5 8 7 1 3 6 4

Low Abs-Frame-Tucson 1 2 8 7 3 4 5 6

Low Abs-Adobe-Phoenix 1 5 8 7 1 3 4 6

Low Abs-Frame-Phoenix 1 4 8 6 2 ' 3 5 7

Total 4 16 32 27 7 13 20 23

Overall Rank 1 4 8 7 2 3 5 6

z Base House Rank 1 4 7 2 3 5 6

Key: 1=best, 8=worst

Table 5. Performance of High Absorptivity vs. Low Absorptivity House.

orientations can be explained by the fact that the reduction in winter heat load by the added

absorptivity is offset by and increase in the summer cooling load. When the absorptivity is

high, the high sol-air index in the summer afternoons creates a large cooling load In the

winter, however, by the time the temperatures get high enough to impact the sol-air index,

the sun is setting. Conversely, when the absorptivity of the walls is low, the summer sol-air

index is greatly reduced. In the winter, there is not sufficient absorption of the solar radiation

to compensate for the cold air temperatures.



51

Building Proportion

There are significant differences between the performances of the different

orientations when the proportions of the house are adjusted (table 6). When the house has

Olgyays optimal shape, with a length to width ratio of 1.3:1, the due west orientation follows

the due south orientation in the order of performance (appendix E: figures 14, 15, 31, 32).

This is curious, since the due west orientation effectively reverses the building ratio to 1:1.3.

The reversed ratio places the short side in the east-west axis the long side in the north-south

axis, which Olgyay specifically recommends against! For this particular house, however, the

larger wall and glazing areas which occur on the east and west when the house is oriented this

way allow for greater solar gain in the early morning and late afternoon. The additional solar

gain reduces the overall heating load in the winter. The shorter lengths oriented north and

south also minimizes winter heat loss on the north and summer heat gain on the south.

For the base house, with proportions which at the boundary of Olgyay's "elasticity"

ratio of 1.6: 1 (appendix E: figures 8, 9, 25, 26), the results are similar, but follow more

closely to the predicted pattern. With this ratio, the performance of the due west orientation

falls between the 25° and 35° east of south orientations instead of between south and 25°

east of south like the optimal ratio. The reason for this is that with the 1.6:1 ratio the heating

load is greater when house is oriented due west due to the smaller areas of the right and left

facades receiving less winter solar radiation. The reduced summer solar radiation on the

rightside is countered by the increase in radiation on the larger front and back facades, which

in the due west orientation face west and east, respectively.
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CONDITION North West 35w 25w South 25c 35e East

Optimal (1.3:1)-Adobe-T 1 3 8 7 2 4 6 5

Optimal (1.3:1)-Frame-T 1 2 8 7 3 4 5 6

Optimal (1.3:1)-Adobe-P 1 5 8 7 2 3 4 6

Optimal (1.3:1)-Frame-P 1 4 8 2 3 5 6 7

Total 4 14 32 23 10 16 21 24

Overall Rank 1 3 8 6 2 4 5 7

North West 35w 25w South 25e 35e East

Square-Adobe-Tucson 1 2 8 7 3 5 6 '	 4

Square-Frame-Tucson 1 2 8 7 3 4 5 6

Square-Adobe-Phoenix 1 4 8 7 2 3 6 5

Square-Frame-Phoenix 1 2 8 6 3 4 5 6

Total 4 10 32 28 11 16 22 21

Overall Rank 1 2 8 7 3 4 6 5

Base House (1.6:1) Rank 1 4 8 7 2 3 5 6

Key: 1=best 8=worst

Table 6. Performance of House with Modified Rectangle Ratios.

The square shaped variation of the house (appendix E: figures 16, 17, 33, 34)

performs in a similar fashion to the optimal shaped variation. The due west orientation

actually consumes less energy than the due south orientation. As with the optimal shape, the

heat load is much lower when the house is oriented due west, and the ineffective overhangs

in this orientation increase the sum= cooling load only slightly. The same factors also cause

the due east orientation to perform better than the 35° east of south orientation.



53

Glazing Area and Location

The glazing study produced some interesting results (table 7). When the glazing is

adjusted to conform to the local Model Energy Code (appendix E: figures 18, 19, 35, 36), the

house performs almost identically to the base house. The only difference is that the energy

consumption for due west and 35° east of south orientations is the same with the code

allowed glazing, while the due west orientations performs slightly better than the 35° east of

south orientation with the base house. The difference in performance of these two cases is

negligible, though. The similarity in the performance of the two house variations is a result

of the relatively minor difference (40 sq. ft.) of overall glazing area, and the fact that this area

was all taken out of one window on the back (north) side of the house.

When the base house is mirrored (appendix E: figures 20, 21, 37, 38), the results are

significant. For this variation of the house, the orientation 25° west of south followed due

south in performance, and performed better than the 25° east of south orientation. This is

attributed to the fact that when the house is rotated slightly to the west, the windows on the

front and right facades have a southern exposure. This exposure reduces the heat load in the

winter, and the rotation is such that the overhangs are still somewhat effective in the summer.

This orientation also results in no glazing exposed to the late afternoon sun in the west. At

25° east of south, there is less glazing facing south to allow for winter heat gain and more

glazing facing north to allow for winter heat loss. The result is a higher heating load.

The performance of the house with the glazing on the front elevation only (appendix

E: figures 22, 23, 39, 40), behaves the most like Olgyay's predictions (table 7).
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CONDITION North West 35w 25w South 25c 35c East

MEC Glazing-Adobe-T 1 6 8 7 2 3 5 4

MEC Glazing-Rame-T 1 2 8 7 3 4 5 6

MEC Glazing-Adobe-P 1 7 8 6 2 3 4 5

MEC Glazing-Frame-P 1 4 8 6 2 3 5 7

Total 4 19 32 26 9 13 19 22

Overall Rank 1 4 8 _	 7 2 3 4 6

North West 35w 25w South 25c 35c East

Mirrored Base-Adobe-T 1 2 5 4 3 6 7 8

Mirrored Base-Frame-T 1 2 6 4 3 5 7 8

Mirrored Base-Adobe-P 1 3 6 4 2 5 7 8

Mirrored Base-Frame-P 1 2 6 5 3 4 7 8

Total 4 9 23 17 11 20 28 32

Overall Rank 1 2 6 4 3 5 7 8

North West 35w 25w South 25c 35c East

Front Glazing-Adobe-T 7 8 5 4 1 2 3 6

Front Glazing-Frame-T 7 8 6 4 2 1 3 5

Front Glazing-Adobe-P 7 8 6 5 1 2 3 4

Front Glazing-Frame-P 7 5 8 4 2 1 3 4

Total 28 96 25 19 6 3 12 19

Overall Rank 7 8 6 4 1 1 3 5

Base House Rank 1 4 8 7 2 3 5 6
/

Key: 1=best 8=worst

Table 7. Performance of House with Modified Glazing Area and Location.

Unlike all of the other variations, where the north orientation performs best, the variation

with only front glazing performs best when oriented either due south or 25° east of south.

When the performances are averaged, the house performs identically in these two
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orientations; however, when analyzed individually, the adobe versions perform better in the

25° east of south orientation because of the stored early morning solar radiation in the winter.

The house oriented 35 0 east of south is the next best performer. The due west orientation

is the worst, with the due north orientation performing only a little better. This pattern of

performance is specifically attributed to the location of all glazing on the south wall. With

only south glazing, the house performs just like a solar collector. The solar radiation greatly

reduces the winter heating load on the house. The overhangs on the this elevation help

prevent overheating in the summer. When the house is rotated slightly to the east, the heating

load remains the sane as the house utilizes the early morning sun. The cooling load increases

only by a small amount. The further east and west the house is rotated, the greater the

heating and cooling loads because of the reduced winter heat gain and the inability of the

overhangs to prevent the summer sun from entering the house. The due north orientation

performs the worst. This is due to two factors: the only source of heat gain in the winter is

through the walls, and the large expanse of glass on the north wall is actually responsible for

a large heat loss. The overhangs on this house are properly sized, so when the glazing faces

south the is very little unwanted summer solar radiation. The results of this variation of the

house suggest that if the glazing on a building faces predominantly south, a range of south to

southeast orientations are preferable for optimal thermal performance.
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Building Location

One of the most significant sets of results from this study is the comparison of the

performance of the house when located in both Tucson and Phoenix (table 8). The

differences in the performance of the house in the two cities (appendix E: figures 7 - 40) are

primarily due to the contrast in the heating loads of the two cities. The overall energy

consumption of the house is only about 2 kBtu's per square foot per year (kBtu/sf/yr.) higher

in Phoenix than Tucson. The cooler winters in Tucson generate a significantly larger heating

load for the house in this city, however. In every variation of the house located in Tucson,

the annual heating load exceeds the cooling load by anywhere from 6 to 13 kBtu/sf/yr. In

Phoenix, over half of those sane variations have cooling loads up to 4 kBtu/sf/yr. greater than

the heating loads. In those Phoenix variations which actually have high heating loads than

cooling loads, the difference in loads is a maximum of 2 kBtu/sf/yr. A review of the energy

loads, indicates that the heating load in Tucson is an average of 15-25 kBtu/sf/yr greater than

in Phoenix. In comparison, the cooling load in Phoenix is an average of 5 kBtu/sf/yr greater

than in Tucson. This averages to the overall 2 kBtu/sf/yr difference in energy consumption.

Since electricity is more expensive than fuel, the computer simulations indicate an annual

energy cost difference of about $0.05/sf between the two cities.

The overall performance of the house variations by orientation is very similar in

Tucson and Phoenix. The major differences are that in Tucson, because the heat load is larger

than in Phoenix, the due west orientation performs better than the 35° east of south
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CONDITION North West 35w 25w South 25c 35c East

Total- Tucson 27 59 114 98 35 50 71 79

Overall Rank -Tucson 1 4 8 7 2 3 5 6

North West 35w 25w South 25c 35c East

Total-Phoenix 27 75 117 86 30 44 66 88

Overall Rank -Phoenix 1 5 8 6 2 3 4 7

Key: 1=best 8=worst

Table 8. Performance of House Located in Tucson vs. Phoenix
Note: for complete table, reference Appendix C

orientation and the due east orientation performs better than the 25° east of south orientation.

In Phoenix, the performance of these two sets of orientations are reversed. These results

support Olgyay's assertion that any orientation from due south to 35° east of south will

perform better.
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VIII. CONCLUSIONS

The specific results of this study can only be applied to the one house utilized and its

variations. There are, nevertheless, patterns in the performance of the base house and

variations from which some general conclusions can be derived about the effects of

orientation on the thermal performance of a building. For this particular house, the effects

of orientation are not dramatic. The results illustrate that some orientations do perform better

than others. Contrary to Olgyay's assertion, however, an orientation of 25° east of south is

not always the best. In fact, in many cases, an orientation of due south is preferable.

These findings suggest the importance of considering all design parameters, including

land form, access, views, and other non-thermal factors, before determining the optimal

orientation. For any building, the optimal orientation for thermal performance is dependent

upon a number of specific factors in addition to the general climatic region. These specific

factors include construction type, absorptivity of the walls and other building surfaces,

building shape, area and location of glazing, and the local climatic conditions. In fact, the

most significant factors determining the effects of building orientation are the quantity and

location of glazing, and local climatic conditions.

Jmplications 

It has long been known that glazing plays an important role in the thermal

performance of a building. As shown by this study, however, more glazing is not necessarily

negative. This relationship is exemplified by a comparison of the base house and the variation
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in which glazing area was reduced to comply with the Model Energy Code. The differences

between the energy consumption of the base house, which has glazing equal to 15% of the

wall area, and the MEC glazing variation, in which the glazing area is the Model Energy Code

allowable 12% of the wall, area are negligible. The heating load in Tucson makes it

advantageous to increase the glass area on the south side of a building for additional heat gain

in the winter. Proper shading can prevent unwanted heat gain in the summer. This strategy

may not be as effective in areas of the state, such as Phoenix, where the heating load is less

significant and the cooling load is much greater. In these warmer areas the glazing can still

be shaded with overhangs, but the thermal transmission of higher ambient temperatures

through the glazing will increase the cooling load of the building. Actual climatic conditions

on the site must be considered in conjunction with view, ventilation, and egress requirements

when determining the area and location of glazing in a building. Once the glazing has been

located, the optimal orientation for the specific building configuration can be determined.

Local climatic conditions, in addition to building elements, play an important role in

the thermal performance of a building. The building location study supports Olgyay's

discussion of sol-air temperature. Air temperature does, in fact, combine with solar radiation

to determine the overall heat gain and loss in a building. Site conditions which modify the

local climate can then be very effective at reducing the external loads on a building, thus

reducing total energy consumption. Consideration must be given to microclimatic conditions

when orienting a building in order to maximize the thermal performance. A given orientation

may be optimal in the higher elevations of Tucson's foothills because it allows the winter sun
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to heat the building. Overhangs and summer breezes minimize the summer heat gain. That

same house located in the center of town or in Phoenix may not perform as well in the same

orientation without the benefit of the summer breezes. Specific conditions of the site must

be studied fully, and the building properly oriented to respond to those conditions.

Code Issues 

The above conclusions lead to a reconsideration of the energy codes. My results

demonstrate that applying generalized energy codes can be problematic. The two current

codes utilized in Arizona, the Model Energy Code and the requirements included in AzHERS,

have very specific guidelines for how a building will comply with the energy standards. These

guidelines include, among other criteria, the R-values of walls and windows, construction

materials, and glazing area. As previously mentioned, the actual area of the glazing cannot

be considered alone. The location of the glazing and the local climatic conditions are equally

as important. By limiting the amount of allowable glazing, the codes are putting unreasonable

constraints on the designer. For example, if the house is designed to act as a solar collector

in the winter, with a large portion of glazing on the south facade, the energy code may

effectively prevent the designer from locating windows on any other wall of the house. In this

instance, the extra glazing may actually reduce the energy consumption of the house.

The codes must recognize that there are numerous ways to solve any problem.

Although the Model Energy Code does have a provision for design solutions other than those

specified in the code, the burden is on the designer to document that the proposed solution
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meets the requirements of the code. The best solution for ensuring the construction of

energy-efficient buildings is to create a rating system, similar to AzHERS, where the overall

performance of the building must fall within certain parameters. This rating system should

consider not just energy use, but also other resource issues. How the overall building

performance is achieved is then at the discretion of the building owner and designer. While

utilizing AzHERS is one of the methods of documenting compliance with the code, the

current system has a significant limitation.

Computer Model Limitations

Currently, to demonstrate and document compliance with AzHERS the most flexible

options require an energy analysis with one of the following energy simulation programs:

CALRES/Az or REM/Design. CALRES/AZ is a simplified version of Calpas3. REM/Design

is a program which is very similar to Calpas3. Both of these programs allow flexibility in the

use of building materials and glazing. As with Calpas3, however, both CALRES/AZ and

REM/Design utilize the NOAA weather data in the form of a temperature mean year (Tmy).

The weather file cannot be modified in any of these software packages, eliminating the ability

to incorporate microclimatic conditions to comply with the energy code requirements. This

inability challenges the designer to be creative and still comply with the codes. As mentioned

earlier in this thesis, the benefit of a high mass house is the ability to ventilate it at night. This

scenario cannot be modelled on either of the approved computer programs, nor can the

incorporation of ventilation/cooling with cold air drainage. Cold air drainage and
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evapotranspiration of vegetation are two factors which have been documented as modifying

the local climate (Kirby and Sellers, 1987; Ohman and Pratt, 1956). The inability to model

these microclimatic effects and incorporate them as design strategies severely limits the

designer.

Orientation is only one of many factors which determine the overall thermal

performance of a building. Despite Olgyay's widely accepted sol-air approach with

supporting diagrams, numerous other conditions impact whether the building will perform

better in one orientation than another. All of a building's components, including materials,

shape, and glazing, and orientation combine to determine its thermal performance. External

factors such as climate also have and effect on the building. 'This thesis has shown that

prescriptive building orientation may not be as significant a factor in energy-efficiency as

previously believed.

Future Work

Additional quantitative work in the area of building orientation and its impact on the

thermal performance of a building is required. A study with a larger sample of houses is

necessary to have meaningful data and results. A subdivision where numerous homes of the

same plan at different orientations are constructed would be a good data base. The

subdivision would not only represent actual construction and development trends, but also

to provide a representative sample of occupant living habits. Personal living habits can have
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a tremendous effect on the thermal performance of a house. With a large enough sample the

human factor can be considered.

More research is also needed in the area of the impacts of microclitnates on the

thermal performance of a building. There is a large literature on methods and types of

shading devices for buildings. The most widely employed resources are the previously

mentioned work by Olgyay and a second influential book co-authored by Victor and Aladar

Olgyay specifically about shading devices (1957). This literature, however, only deals with

the positive effects of reducing or eliminating solar radiation from the building walls.

Utilization of native vegetation to improve the thermal performance of a building can be very

important (McPhereson, 1984; McClenon, 1977) -especially in an arid environment. The

benefits of shading can be enhanced by the evapotranspiration of adjacent vegetation.

Reduced temperature combined with the reduced solar radiation will result in a lower sol-air

index, thus reducing the energy consumption of the building.

The effects of other microclimatic factors must be further studied and quantified. One

of the great advantages of a high mass building is the thermal lag time. In an arid

environment, the daily diurnal drop in temperature and cold air drainage can be utilized to

cool the mass during the summer nights. Other strategies such as using bodies of water,

lawns and other vegetation elements to temper the climate on a site should be explored as

well. Currently the actual effect of these factors on the thermal performance of a building has

not been extensively studied, nor is there software which can effectively simulate these

climatic conditions.
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Finally, there is a need for the development of a computer simulation program which

can accurately quantify the effects of external factors on a building. The program limitations

identified above make Calpas3 a questionable research tool, particularly for a study with a

scope such as this thesis. Calpas3 is an appropriate analysis tool for a limited study involving

only elements of a building's envelope. In the case of this thesis, the inability to model site-

specific climatic conditions prevented a thorough study of the effects of those climatic

conditions on the thermal performance of a building. Comments regarding the impact of

climatic variations could only be made on a very general level. The development of a

program which could model external factors would allow the energy codes to permit

creativity while regulating energy consumption.
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IX. APPENDIX A

VARIATION ORIENTATION
Tucson N I W 135W 125WI S I 25E 1 35E 1 E I	 Comments

Kliman Res.-Base ' 1 6 8 7 2 3 5 4
B asecase-Adobe 1_ 5 8 7 2 3 4 6
Basecase-Frame 1 2 8 7 3 4 5 6
Low Absorp.-Adobe 1 4 7 6 1 )	 2 5 3
Low Absorp.-Frame 1, 2 8 7 3 4 5 6
High Absorp.-Adobe 1 5 8 7 2 3 4 6
High Absorp.-Frame 1_ 2 8 7 3 4 5 6
Optimal Shape-Adobe 1 3 8 7 2 4 6 5
Optimal Shape-Frame 1 2 8 7 3 4 5 6
Square-Adobe 1 2 8 7 3 5 6 4
Square-Frame 1_ 2 8 7 3 4 5 6
MEC Glazing-Adobe 1 6 8 7 2 3 5 4
MEC Glazing-Frame 1 2 8 7 3 4 5 6
Mirrored Base-Adobe 1 2 5 4 3 6 7 8
Mirrored Base-Frame 1 2 6 4 3 5 7 8
Front Glazing-Adobe 7 8 5 4 1 2 3 6
Front Glazing-Frame 7 8 6 4 2 1 3 5

Phoenix 1 N I W 135W! 25E! S 1 25E 1 35E I	 E I	 _ Comments
Kliman Res.-Base 1 7 8 6 2 3 4 5
Basecase-Adobe 1 6 8 7 2 3 4 5
Basecase-Frame 1 4 8 6 2 3 5 7
Low Absorp.-Adobe 1 4 7 6 1 2 3 5
Low Absorp.-Frame 1 4 8 6 2 3 5
High Absorp.-Adobe 1 7 8 5 2 3 4 6
High Absorp.-Frame 1 4 8 6 2 3 5 7
Optimal Shape-Adobe 1 5 8 7 2 3 4 6
Optimal Shape-Frame 1 4 8 2 3 5 6 7
Square-Adobe 1 4 8 , 7 2 3 6 5
Square-Frame 1 2 8 7 3 4 5 6
MEC Glazing-Adobe 1 7 8 6 2 3 4 5
MEC Glazing-Frame 1 4 8 6 2 3 5 7
Mirrored Base-Adobe 1 3 6 4 2 5 7 8
Mirrored Base-Frame 1 2 6 5 3 4 7 8
Front Glazing-Adobe 7 8 6 5 1 2 3 4
Front Glazing-Frame / 7 8 4 2 1 3 6

Table 9. Performance of House Variation by Orientation
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X. APPENDIX B

VARIATION ORIENTATION
Tucson N	 I_	 W

;.
I 35W I 25W I	 S	 1 25E I	 35E I	 E

Kliman Res.-Base '	 33.627 35.074 35.488 35.206 34.630 34828 35.018 34.971
Basecase-Adobe 32.636 33.924 34.343 34.121 33.6296 33.750 33.888 33.930
Basecase-Frame 34.390 35.269 35.887 35.759 35.397 35.398 35.476 35.625
Low Absorp.-Adobe 33.927 35.258 35.754 35.567 33.927 35.160 35.280 35.255
Low Absorp.-Frame 34.270 35.167 35.800 35.666 35.309 35.313 35.380 35.518
High Absorp.-Adobe 31.889 33.150 33.547 33.296 32.768 32.922 33.090 33.173
High Absorp.-Frame 34.466 35.336 35.954 35.815 35.450 35.455 35.541 35.708
Optimal Shape-Adobe 32.015 33.131 33.790 33.576 33.058 33.155 33.279 33.271
Optimal Shape-Frame 33.680 34.457 35.230 35.085 34.693 34.694 34.772 34.903
Square-Adobe 31.914 33.041 33.806 33.600 33.092 33.222 33.352 33.108
Square-Frame 33.581 34.402 35.215 35.073 34.683 34.738 34.838 34.851
MEC Glazing-Adobe 32.588 34.112 34.470 34.231 33.761 33.918 34.052 33.962
MEC Glazing-Frame 34.451 35.443 35.991 35.846 35.513 35.551 35.627 35.715
Mirrored Base-Adobe 32.862 33.303 33.770 33.617 33.391 33.832 34.100 34.551
Mirrored Base-Frame 34.662 34.837 35.364 35.278 35.095 35.359 35.530 36.063
Front Glazing-Adobe 33.271 34.167 32.031 31.218 29.706 29.791 30.220 32.453
Front Glazing-Frame 34.442 35.771 34.258 33.527 32.033 1 31.807 32.045 33.600

Phoenix I N I	 W	 1 35W I	 25E S I	 25E I	 35E I	 E
Kliman Res.-Base ' 34.316 35.970 36.245 35.948 35.327 35.530 35.746 35.899
Basecase-Adobe 32.931 34.419 34.694 34.442 33.900 34.036 34.211 34.418
Basecase-Frame 33.709 34.744 35.230 35.072 34.656 34.676 34.787 35.110
Low Absorp.-Adobe 33.697 35.196 35.542 35.319 33.697 34.898 35.047 35.202
Low Absorp.-Frame 33.535 34.574 35.078 34.924 34.514 34.521 34.620 34.951
High Absoip.-Adobe 32.531 34.008 34.246 33.971 33.401 33.572 33.779 34.003
High Absom.-Frame 33.816 34.840 35.327 35.169 34.755 34.782 34.890 35.212

33.733'Optimal Shape-Adobe 32.327 33.624 34.117 33.871 33.306 33.413 33.572
Optimal Shape-Frame 33.050 33.992 34.607 33.442 33.989 34.001 34.112 34.421
Square-Adobe 32.291 33.537 34.142 33.904 33.354 33.495 33.659 33.606
Square-Frame 32.991 33.951 34.596 34.434 33.981 34.051 34.189 34.390
MEC Glazing-Adobe 32.935 34.636 34.835 34.569 34.048 34.230 34.410 34.499

35.194
34.962'

MEC Glazing-Frame 33.756 34.904 35.316 35.150 34.763 34.826 34.933
Mirrored Base-Adobe 33.122 33.881 34.226 34.030 33.699 34.106 34.385
Mirrored Base-Frame 33.946 34.384 34.795 34.672 34.397 34.624 34.812 35.486
Front Glazing-Adobe 33.280 34.628 32.677 31.881 30.426 30.644 31.138 33.170
Front Glazing-Frame _ 33.476 35.169 33.737 33.041 31.630 31.197 31.823 33.284

Table 10. Energy Consumption in kBtu/sf/yr. by Orientation
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XI. APPENDIX C

Calpas3 Computer Simulation - Tucson Validated Basecase. Please note that the following

printout of the Calpas3 computer simulation has been reformatted from the standard ASCII

text format to a WordPerfect 6.0 format in order to properly fit the format of this thesis.

Accordingly, slight adjustments have been made to the original file. For example, the note

which appears at the bottom of this page normally appears at the bottom of the first page of

the printout. In addition, the total number of pages has changed.

Note: CALPAS3 is the property of and is licensed by Berkeley Solar Group, 3140
Martin Luther King Jr. Way, Berkeley, CA 94703 (415 843-7600). Correct applica-
tion and operation of CALPAS3 is the responsibility of the user. Actual building
performance may deviate from CALPAS3 predictions due to differences between
actual and assumed weather, construction, or occupancy. CALPAS3 is certified
for California energy code compliance when used in accordance with the BSG
publication "Using CALPAS3 with the California Residential Building Standards."
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Basecase - Kliman Residence	 CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ	 Weather: TUCSON.AZ (Tucson AZ ETMY)

SUMMAR Y Run period: JAN-01 - DEC-31	 Conditioned floor area: 1126 sf

SPACE CONDITIONING LOADS 	 Run totals	 Peaks

kBtu	 kBtu/sf	 kBtuh

House
Cooling	 51132	 45.410	 42.522
Heating	 20867	 18.532	 46.710

ENERGY CONSUMPTION	 Run totals	 Peaks

	

Prop line	 Source
kWh; kBtu	 kBtu/sf	 kBtu/sf	 kW; kBtuh

Electricity
House cooling	 4232	 12.828	 38.483	 3.519

Total	 4232	 12.828	 38.483

Fuel    
House heating 24549	 21.802	 21.802 54.953

Building total 34.630	 60.285  

OPERATING COSTS         

Electricity @ 0.089 $/kWh 	 $ 377
Fuel	 @ 0.006 $/kBtu	 $ 147

Total	 $ 524 ($0.47/sf)

Run: C:bas-fnl 001	 08-JUN-94 15:25:58 Page 1 of 8
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Basecase - Kliman Residence
	

CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ

	
Weather: TUCSON.AZ (Tucson AZ ETMY)

MONTHLY HOUSE ENERGY BALA N C E	 (kBtu; + into house)

MON

GAINS & LOSSES TRANSFERS

COND SHCND INFIL SLR INT STRG RB+SS VENT COOL HEAT

JAN -6162.4 -2777.0 2098.6 2116.1 -84.6 -6.017 0 4804.3
FEB -5585.5 -2598.6 2039.8 1911.3 -55.1 -77.830 0 4263.4
MAR -3065.5 -1927.6 2391.1 2116.1 -291 -602.86 -174.66 1537.7
APR -1649.4 -1518.9 2384.1 2047.8 -260 -501.31 -2262.7 1747.0
MAY 1405.8 -498.93 2838.1 2116.1 -65.2 -574.38 -5718.7 480.89
JUN 6127.2 1237.3 2734.2 2047.8 -64.5 -628.61 -11466 0
JUL 6222.9 1429.1 2441.7 2116.1 187 -514.52 -11862 0
AUG 5553.3 1134.1 2274.9 2116.1 -190 -612.38 -10293 0
SEP 3123.4 370.25 2024.5 2047.8 129 -939.28 -6737.5 0
OCT -1058.3 -1107.5 2128.2 2116.1 69.1 -472.15 -2563.2 901.57
NOV -4100.7 -1997.7 2057.3 2047.8 495 -337.32 -53.862 1916.7
DEC -6524.8 -2861.5 2059.8 2116.1 76.4 -66.739 0 5215.0

TOT -5714.0 -11117 27472 24915 56.4 -5333.4 -51132 20867

MONTHLY CONDITIONS

TEMPERATURES (F)

(Units as shown)

WTHR (F; Btu/sf) PEAKS (kBtuh)

MON TIM TIM THM TSL TSH TSM DBL DBH DBM SGL HSCL,/DY HSHT/DY SSCL/DY SSHT

JAN	 65	 69 66 41 63 51 1085 0	 25.0 4
FEB	 65	 71 67 38 66 52 1425 0	 32.3 23
MAR 66 75 70 45 74 60 1871 -11.4	 8	 27.5 5
APR	 72 78 75 51 81 67 2386 -21.1 14	 46.7 21
MAY 74 78 77 56 88 74 2692 -33.0 11	 16.0 6
JUN	 77	 78 78 70 97 85 2719 -42.5 25	 O
JUL	 77	 78 78 75 97 85 2308 -38.1	 5	 o
AUG	 77 78 78 74 95 84 2184 -32.8	 7	 O
SEP	 76	 78 78 70 90 80 1960 -27.9	 1	 o
OCT	 73	 78 76 58 83 70 1632 -22.4	 3	 33.2 19
NOV	 66 73 69 47 70 58 1204 -7.63	 1	 21.3 27
DEC	 65 70 67 41 65 52 1012 0	 32.1 29

TOT	 71	 75 73 56 81 68 1875 -42.5	 46.7
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Basecase - Kliman Residence	 CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ	 Weather: TUCSON.AZ (Tucson AZ TMY)

Line

1 TITLE Basecase - Kliman Residence
2 SITE LOCATION= 1103 E. Waverly Street Tucson, AZ
3 AZMSOUTH 0.0
4 GREFLECT JANGR=0.25 FEBGR=0.25 MARGR.25 APRGR=0.25 &
5	 MAYGR=0.25 JUNGR=0.25 JULGR=0.25 AUGGR=0.25 &
6	 SEPGR=0.25 OCTGR4.25 NOVGR=0.25 DECGR=0.25 ;&
7	 assumed reflectivity value for desert landscape
8 HOUT 4.00; avg outside film coeff. 7.5 mph in Tucson
9 HOUSE FLRAREA=1126 VOL=9372
10 ROOF AREA=624.8 AZM=0 TILT=9.5 UVAL=0.073 ABSRP=0.70 ;&
11	 absorp. value-light color fully exposed-gravel
12 WALL NAME=ROOF2 AREA=624.8 AZM=180 TILT=9.5 UVAL=0.073 &
13	 ABSRP=0.70 INSIDE=AIR; absrp. same as above
14 WALL NAME=SOU'TH AREA=278.05 AZM=0 TILT=90 &
15	 UVAL=4 ABSRP=0.65 INSIDE=EXWALL 	 ;&
16	 adobe brick wino insulation, plaster
17 WALL NAME=WEST AREA=220 AZM=90 TILT=90
18	 UVAL=4 ABSRP=0.65 INSIDE=EXWALL 	 ;&
19	 adobe brick wino insulation, plaster
20 WALL NAME=NORTH AREA=223.28 AZM=180 TILT=90 &
21	 UVAL=4 ABSRP=0.65 INSIDE=EXWALL	 ;&
22	 adobe brick wino insulation, plaster
23 WALL NAME=EAST AREA=220.2 AZM=-90 TILT=90 &
24	 UVAL=4 ABSRP=0.65 INSIDE=EXWALL	 ;&
25	 adobe brick w/no insulation, plaster
26 WALL NAME=MAINDOOR AREA=20.01 AZM=0 TlLT=90 &
27	 UVAL=0.25 ABSRP=0.7 INSIDE=AIR 	 ;&
28	 Main door solid core wood
29 WALL NAME=SIDEDOOR AREA=17.81 AZM=-90 TILT=90 &
30	 UVAL=0.39 ABSRP=0.4 INSIDE=AIR	 ;St
31	 Side door insulated metal
32 WALL NAME=PERLOSS AREA= 144 AZM=0 TILT=0
33	 UVAL=0.90 ABSRP=0.0 INSIDE=AIR; Slab on &
34	 grade
35 MATERIAL MATERIAL=ADOBEBRICK VHCAP=25 COND=0.250
36 SLAB AREA=1232 THKNS=4 MATERIAL=CONC140 HTAHS=1.5 &
37	 RSURF=2; carpet over concrete slab
38 EXWALL THKNS=9 MATERIAL=ADOBEBRICK HTAHS=1.5 RSURF=0
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Basecase - Kliman Residence	 CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ	 Weather: TUCSON.AZ (Tucson AZ TMY)

Line

39 GLASS NAME=W1S AREA=9.24 AZMJ TILT=90 NGLZ=1 &
40	 UVAL=1.5 GLSTYP=1 XRFLC-M.13 RSHTR=0.0 &
41	 TRSHTR=1 SCFWNTR=0 SCFSMR=0; single-no curtains &
42 SGDISTWNTR AIR=0.4 SLB=0.6
43 SGDISTSMR AIR=0.7 SLB=0.3
44 GLSGREFLECT JANGR=0.29 FEBGR=0.29 MARGR=0.29
45	 APRGR=0.29 MAYGR=0.29 JUNGR=0.29
46	 JULGR=0.29 AUGGR=0.29 SEPGR=0.29
47	 OCTGR=0.29 NOVGR=0.29 DECGR=0.29;	 &
48	 assumed reflectivity for hedge
49 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
50	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
51	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
52 SHADING WHEIGHT=3.08 WWIDTH=3 OHDEPTH=1.75 	 &
53	 OHWD=0.83 OHLX=32.67 OHRX=8.33 OHFLAP=0 &
54	 FLDEPTH4 FLTX=0 FLWD=0 FLWBX=0
55	 FRDEPTH=0 FRTX=0 FRWD=0 FRWBX=0
56 GLASS NAME=W2S AREA=6.24 AZM=0 TILT=90 NGLZ=1 &
57	 UVAL=1.5 GLSTYP=1 XRFLCT=0.13 RSHTR=0.0 &
58	 TRSHTR=0.42 SCFWNTR=0.5 SCFSMR=0.5;single w/curtains &
59	 half closed year round
60 SGDISTWNTR AIR=0.4 SLB=0.6
61 SGDISTSMR AIR=0.7 SLB=0.3
62 GLSGREFLECT JANGR=0.29 FEBGR=0.29 MARGR=0.29
63	 APRGR=0.29 MAYGR=0.29 JUNGR=0.29
64	 JULGR=0.29 AUGGR=0.29 SEPGR=0.29
65	 OCTGR=0.29 NOVGR=0.29 DECGR=0.29;	 &
66	 assumed reflectivity for hedge
67 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
68	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
69	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
70 SHADING WHEIGHT=2.08 WWIDTH=3 OHDEPTH=1.75 	 &
71	 OHWD=0.83 OHLX=18.67 OHRX=22.33 OHFLAP=0 &
72	 FLDEPTH=0 FLTX=0 FLWD=0 FLWBX=0	 &
73	 FRDEPTH=-0 FRTX=0 FRWD=0 FRWBX=0
74 GLASS NAME=W3S AREA=3.12 AZM=0 TILT=90 NGLZ=1 &
75	 UVAL=1.5 GLSTYP=1 XRFLCT=0.13 RSHTR=0.0 &
76	 TRSHTR=0.42 SCFWNTR=0.5 SCFSMR=0.5; single w/ &
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Basecase - Kliman Residence	 CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ	 Weather: TUCSON.AZ (Tucson AZ TMY)

Line

77	 curtains half closed year round
78 SGDISTWNTR	 SLB=0.6
79 SGDISTSMR AIR=0.7 SLB=0.3
80 GLSGREFLECT JANGR=0.29 FEBGR=0.29 MARGR=0.29
81	 APRGR=0.29 MAYGR=0.29 JUNGR=0.29
82	 JULGR=0.29 AUGGR=0.29 SEPGR0.29
83	 OCTGR.29 NOVGR4.29 DECGR=0.29; 	 &
84	 assumed reflectivity for hedge
85 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
86	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
87	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
88 SHADING WHEIGHT=2.08 WWIDTH=1.5 OHDEPTH=1.75 &
89	 OHWD=0.83 OHLX=14.67 OHRX=27.83 OHFLAP41 &
90	 FLDEPTH=0 FLTX=0 FLWD=0 FLWBX	 &
91	 FRDEPTH=0 FRTX=0 FRWD7-0- FRWBX=0
92 GLASS NAME=W45 AREA=13.34 AZM=0 TILT=90 NGLZ=1 &
93	 UVAL=1.5 GLSTYP=1 XRFLCT=0.13 RSHTR=0.0 &
94	 TRSHTR=0.48 SCFWNTR=0 SCFSMR=0; single w/ &
95	 curtains open year round
96 SGDISTWNTR AIR=0.4 SLB=0.6
97 SGDISTSMR AIR=0.7 SLB=0.3
98 GLSGREFLECT JANGR=0.29 FEBGR=0.29 MARGR=0.29
99	 APRGR=0.29 MAYGR=0.29 JUNGR=0.29
100	 JULGR=0.29 AUGGR=0.29 SEPGR=0.29
101	 OCTGR=0.29 NOVGR=0.29 DECGR=0.29;	 &
102	 assumed reflectivity for hedge
103 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
104	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
105	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
106 SHADING WHEIGHT=3.08 WWIDTH=4.33 OHDEPTH=1.75 &
107	 OHWD=0.83 OHLX=4 OHRX=35.67 OHFLAP=0 &
108	 FLDEPTH=0 FLTX=0 FLWD-4 FLWBX=0	 &
109	 FRDEPTH=0 FRTX=0 FRWD=0 FRWBX=0
110 GLASS NAME=W5W AREA=9 AZM=90 TILT=90 NGLZ=1 &
111	 UVAL=1.5 GLST'YP=1 XRFLCT=0.13 RSHTR=0.0 &
112	 TRSHTR=0.48 SCFWNTR=0.5 SCFSMR=0.5;single w/curtains &
113	 half open year round
114 SGDISTWNTR	 SLB=0.6
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Basecase - Kliman Residence	 CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ	 Weather: TUCSON.AZ (Tucson AZ TMY)

Line

115 SGDISTSMR AIR=0.7 SLB=0.3
116 GLSGREFLECT JANGR=0.25 FEBGR=0.25 MARGR=0.25
117	 APRGR=0.25 MAYGR=0.25 JUNGR4.25
118	 JULGR=0.25 AUGGR=0.25 SEPGR=0.25
119	 OCTGR=0.25 NOVGR=0.25 DECGR=0.25;	 &
120	 assumed reflectivity for desert landscape
121 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
122	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
123	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
124 SHADING WHEIGHT=2.08 WWIDTH=4.33 OHDEPTH=1.75 &
125	 OHVVD=0.83 OHLX=19.33 OHRX=4.33 OHFLAP=0 &
126	 FLDEPTH=0 FLTX=0 FLWD=0 FLWBX=0	 &
127	 FRDEPTH=0 FRTX=0 FRWD=0 FRWBX=0
128 GLASS NAME=W6W AREA=9 AZM=90 T1LT=90 NGLZ=1
129	 UVAL=1.5 GLSTYP=1 XRFLCT=0.13 RSHTR=0.0 &
130	 TRSHTR=0.48 SCFWNTR=1 SCFSMR=1;single w/curtains &
131	 closed year round
132 SGDISTWNTR AIR=0.4 SLB=0.6
133 SGDISTSMR AIR=0.7 SLB=0.3
134 GLSGREFLECT JANGR=0.25 FEBGR=0.25 MARGR=0.25
135	 APRGR=0.25 MAYGR=0.25 JUNGR=0.25
136	 JULGR=0.25 AUGGR=0.25 SEPGR=0.25
137	 OCTGR=0.25 NOVGR=0.25 DECGR=0.25;	 &
138	 assumed reflectivity for desert landscape
139 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
140	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
141	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
142 SHADING WHEIGHT=2.08 WWIDTH=4.33 OHDEPTH=1.75 &
143	 OHWD=0.83 OHLX=2.67 OHRX=21 ORF'LAP=0 &
144	 FLDEPTH=0 FLTX=0 FLWD=0 FLWBX=0	 &
145	 FRDEPTH=0 FRTX=0 FRWD=0 FRWBX=0
146 GLASS NAME=W7N AREA=13.34 AZM=180 TILT=90 NGLZ=1 &
147	 UVAL=1.5 GLSTYP=1 XRFLCT=0.13 RSHTR=0.0 &
148	 TRSHTR=0.48 SCFWNIR=0.5 SCFSMR=0.5; single w/ &
149	 curtains half open year round
150 SGDISTWNTR AlR=0.4 SLB=0.6
151 SGDISTSMR AIR=0.7 SLB=0.3
152 GLSGREFLECT JANGR=0.45 FEBGR=0.45 MARGR=0.45
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Basecase - Kliman Residence	 CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ	 Weather: TUCSON.AZ (Tucson AZ TMY)

Line

153	 APRGR=0.33 MAYGR=0.33 JUNGR=0.33
154	 JULGR=0.33 AUGGR=0.33 SEPGR.33
155	 OCTGR=0.33 NOVGR=0.45 DECGR=0.45;	 &
156	 assumed reflectivity for grass
157 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
158	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
159	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
160 SHADING WHEIGHT=3.08 WWIDTH=4.33 OHDEPTH=1.75 &
161	 OHWD=0.83 OHLX=15.83 OHRX=2.33 OHFLAP=0 &
162	 FLDEPTH=0 FLTX=0 FLWD---0 FLWBX=0	 &
163	 FRDEPTH=0 FRTX=0 FRWD=0 FRWBX=0
164 GLASS NAME=W8N AREA=13.34 AZM=180 TILT=90 NGLZ=1 &
165	 UVAL=1.5 GLSTYP=1 XRFLCT=0.13 RSHTR=0.0 &
166	 TRSHTR=0.42 SCFWNTR=0 SCFSMR=0; single w/ &
167	 curtains opened year round
168 SGDISTWNTR AIR=0.4 SLB=0.6
169 SGDISTSMR A1R=0.7 SLB=0.3
170 GLSGREFLECT JANGR=0.45 FEBGR=0.45 MARGR=0.45
171	 APRGR=0.33 MAYGR=0.33 JUNGR=0.33
172	 JULGR=0.33 AUGGR=0.33 SEPGR=0.33
173	 OCTGR=0.45 NOVGR.45 DECGR=0.45; 	 &
174	assumed reflectivity for grass
175 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
176	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1	 &
177	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
178 SHADING WHEIGHT=3.08 WWIDTH=4.33 OHDEPTH=1.75 &
179	 OHWD=-0.83 OHLX=2.83 OHRX=15.33 OHFLAP=0 &
180	 FLDEPTH=0 FLTX=0 FLWD.=0- FLWBX=0	 &
181	 FRDEPTH=0 FRTX=0 FR'WD FRWBX=0
182 GLASS NAME=W9N AREA=80.04 AZM=180 TILT=90 NGLZ=1 &
183	 UVAL=1.5 GLSTYP=2 XRFLCT=0.04 RSHTR=0.0 &
184	 TRSHTR=0.42 SCFWNTR=0 SCFSMR=0; single w/ &
185	 curtains open year round
186 SGDISTWNTR AlR=0.4 SLB=0.6
187 SGDISTSMR AIR=0.7 SLB=0.3
188 GLSGREFLECT JANGR=0.40 FEBGR=0.40 MARGR=0.40
189	 APRGR=0.40 MAYGR=0.40 JUNGR=0.40
190	 JULGR=0.40 AUGGR=0.40 SEPGR=0.40
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Basecase - Kliman Residence	 CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ	 Weather: TUCSON.AZ (Tucson AZ TMY)

Line

191	 OCTGR=0.40 NOVGR=0.40 DECGR=0.40;	 &
192	 assumed reflectivity for concrete
193 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
194	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
195	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
196 SHADING WHEIGHT=6.67 VVWIDTH=12 OHDEPTH=8.5 	 &
197	 OHWD=0.83 OHLX=4.67 OHRX=4.83 OHFLAP=0 &
198	 FLDEPTH=0 FLTXd3 FLWD4 FLWI3X=0 	 &
199	 FRDEPTH=0 FRTX=0 FRWD=0 FRWBX=0
200 INF1L ACBASE=1.5; standard (average) construction
201 INTGAIN INTGAIN=20 SCHED=RES AIR=1; all internal gain &
202	 is put to the air node. Value of intgain by &
203	 KWhilday
204 TSTATSWNTR THEAT=65 TDSRD=73 TCOOL=78 THEATNIGHT=65
205 TSTATSSMR THEAT=65 TDSRD=77 TCOOL=78 THEATNIGHT=73
206 WINDFACTOR 0.75; adjusted for a mostly open site
207 CHNGSEASON TYPE=DATE SUMMERBEG=APR-1 SUMMEREND=OCT-31
208 DAYTIMES WDBEG=7 WDEND=22 SDBEG=7 SDEND=22
209 OPCOST	 ELPRICE=0.089 ACCOP=3.54 HEATING=FUEL &
210	 FUELPRICE=0.0060 HTEFF=0.85 	 ;&
211	 a/c cooling and gas furnace/heating
212 WARMUP WUDAYS=7 WUCYCLES=1
213 SOLARCALC FREQ=MONTHLY
214 END

*** No input errors.

*** Beginning simulation 08-JUN-94 15:29:43
House energy imbalance for FEB Net=-15.888 kBtu (0.0011)
House energy imbalance for MAR Net=-14.123 kBtu (0.0013)
House energy imbalance for OCT Net=20.326 kBtu (0.002)
House energy imbalance for NOV Net=11.074 kBtu (0.0011)
House energy imbalance for DEC Net=27.622 kBtu (0.0015)

*** Run complete.
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XII. APPENDIX D

Calpas3 Computer Simulation - Phoenix Validated Basecase. Please note that the following

printout of the Calpas3 computer simulation has been reformatted from the standard ASCII

text format to a Wordperfect 6.0 format in order to properly fit the format of this thesis.

Accordingly, slight adjustments have been made to the original file. For example, the note

which appears at the bottom of this page normally appears at the bottom of the first page of

the printout. In addition, the total number of pages has changed.

Note: CALPAS3 is the property of and is licensed by Berkeley Solar Group, 3140
Martin Luther King Jr. Way, Berkeley, CA 94703 (415 843-7600). Correct applica-
tion and operation of CALPAS3 is the responsibility of the user. Actual building
performance may deviate from CALPAS3 predictions due to differences between
actual and assumed weather, construction, or occupancy. CALPAS3 is certified
for California energy code compliance when used in accordance with the BSG
publication "Using CALPAS3 with the California Residential Building Standards."
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Basecase - Kliman Residence	 CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ	 Weather: PHOENIX.AZ (Phoenix AZ ETMY)

SUMM AR Y Run period: JAN-01 - DEC-31 Conditioned floor area: 1126 sf

SPACE CONDITIONING LOADS 	 Run totals	 Peaks

kBtu	 kBtu/sf	 kBtuh

House
Cooling	 74228	 65.922	 45.841
Heating	 15988	 14.199	 50.247

ENERGY CONSUMPTION	 Run totals	 Peaks

	

Prop line	 Source
kWh; kBtu	 kBtu/sf	 kBtu/sf	 kW; IcBtuh

Electricity
House cooling	 6144	 18.622	 55.866	 3.794

Total	 6144	 18.622	 55.866

Fuel
House heating
	

18810	 16.705	 16.705
	

59.144

Building total 35.327	 72.571    

OPERATING COSTS

Electricity @ 0.089 $/kWh	 $ 547
Fuel	 @ 0.006 $/kBtu	 $ 113

Total	 $ 660 ($0.59/se
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Basecase - Kliman Residence
	

CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ

	
Weather: PHOENIX.AZ (Phoenix AZ ETMY)

MON

MONTHLY HOUSE ENERGY BALA N C E

GAINS & LOSSES

(IcBtu; + into house)

TRANSFERS

COND SHCND INFIL SLR INT STRG RB+SS VENT COOL HEAT

JAN -5929.4 -2658.6 2068.4 2116.1 -43.2 -33.290 0 4486.4
FEB -4431.2 -2220.2 2117.9 1911.3 -267 -54.719 -12.392 2940.5
MAR -2578.0 -1733.6 2443.2 2116.1 -127 -618.03 -515.13 998.29
APR -1292.1 -1358.1 2445.0 2047.8 -109 -529.90 -2497.6 1287.5
MAY 3615.5 267.00 2942.6 2116.1 -97.2 -730.99 -8186.9 56.372
JUN 8017.4 1908.2 2943.1 2047.8 3.18 -276.59 -14649 0
JUL 10362 2819.3 2589.2 2116.1 -51.4 -90.025 -17746 0
AUG 8935.0 2328.1 2400.3 2116.1 13.3 -71.530 -15720 0
SEP 5898.1 1312.1 2153.1 2047.8 78.6 -409.74 -11064 0
OCT 65.473 -672.26 2175.3 2116.1 179 -466.39 -3821.8 444.96
NOV -3052.8 -1656.4 2158.5 2047.8 303 -452.73 -15.306 678.59
DEC -6536.1 -2804.3 1969.8 2116.1 234 -47.405 0 5095.7

TOT 13074 -4468.8 28406 24915 117 -3781.3 -74228 15988

MONTHLY CONDITIONS

TEMPERATURES (F)

(Units as shown)

WTHR (F; Btu/sf) PEAKS (1cBtuh)

MON TIM TIM THM TSL TSH TSM DBL DBH DBM SGL HSCL/DY HSHT/DY SS CL/DY SSHT

JAN	 65	 69 66 41 64 52 1024 0 	24.24
FEB	 65	 71 67 42 67 54 1399 -5.36 28	 22.8 23
MAR 66 75 71 47 75 61 1855 -13.8 31	 17.7 5
APR	 72 78 76 54 80 68 2329 -22.5 30	 50.2 21
MAY 75 78 77 62 92 79 2709 -38.3 11	 16.0 6
JUN	 78	 78 78 73 101 88 2697 -42.5 28	 7.64 13
JUL	 78	 78 78 82 103 93 2430 -41.3 10	 0
AUG	 78 78 78 79 101 90 2292 -44.0 25	 0
SEP	 77	 78 78 73 97 85 2030 -45.8	 1	 0
OCT	 74 78 76 59 87 73 1571 -35.8	 6	 0
NOV	 66 74 70 50 72 61 1210 -24.9	 1	 11.2 18
DEC	 65 70 67 40 65 52 921 -4.59	 9	 15.4 28

TOT	 72 75 74 59 84 71 1874 -45.8	 50.2
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Basecase - Kliman Residence	 CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ	 Weather: PHOENIX.AZ (Phoenix AZ TMY)

Line

1 TITLE Basecase - Kliman Residence
2 SITE LOCATION= 1103 E. Waverly Street Tucson, AZ
3 AZMSOUTH 0.0
4 GREFLECT JANGR0.25 FEBGR=0.25 MARGR.25 APRGR=0.25 &
5	 MAYGR=0.25 JUNGR=0.25 JULGR=0.25 AUGGR=0.25 &
6	 SEPGR=0.25 OCTGR=0.25 NOVGR=0.25 DECGR=0.25 ;&
7	 assumed reflectivity value for desert landscape
8 HOUT 4.00; avg outside film coeff. 7.5 mph in Tucson
9 HOUSE FLRAREA=1126 VOL=9372
10 ROOF AREA=624.8 AZM=0 TILT=9.5 UVAL-.073 ABSRP=0.70 ;&
11	 absorp. value-light color fully exposed-gravel
12 WALL NAME=ROOF2 AREA=624.8 AZM=180 TILT=9.5 UVAL4.073 &
13	 ABSRP=0.70 INSIDE=AIR; absrp. same as above
14 WALL NAME=SOUTH AREA=278.05 AZM=0 TILT=90 &
15	 UVAL=4 ABSRP=0.65 INSIDE=EXWALL	 ;&
16	 adobe brick wino insulation, plaster
17 WALL NAME=WEST AREA=220 AZM=90 TILT=90
18	 UVAL=4 ABSRP=0.65 INSIDE=EXWALL 	 ;&
19	 adobe brick wino insulation, plaster
20 WALL NAME=NORTH AREA=223.28 AZM=180 TILT=90 &
21	 UVAL=4 ABSRP=0.65 INSIDE=EXWALL	 ;&
22	 adobe brick wino insulation, plaster
23 WALL NAME=EAST AREA=220.2 AZM=-90 TILT=90 &
24	 UVAL=4 ABSRP=0.65 INSIDE=EXWALL	 ;&
25	 adobe brick wino insulation, plaster
26 WALL NAME=MAINDOOR AREA=20.01 AZM=0 TILT=90 &
27	 UVAL=0.25 ABSRP=0.7 INSIDE=AIR	 ;&
28	 Main door solid core wood
29 WALL NAME=SIDEDOOR AREA=17.81 AZM=-90 TILT=90 &
30	 UVAL=0.39 ABSRP=0.4 INSIDE=AIR	 ;&
31	 Side door insulated metal
32 WALL NAME=PERLOSS AREA= 144 AZM) TILT=0
33	 UVAL=0.90 ABSRP=0.0 INSIDE=AIR; Slab on &
34	 grade
35 MATERIAL MATERIAL--=ADOBEBRICK V1-ICAP=25 COND.-0- .250
36 SLAB AREA=1232 THICNS=4 MATERIAL=CONC140 HT'AHS=1.5 &
37	 RSURF=2; carpet over concrete slab
38 EXWALL THKNS=9 MATERIAL=ADOBEBRICK HTAHS=1.5 RSURF=0
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Basecase - Kliman Residence	 CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ	 Weather: PHOENIX.AZ (Phoenix AZ TMY)

Line

39 GLASS NAME=W1S AREA=9.24 AZM=0 TILT=90 NGLZ=1 &
ao	 UVAL=1.5 GLSTYP=1 XRFLCT=0.13 RSHTR=0.0 &
41	 TRSHTR=1 SCFWNTR=0 SCFSMR); single-no curtains &
42 SGDISTWNTR AlR=0.4 SLB=0.6
43 SGDISTSMR AIR=0.7 SLB=0.3
44 GLSGREFLECT JANGR=0.29 FEBGR=0.29 MARGR=0.29
45	 APRGR=0.29 MAYGR=0.29 JUNGR=0.29
46	 JULGR.29 AUGGR=0.29 SEPGR=0.29
47	 OCTGR=0.29 NOVGR=0.29 DECGR=0.29;	 &
48	 assumed reflectivity for hedge
49 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
50	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
51	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
52 SHADING WHEIGHT=3.08 WWIDTH=3 OHDEPTH=1.75 	 &
53	 OHWD=0.83 OHLX=32.67 OHRX=8.33 OHFLAP=0 &
54	 FLDEPTH=0 FLTX=0 FLWD=0 FLWBX=0
55	 FRDEPTH=0 FRTX=0 FRWD=0 FRWBX=0
56 GLASS NAME=W2S AREA=6.24 AZM=0 TILT=90 NGLZ=1 &
57	 UVAL=1.5 GLSTYP=1 XRFLCT=0.13 RSHTR=0.0 &
58	 TRSHTR=0.42 SCFWNTR=0.5 SCFSMR=0.5;single w/curtians &
59	 half closed year round
60 SGDISTWNTR AIR=0.4 SLB=0.6
61 SGDISTSMR AIR=0.7 SLB=0.3
62 GLSGREFLECT JANGR=0.29 FEBGR=0.29 MARGR=0.29
63	 APRGR=0.29 MAYGR=0.29 JUNGR=0.29
64	 JULGR=0.29 AUGGR=0.29 SEPGR=0.29
65	 OCTGR=0.29 NOVGR=0.29 DECGR=0.29;	 &
66	 assumed reflectivity for hedge
67 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
68	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
69	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
70 SHADING WHEIGHT=2.08 WWIDTH=3 OHDEPTH=1.75 	 &
71	 OHWD=0.83 OHLX=18.67 OHRX=22.33 OHFLAP=0 &
72	 FLDEPTH=0 FLTX=0 FLWD=0 FLWBX=0	 &
73	 FRDEPTH=0 FRTX=0 FRWD=0 FRWBX=0
74 GLASS NAME=W3S AREA=3.12 AZM=0 TTLT=90 NGLZ=1 &
75	 UVAL=1.5 GLSTYP=1 XRFLCT=0.13 RSHTR=0.0 &
76	 TRSHTR=0.42 SCFWNTR=0.5 SCFSMR=0.5; single w/ &

Run: C:bas-fnl 002	 08-JUN-94 15:29:39 Page 4 of 8



81

Basecase - Kliman Residence	 CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ	 Weather: PHOENIX.AZ (Phoenix AZ TMY)

Line

77	 curtains half closed year round
78 SGDISTWNTR AlR4.4 SLB=0.6
79 SGDISTSMR AlR=0.7 SLB=0.3
80 GLSGREFLECT JANGR.29 FEBGR=0.29 MARGR=0.29
81	 APRGR=0.29 MAYGR=0.29 JUNGR=0.29
82	 JULGR=0.29 AUGGR=0.29 SEPGR=0.29
83	 OCTGR=0.29 NOVGR=0.29 DECGR=0.29;	 &
84	 assumed reflectivity for hedge
85 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
86	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
87	 SEPSGF=1 OCT'SGF=1 NOVSGF=1 DECSGF=1
88 SHADING WHEIGHT=2.08 WWIDTH=1.5 OHDEPTH=1.75 &
89	 OHWD=0.83 OHLX=14.67 OHRX=27.83 OHFLAP=0 &
90	 FLDEPTH FLTX=0 FLVVD=0 FLWBX=0	 &
91	 FRDEPTH=0 FRTX=0 FRWDr--0 FRWBX=0
92 GLASS NAME=W4S AREA=13.34 AZM=0 T1LT=90 NGLZ=1 &
93	 UVAL=1.5 GLSTYP=1 XRFLCT=0.13 RSHTR=0.0 &
94	 TRSHTR=0.48 SCFWNTR=0 SCFSMR=0; single w/ &
95	 curtains open year round
96 SGDISTWNTR AIR=0.4 SLB=0.6
97 SGDISTSMR AIR=0.7 SLB=0.3
98 GLSGREFLECT JANGR=0.29 FEBGR=0.29 MARGR=0.29
99	 APRGR=0.29 MAYGR=0.29 JUNGR=0.29
100	 JULGR=0.29 AUGGR=0.29 SEPGR=0.29
101	 OCTGR=0.29 NOVGR=0.29 DECGR=0.29;	 &
102	 assumed reflectivity for hedge
103 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
104	 MAYSGF=1 JUNSGF=1 JLTLSGF=1 AUGSGF=1	 &
105	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
106 SHADING WIIEIGHT=3.08 WWIDTH=4.33 OHDEPTH=1.75 &
107	 OHWD=0.83 OHLX=4 OHRX=35.67 OHFLAP=0 &
108	 FLDEPTH=0 FLTX=0 FLWDO- FLWBX=0	 &
109	 FRDEPTH=0 FRTX=0 FRWD=0 FRWBX
110 GLASS NAME=W5W AREA=9 AZM=90 TILT=90 NGLZ=1 &
111	 UVAL=1.5 GLSTYP=1 XRFLCT=0.13 RSHTR=0.0 &
112	 TRSHTR=0.48 SCFWNTRI.5 SCFSMR=0.5;single w/curtains &
113	 half open year round
114 SGDISTWNTR AIR=0.4 SLB=0.6
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Basecase - Kliman Residence	 CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ	 Weather: PHOENIX.AZ (Phoenix AZ TMY)

Line

115 SGDISTSMR AIR=0.7 SLB=0.3
116 GLSGREFLECT JANGR=0.25 FEBGR=0.25 MARGR=0.25
117	 APRGR=0.25 MAYGR=0.25 JUNGR=0.25
118	 JULGR=0.25 AUGGR4.25 SEPGR4.25
119	 OCTGR=0.25 NOVGR4.25 DECGR=0.25;	 &
120	 assumed reflectivity for desert landscape
121 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
122	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
123	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
124 SHADING WHEIGHT=2.08 WWIDTH=4.33 OHDEPTH=1.75 &
125	 OHWD=0.83 OHLX=19.33 OHRX=4.33 OHFLAP=0 &
126	 FLDEPTH=0 FLTX=0 FLWD=0- FLWBX4	 &
127	 FRDEPTH=0 FRTX=0 FRWD=0 FRWBX4
128 GLASS NAME=W6W AREA=9 AZM=90 TILT=90 NGLZ=1
129	 UVAL=1.5 GLSTYP=1 XRFLCT=0.13 RSHTR4.0 &
130	 TRSHTR=0.48 SCFWNTR=1 SCFSMR=1;single w/curtains &
131	 closed year round
132 SGDISTWNTR AIR=0.4 SLB=0.6
133 SGDISTSMR AIR=0.7 SLB=0.3
134 GLSGREFLECT JANGR=0.25 FEBGR=0.25 MARGR=0.25
135	 APRGR=0.25 MAYGR=0.25 JUNGR=0.25
136	 JULGR=0.25 AUGGR=0.25 SEPGR=0.25
137	 OCTGR=0.25 NOVGR=0.25 DECGR=0.25;	 &
138	 assumed reflectivity for desert landscape
139 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
140	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
141	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
142 SHADING WHEIGHT=2.08 WWIDTH=4.33 OHDEPTH=1.75 &
143	 OHWD=0.83 O1-ILX=2.67 OHRX=21 OHFLAN--0 &
144	 FLDEPT'H=0 FLTX=0 FLWD=0 FLWBX=0 	 &
145	 FRDEPTH=0 FRTX=0 FRWD=0 FRWBX=0
146 GLASS NAME=W7N AREA=13.34 AZM=180 TILT=90 NGLZ=1 &
147	 UVAL=1.5 GLSTYP=1 XRFLCT=0.13 RSHTR=0.0 &
148	 TRSHTR=0.48 SCFWNTR=0.5 SCFSMR=0.5; single w/ &
149	 curtains half open year round
150 SGDISTWNTR AIR=0.4 SLB=0.6
151 SGDISTSMR AIR=0.7 SLB=0.3
152 GLSGREFLECT JANGR=0.45 FEBGR=0.45 MARGR=0.45
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Basecase - Kliman Residence	 CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ	 Weather: PHOENIX.AZ (Phoenix AZ TMY)

Line

153	 APRGR=0.33 MAYGR=0.33 JUNGR=0.33
154	 JULGR=0.33 AUGGR=0.33 SEPGR=0.33
155	 OCTGR=0.33 NOVGR=0.45 DECGR=0.45;	 &
156	 assumed reflectivity for grass
157 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
158	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
159	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
160 SHADING WHEIGHT=3.08 WWIDTH=4.33 OHDEPTH=1.75 &
161	 OHWD=0.83 OHLX=15.83 OHRX=2.33 OHFLAP=0 &
162	 FLDEPTH=0 FLTX=0 FLWD=0 FLWBX=0	 &
163	 FRDEPTH=0 FRTX=0 FRWD=0 FRWBX=0
164 GLASS NAME=W8N AREA=13.34 AZM=180 TILT=90 NGLZ=1 &
165	 UVAL=1.5 GLSTYP=1 XRFLCT=0.13 RSHTR=0.0 &
166	 TRSHTR=0.42 SCFWNTR=0 SCFSMR=0; single w/ &
167	 curtains opened year round
168 SGDISTWNTR A1R=0.4 SLB=0.6
169 SGDISTSMR AIR=0.7 SLB=0.3
170 GLSGREFLECT JANGR=0.45 FEBGR=0.45 MARGR=0.45
171	 APRGR=0.33 MAYGR=0.33 JUNGR=0.33
172	 JULGR=0.33 AUGGR=0.33 SEPGR=0.33
173	 OCTGR=0.45 NOVGR=0.45 DECGR=0.45;	 &
174	 assumed reflectivity for grass
175 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
176	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
177	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
178 SHADING WHEIGHT=3.08 WWIDTH=4.33 OHDEPTH=1.75 &
179	 OHWD=0.83 OHLX=2.83 OHRX=15.33 OHFLAP=0 &
180	 FLDEPTH=0 FLTX=0 FLWD=0 FLWBX=0	 &
181	 FRDEPTH=0 FRTX=0 FRWD=0 FRWBX=0
182 GLASS NAME=W9N AREA=80.04 AZM=180 TILT=90 NGLZ=1 &
183	 UVAL=1.5 GLSTYP=2 XRFLCT=0.04 RSHTR=0.0 &
184	 TRSHTR=0.42 SCFWNTR=0 SCFSMR=0; single w/ &
185	 curtains open year round
186 SGDISTWNTR AlR4.4 SLB=0.6
187 SGDISTSMR AIR=0.7 SLB=0.3
188 GLSGREFLECT JANGR=0.40 FEBGR=0.40 MARGR=0.40
189	 APRGR=0.40 MAYGR=0.40 JUNGR=0.40
190	 JULGR=0.40 AUGGR=0.40 SEPGR=0.40
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Basecase - Kliman Residence	 CALPAS3 V3.12 License: PCO201
1103 E. Waverly Street Tucson, AZ	 Weather: PHOENIX.AZ (Phoenix AZ TMY)

Line

191	 OCTGR=0.40 NOVGR=0.40 DECGR=0.40; 	 &
192	 assumed reflectivity for concrete
193 SGFACTORS JANSGF=1 FEBSGF=1 MARSGF=1 APRSGF=1 	 &
194	 MAYSGF=1 JUNSGF=1 JULSGF=1 AUGSGF=1 	 &
195	 SEPSGF=1 OCTSGF=1 NOVSGF=1 DECSGF=1
196 SHADING WHEIGHT=6.67 WWIDTH=12 OHDEPTH=8.5	 &
197	 OHWD=0.83 OHLX=4.67 OHRX=4.83 OHFLAP=0 &
198	 FLDEPTH=0 FLTX=0 FLWD=0 FLWBX=0	 &
199	 FRDEPTH=0 FRTX=0 FRWD=0 FRWBX=0
200 INF1L ACBASE=1.5; standard (average) construction
201 INTGAIN INTGAIN=20 SCHED=RES AIR=1; all internal gain &
202	 is put to the air node. Value of intgain by &
203	 KWhr/day
204 TSTATSWNTR THEAT=65 TDSRD=73 TCOOL=78 THEATNIGHT=65
205 TSTATSSMR THEAT=65 TDSRD=77 TCOOL=78 THEATNIGHT=73
206 WINDFACTOR 0.75; adjusted for a mostly open site
207 CHNGSEASON TYPE=DATE SUMMERBEG=APR-1 SUMMEREND=OCT-31
208 DAYTIMES WDBEG=7 WDEND=22 SDBEG=7 SDEND=22
209 OPCOST	 ELPRICE=0.089 ACCOP=3.54 HEATING=FUEL &
210	 FUELPRICE=0.0060 HTEFF=0.85 	 ;&
211	 a/c cooling and gas furnace/heating
212 WARMUP WUDAYS=7 WUCYCLES=1
213 SOLARCALC FREQ=MONTHLY
214 END

*** No input errors.

*** Beginning simulation 08-JUN-94 15:29:43
House energy imbalance for FEB Net=-15.888 kBtu (0.0011)
House energy imbalance for MAR Net=-14.123 kBtu (0.0013)
House energy imbalance for OCT Net=20.326 kBtu (0.002)
House energy imbalance for NOV Net=11.074 kBtu (0.0011)
House energy imbalance for DEC Net=27.622 kBtu (0.0015)

*** Run complete.
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XIII. APPENDIX E

The following pages are graphs of results from orientation study. A graph was generated for
each variation of the house, showing the energy consumption (cooling, heating, and total) for
each orientation.



Validated Basecase - Kliman Residence
Tucson

40

35

30

256
Z-4

1 20

15

10

5

0

86

North West 35West 25West South 25East 35East East
Orientation

Il Cooling M Heating • Total I

Figure 7. Performance Graph of Kliman Residence - Tucson
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Base House, 16" Adobe
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Figure 8. Performance Graph of Base House, Adobe - Tucson
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Figure 9. Performance Graph of Base House, Frame - Tucson



Low Absorptivity, 16" Adobe
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Figure 10. Performance Graph of Low Absorptivity House, Adobe - Tucson
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Figure 11. Performance Graph of Low Absorptivity House, Frame - Tucson
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Figure 12. Performance Graph of High Absorptivity House, Adobe - Tucson
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Figure 13. Performance Graph of High Absorptivity House, Frame - Tucson
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Figure 14. Performance of Optimal Shape House, Adobe - Tucson
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Figure 15. Performance of Optimal Shape House, Frame - Tucson



Square, 16" Adobe
Tucson

5

O

95

North West 35West 25West South 25East 35East East
Orientation

II Cooling • Heating ll Total I

Figure 16. Performance Graph of Square House, Adobe - Tucson
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Figure 17. Performance Graph of Square House, Frame - Tucson
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Glazing per Energy Code*, 16" Adobe
Tucson - * 12% of Wall Area
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Figure 18. Performance Graph of M.E.C. Glazing House, Adobe - Tucson
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Glazing per Energy Code*, 2x6 Frame
Tucson - *12% of Wall Area
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Figure 19. Performance Graph of M.E.C. Glazing House, Frame - Tucson
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Figure 20. Performance Graph of Mirrored House, Adobe - Tucson
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Figure 21. Performance Graph of Mirrored House, Frame - Tucson
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Glazing Front Elevation*, 16" Adobe
Tucson - *12% of Floor Area
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Figure 22. Performance Graph of Front Glazing House, Adobe - Tucson
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Glazing Front Elevation*, 2x6 Frame
Tucson - *12% of Floor Area
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Figure 23. Performance Graph of Front Glazing House, Frame - Tucson
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Validated Basecase - Kliman Residence
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Figure 24. Performance Graph of Kliman Residence - Phoenix
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Figure 25. Performance Graph of Base House, Adobe - Phoenix
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Figure 26. Performance Graph of Base House, Frame - Phoenix



Low Absorptivity, 16" Adobe
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Figure 27. Performance Graph of Low Absorptivity House, Adobe - Phoenix
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Figure 28. Performance Graph of Low Absorptivity House, Frame - Phoenix



High Absorptivity, 16" Adobe
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Figure 29. Performance Graph of High Absorptivity House, Adobe - Phoenix
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Figure 30. Performance Graph of High Absorprtivity House, Frame - Phoenix
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Figure 31. Performance of Optimal Shape House, Adobe - Phoenix
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Figure 32. Performance of Optimal Shape House, Frame - Phoenix
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Figure 33. Performance Graph of Square House, Adobe - Phoenix
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Square, 2x6 Frame
Phoenix
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Figure 34. Performance Graph of Square House, Frame - Phoenix
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Glazing per Energy Code*, 16" Adobe
Phoenix - *12% of Wall Area
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Figure 35. Performance Graph of M.E.C. Glazing House, Adobe - Phoenix
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Glazing per Energy Code*, 2x6 Frame
Phoenix - *12% of Wall Area N
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Figure 36. Performance Graph of M.E.C. Glazing House, Frame - Phoenix
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Figure 37. Performance Graph of Mirrored House, Adobe - Phoenix
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Figure 38. Performance Graph of Mirrored House, Frame - Phoenix
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Figure 39. Performance Graph of Front Glazing House, Adobe - Phoenix
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Glazing Front Elevation*, 2x6 Frame
Phoenix - *12% of Floor Area
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Figure 40. Performance Graph of Front Glazing House, Frame - Phoenix
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