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ABSTRACT

The objectives of the study were to examine and quantify the relationship between

vegetation and the thermal performance of residences in a hot arid environment. Also

explored were structural and human influences on residential energy consumption. A

primary goal was to determine how much energy savings could be realized through

strategic planting of vegetation. This study sought to validate previous simulation and

modeling studies that documented annual savings of 2-11% on residential cooling loads.

Also examined was whether shrubs and grass could provide a benefit similar to that of

trees, assessing the importance of evapotranspiration versus shading. An empirical study

was conducted using 105 existing homes in the metropolitan area of Tucson, Arizona.

Data included construction type, amenities, living habits of occupants, and energy

consumption for heating and cooling over a two-year period. These data were analyzed

with a combination of bivariate and multivariate analyses to examine direct correlations

between specific variables and energy consumption and the relative importance of each

variable. These analyses were unable to document any measurable savings in summer

cooling loads as a result of vegetation adjacent to the house, and the presence of trees

actually increased the winter heating load by 2%. While trees provide important shading

benefits, and can reduce the direct solar gain through the windows of a house, analysis

demonstrated that structural and human factors were the most important aspects in

residential energy consumption. The size of the house is of primary importance. Houses

with evaporative cooling consumed significantly less energy than those with air

conditioning. Thermostat settings and habits regarding thermostat operation were the
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most critical human factors. Occupants who adjusted their thermostats a few degrees

cooler in winter and warmer in summer realized measurable savings. Occupants who

turned their heating and cooling equipment off when they were not home used

significantly less energy for heating and cooling. These factors far outweighed any impact

from vegetation on annual energy consumption. While trees should not be considered as a

primary means of reducing annual energy consumption, properly placed vegetation can

provide aesthetic benefits and increase the thermal comfort of the occupants.
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1. INTRODUCTION

1.1 Problem Statement

Traditionally, designers have focused on manipulating the structure of buildings to

improve their thermal performance. This strategy is an "internal response" to the external

climate. Site characteristics are also important to the energy balance of a building. Cool

microclimates within a hot, arid environment can improve the thermal performance of

buildings (Mastalerz and Oliver 1974; McClenon 1977; Parker 1983; McPherson 1984;

Huang et al. 1987; Livingston 1990). Cooler air immediately surrounding a building

reduces the temperature gradient between the exterior and interior, thereby reducing the

energy load on the building. Cooler exterior temperatures can also result in more

comfortable outdoor spaces, reducing the need to create large, mechanically heated and

cooled indoor spaces. In addition to structural elements such as porches, vegetation can

be used to create microclimates. The spatial and temporal characteristics of vegetation-

induced microclimates are well documented (Oilman and Pratt 1956; deVries 1959;

Bennet and Nelson 1960; Sellers 1965; Burman et al. 1973; Bernatzky 1982; Kirby and

Sellers 1987; McGinn and Flocchini 1993). Increased awareness of and concern for the

environment make incorporation of site vegetation into building design more important

than ever; however, architects rarely include vegetation as an integral part of building

design.

Three factors contribute to the lack of progress in integrating buildings with their

sites for optimal energy-efficiency. First, the architectural community is not exposed to

most of the scientific literature regarding the benefits of microclimates. Instead, architects
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rely upon classic books and articles that provide very general guidelines for designing in a

particular regional climate (Aronin 1953; Cook 1975; Givoni 1976; Watson and Labs

1983; Ramsey/Sleeper 1988; Olgyay 1992). Second, the literature lacks studies which: a)

quantify the vegetation necessary to create a microclimate, b) identify the types of

vegetation, other than general shape (McPherson and Dougherty, 1989), which are most

effective for creating beneficial microclimates in a specific climate, and c) identify the scale

of the microclimate required to improve the thermal performance of a building. Finally,

landscaping has historically been considered separate from the building itself Developers,

concerned mainly with profits, focus on the buildings or residences. Without codes to

require more, the landscaping is considered something to be accomplished by the building

owner upon completion of construction. It is rare in the private sector for a landscape

architect to be hired during the initial design stage.

For the developer, any operational savings are irrelevant. In cases where the client

is the owner/occupant, the architect often has difficulty convincing the client to include the

landscaping with the project because of the lack of empirical data to support the claims of

increased thermal performance resulting from vegetation. Researchers involved in urban

forestry and urban climate modeling have endeavored to make some predictions as to the

interactions between vegetations and buildings. To date, however, the majority of the

research conducted has involved computer simulations for a specific location or site

condition (Huang et al., 1987). A few of these computer-simulation studies have

attempted to look at impacts of trees and vegetation for specific climates (McPherson et

al., 1988; McPherson and Dougherty, 1989; McPherson et al., 1992). In some instances,
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simulations and resultant projections have been made on the basis of measurements taken

from scale models (Livingston, 1990). In other studies, the data were limited in both size

and parameters measured, precluding application of the results to anything other than

broad generalizations (ASU Center for Environmental Studies, 1977). There has yet to be

a broad scale study of "real world" conditions, which could validate the predictions of

these computer simulations or small-scale studies.

1.2 Objectives

The objectives of this study were to examine, and quantify, the 'real world'

relationship between vegetation and the thermal performance of residences in a hot arid

environment. Several computer simulation studies have been conducted regarding the

benefit of trees in saving energy consumption for summer cooling. Tucson has been a

primary location for the house representing the warm, dry climate. The computer models

all carried with them sets of assumptions in terms of the physical structure and habits of

the occupants. The prototype houses were effectively idealized unoccupied structures. In

reality, construction types vary quite a bit and many existing homes are much less energy-

efficient than the simulation prototypes. These factors as well as specific living habits of

the occupants can dramatically impact residential energy consumption. This study sought

to account for those variables and determine whether the savings predicted by the previous

studies were, in fact, demonstrable under real world conditions.

A primary goal was to determine how much energy savings could be realized for

the average residence located in an arid environment, solely through the strategic planting
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of vegetation. The literature is fairly consistent in recommendations for where trees

should be placed for optimal energy benefits. Of primary importance are the east and west

exposures (McPherson, 1984, Schiler and Moffat, 1981), with deciduous trees on the

south side also providing a significant benefit. In reality, houses vary considerably in

orientation, and homeowners generally make landscaping decisions based upon aesthetics.

The intent of this study was to examine planting patterns, and determine the magnitude of

benefit from vegetation in a general sense, as opposed to a specific orientation. Related to

that question were the issues of vegetation type and quantity with respect to energy

consumption. There has, for several years, been the perception that grass in a desert

environment wastes tremendous amounts of water without any energy benefit. This study

sought to find out whether that perception is a reality. A related question is whether the

shading benefits of vegetation are of primary importance or whether the transpirational

cooling plays just as important a role in the building energy balance equation. In other

words, is there a measurable benefit from shrubs and grass or is it only trees that can

effectively provide the cooling benefit? It was also important to determine the relationship

between the quantity of vegetation and energy consumption of the adjacent building.

Previous computer simulation studies have indicated that there is a point of diminishing

return (McPherson and Dougherty, 1989). One of the components of this study was to

validate those results. What is the average impact of vegetation on a house, and how

much can that benefit increase if the quantity of vegetation is increased?

The strategy for this study was to obtain a large enough sample of existing homes

that the vagaries of the occupants' energy-use habits and structural amenities could be
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effectively averaged over the data set. Personal living habits, such as thermostat settings

and thermostat operation habits, as well as construction features, such as wall

construction, house color, and roof type, can have a significant impact on the energy

consumption in a home. In previous studies utilizing both computer simulation and scale

models, however, only the vegetation variables were manipulated. In an empirical study,

all relevant variables must be considered. These 'human' and structural factors could not

be ignored. Rather, these variables provided the opportunity for additional examination of

relationships between the many variables and energy consumption for space conditioning.

The approach of this study was to acknowledge the complexities of actual housing, and

assume that the inconsistency of the variables would extend through the entire sample of

homes. In doing so, the statistical analysis would reveal the relative importance of each of

these human and structural variables along with the vegetation variables for a

comprehensive picture of residential heating and cooling loads.

Finally, the results of a study of this nature would not be useful unless they were

interpreted for those who could benefit from the information. Homeowners, utility

companies, and members of the construction industry need to understand the implications

of landscaping around residences, and other buildings. One of the most important

objectives, therefore, was to translate the results of this study into practical terms. The

intent was to use the results of the analysis to generate design guidelines for effectively

integrating vegetation with residences in a hot arid environment. It is recognized that

construction methods vary around the globe due to availability of materials and cultural

factors. The applicability of the study was intended to extend beyond Tucson, Arizona,
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however. Many of the houses constructed in Tucson in the last sixty years were built of

some type of masonry. Although these houses were based on very different designs and

materials than many traditional arid land houses, much of the recent residential

construction in developing countries has employed similar architectural styles and

materials. Foreign aid has resulted in a large number of houses built with concrete

masonry unit (CMU) walls, and very little insulation in the roof. For these structures in

particular, this study should have some relevance.
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2. BACKGROUND

2.1. The Energy Balance of Buildings

Historically, the concerns of shelter have focused on thermal comfort and

protection from the elements (Schiler, 1986). Although technology and economics have

allowed for the evolution of architecture, the primary goal of human thermal comfort

remains. As previously discussed, architects have focused on creating a building envelope

to serve as a boundary between the exterior and interior environments. For this reason, a

majority of the architectural literature relating to thermal transmission is in the context of

thermal comfort, and energy transfer between the human body and surrounding

environment. The thermal processes of a building and those of the human body are

analogous, however. The skin of a building performs much the same function as the skin

of the human body (Schiler, 1986, p. 1-3).

The transfer of energy between the exterior and the interior of a building can occur

by three different processes: conduction, convection, and radiation (ASHRAE, 1981,

Ramsey/Sleeper, 1988). Each of these processes is dependent upon different climate

variables and the materials from which the structure is constructed. While separate, these

three processes are often interrelated. Both conduction and convection are a function of

the roughness of the building surfaces, air movement, and the temperature difference

between the air and the surface of the building (Ramsey/Sleeper, 1988). Radiant heat

transfer is a function of the solar radiation on a building surface, the emissivity of that

surface, and the temperature difference between the warm objects emitting radiation and

the cooler objects absorbing radiation (Schiler, 1986, Ramsey/Sleeper, 1988, Dagestino,
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1995). Due to the nature and relationship of these three processes, the overall heat flow

through the building envelope is dependent upon all three (Markus and Morris, 1980).

Heat transfer is measured by determining the rate at which a unit area of a building

component under steady state conditions changes temperature, given a one degree

difference between the air temperatures on the two sides of the component (ASHRAE,

1981, Markus and Norris, 1980). The thermal performance of a building is determined by

how much heat transfer occurs between the inside and the outside of the building. There

is an inverse relationship between these two characteristics. A building that has a low heat

transfer coefficient will perform well, while a high heat transfer coefficient results in poor

thermal performance.

Conduction is sensible heat transfer resulting from the molecular transfer of the

vibration of molecules (ASHRAE, 1981). Every material has a value of heat transfer, or

conductivity. Building materials are generally rated with a value of resistance (r-value),

defined as the inverse of the material's conductivity. Conductive heat transfer through a

building component is therefore dependent almost entirely upon the materials which

comprise that particular building component. If the component is a single material, then

the rate of heat transfer will be the conductivity of that material. For a composite building

component, rate of heat transfer is the sum of the conductivity of each of the components

(Ramsey/Sleeper, 1988, ASHRAE, 1981). The overall thermal transfer between the

exterior and interior of the building is also impacted by an air film layer on each side of the

building component. The thickness of this film is determined by the angle of the surface

with respect to the ground, as well as the roughness of the exterior surface.
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Convection is sensible heat transfer resulting from the movement of mass.

Convective heat transfer in a building generally requires the presence and movement of air.

Heat rises, pushing the cooler air down, and forming a convective loop (ASHRAE, 1981,

Ramsey/Sleeper, 1988, Dagestino, 1995, Schiler and Moffat, 1981, Schiler, 1986). It is

also possible for convection to occur horizontally by stirring the air. This process occurs

more slowly than upward convection, however (Schiler, 1986). It can thus occur

between the exterior or interior air and the adjacent building surface. It can also occur

within a composite building component, such as a stud wall or framed roof. Convection is

directly related to the temperature difference between the air and the adjacent building

material. As a result, the conductivity of the materials will determine, in part, the rate of

convective heat transfer. Convective heat transfer is also indirectly related to the 'air-

tightedness' of a building. Places where the building is not completely sealed from the

exterior, such as around the doors and windows, will allow the exchange of air between

the exterior and interior. This air infiltration is a source of convective heat transfer.

Air infiltration is significantly impacted by the airflow around the building. The

shape of the building, the velocity of the air, and the turbulence due to neighboring

structures will determine the exact patterns, but Oke (1992) documented some general

guidelines for the resulting areas of high and low pressure based upon some wind tunnel

studies (figure 2.1). The windward surface of the building will be under pressure, with the

highest pressure near the upper middle part of the wall. According to Oke, the wind is

actually at a standstill at this point. The lee side of the building is under low pressure.

The reverse flows caused by the movement of the air from high to low pressure create
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Figure 2.1 Flow patterns around a sharp-edged building. Side view of (a) streamlines
and flow zones, and (b) velocity profiles and flow zones with the building
oriented normal to the flow. Plan view of streamlines with the building
oriented (c) normal, (d) diagonally to the flow (modified after Halitsky, 1963).
(From Oke, 1992, p.265).
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eddies on the lee side of the building. The greater the pressure gradient, and thus wind

velocity, through cracks in the building envelope, the greater the infiltration and resulting

heat flux.

Radiant heat transfer results from electromagnetic waves transferring heat from

one body to another (ASHRAE, 1981, Ramsey/Sleeper, 1988, Schiler, 1986). It is

directly related to the amount of solar radiation reaching the building surface, and the

emissivity of that surface and all surrounding surfaces. The color of an object or surface

is an important factor in determining whether the radiation will be reflected or absorbed.

An object with a low albedo will absorb a large amount of solar radiation, while an object

with a high albedo will reflect more radiation than it absorbs.

The specific heat of the material is also important. Specific heat is based upon the

amount of energy required to raise a given quantity of a material one degree Fahrenheit.

The higher the specific heat value of a material, the more energy required to raise it to a

given temperature, the more heat it holds, and the longer it takes to cool down (Schiler

and Moffat, 1981). In construction, materials with a high specific heat are identified as

having a high thermal mass. Thermal mass can also refer to the overall amount of heat

storage capacity in a specific building system or assembly (Steven Winter Associates, Inc.,

1983). Materials that absorb a large amount of solar energy, and also have a high thermal

mass, will re-radiate that energy in the form of heat to cooler materials. The use of

materials with a high thermal mass is a very effective passive solar strategy. During the

day, these materials are absorbing more energy than they are re-radiating for a positive net

radiation value. At night, however, the process is reversed. The excess solar heat
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absorbed during the day continues to be re-radiated to the clear sky at night, a net

radiation loss, when the temperatures have dropped significantly (Schiler and Moffat,

1981). The result of this process is a delay in heating and cooling due to the higher

thermal mass.

The windows provide one of the primary sources for radiant heat gain in a

building. Standard glass has relatively high values of emissivity and transmissivity

(ASHRAE, 1981). Some solar radiation is absorbed by the glass and then transferred by

convection to the surrounding materials inside the building. The radiation transmitted

through the glass interacts with the interior surfaces, and will either be absorbed or

reflected, dependent upon the emissivity, albedo and thermal mass of the interior surfaces.

Those materials receiving direct sunlight inside the building will have an impact on the

overall heat gain within the residence as heat is transferred from those materials by

conduction and convection. The type of glass and orientation of the windows largely

affects the amount of radiant heat transfer into the building through the windows.

2.2. The Energy Balance in a Hot Arid Environment

The space conditioning requirements for a building are determined by a

combination of factors, and vary according to the season. In winter, the number of

heating degree days for the city in which the building is located is a critical factor. Degree

days are computed by determining the daily difference (AT) between a base 66° F (19° C)

inside temperature and the average outside temperature during a 24-hour period. The sum

of the AT for a year of 24-hour periods is the annual number of degree days. Heating
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degree days represent the annual zl T above 66° F (19° C), and cooling degree days

represent the annual dT below 66° F (19°C) (ASHRAE, 1981). In a hot, arid climate the

number of cooling degree days far exceeds the number of heating degree days, making the

cooling load the primary concern in space conditioning. In Tucson, Arizona for example

there are approximately 3000 cooling degree days, and 1650 heating degree days. This is

a sharp contrast to a place like New York City, where there are approximately 1100

cooling degree days and 4800 heating degree days (Northeast Regional Climate Center,

2001). In summer, the solar heat gain factors from radiation received by the building play

a significant role in determining the cooling load. The size and location of the windows

are vital components of this equation. The difference in latitude between Tucson, located

at 32 0 N Latitude, and New York City, located at 40° N latitude, results in different solar

radiation values for the two cities. This difference translates into different cooling

requirements for the same building located in each of the two cities.

The quantity of solar radiation received and the summer temperature differential

between the exterior and the interior of the building are critical in an arid climate. Since

the majority of the world's arid climates are located at a latitude of about 30 ° the intensity

of the solar radiation has a great impact on the overall cooling load. Olgyay (1992)

determined the effects of incoming radiation on the various sides of a building. These

calculations were performed for four general climate types located in the United States in

both the summer and the winter. For a building located in Phoenix, Arizona, the effective

radiation received in summer is 2596 Btu/ft2/day (8.2 Kwh/m2/day) for the roof, 1207
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Btu/f12/day (3.8 Kwh/m2/day) on the east and west faces, and 563 Btu/ft 2/day (1.8

Kwh/m2/day) on the south face. In the winter, these numbers drop to 954 Btu/ft2/day (3.0

Kwh/m2/day) for the roof, 620 Btu/ft 2/day (2.0 Kwh/m 2/day) on the east and west faces,

and 1606 Btu/ft2/day (5.1 Kwh/m2/day) on the south face. These figures, along with the

number of cooling degree days, are the important factors in the sizing of the mechanical

system for a building. They can also be used as a basis for passive solar design strategies

to reduce the necessary mechanical equipment.

2.3. Designing for Climate

When a building is designed 'internally', such that it is independent of the local

climate, the goal is to minimize the thermal transfer by conduction and convection

throughout the year. Thermal transfer by radiation should be minimized during the

summer and maximized in the winter. Wood frame construction assemblies, considered

low mass because of the relatively lightweight, but highly insulative materials generally

satisfy these requirements. The insulating material is the important component of these

internally designed buildings. Insulation, such as fiberglass batts or rigid polystyrene, has

a low density and is designed to suppress conduction and convection by entrapping air

molecules within the material. The result is that convective air currents are stilled by the

matrix of fibers or cells of the insulation, and heat transfer by the collision of air molecules

is reduced (Ramsey/Sleeper 1988). Rigid polystyrene and fiberglass batts are typical

materials used in the standard wood frame construction. The exterior building material on

this frame construction is generally dependent upon the location of the house and is an
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entirely aesthetic decision. In locations such as the northeastern United States, clapboard

is the standard exterior material. In the Southwest, the dominant exterior material is

cement plaster, or stucco. Regardless of the exterior material, radiant heat transfer can be

minimized by the careful selection of the color of the building, including the roof, and the

color and materials of the surrounding objects. The building must also be tightly sealed to

minimize or eliminate infiltration of outside air.

In a hot, arid environment, buildings with a high thermal mass are also very

effective at internalizing a building. As previously discussed, high thermal mass buildings

are those constructed of dense materials with a high specific heat, such as adobe, or

masonry. In this case, the actual insulative properties of the materials are low, but so are

the conductance values. The result is a lag of six hours or more in the thermal transfer

through the wall of the building (Watson, 1993), dependent upon the actual construction

of the wall. By the time the heat actually gets to the interior spaces, the exterior

temperatures have dropped significantly due to the natural diurnal temperature swing. In

some cases, the heat radiated into the building from the walls is desirable. In the middle of

the summer, when this heat is not necessary, the exterior temperatures are cool enough

that simple ventilation of building will return this heat to the nighttime sky. According to

Watson (1993) there is a general agreement among energy analysts that energy models

considering the properties of thermal mass in modifying and delaying heating and cooling

loads are superior. This overall design principle was the basis for ancient arid

communities, such as the Anasazi development in Canyon de Chelly and the Taos Pueblo,

which far predated the advent of mechanical air conditioning.
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2.4. The Oasis Effect

The enhancement of evapotranspiration in an arid environment, or oasis effect,

results from a variety of moisture sources in an urban area. The passage of an air mass

over a moisture source results in an increase in water vapor pressure, which increases

the latent heat flux and reduces the temperatures of both the source and the surrounding

air (Sellers, 1965). Evaporative cooling of an isolated moisture source will always

result in the source being cooler than its surroundings in an arid environment. This

process modifies the atmospheric properties as air, which is already traveling in a

horizontal motion, moves from one surface to another (Oke, 1992) (figures 2.2 and

2.3).

In general, this is a localized effect. The magnitude of the temperature

modification and the size of the oasis boundary layer are dependent upon the size and

physical properties of the moisture source. Sources such as Lake Mead, large irrigated

fields, and heavy urban vegetation have been documented to reduce the local

temperature by 3.6-7.2° F (2-4° C) (Bernatzky, 1982; Sellers, 1965; Bennett and

Nelson, 1960; Ohman and Pratt, 1956). This temperature reduction is of limited scale,

however. Horizontally, the influence on the leeward side of an irrigated area is

virtually identical to the width of the area in the wind direction. For an irrigated area

of 10 km or less in width, the vertical influence on air temperature and humidity is

about 0.01x where x is the distance downwind from the edge of the irrigated area (de
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Figure 2.2 Graph illustrating the oasis effect. Average Daily energy balance of an
alfalfa crop in June 1964 near Phoenix, AZ (33°N). The crop was
irrigated by flooding in late May and this was followed by drought
throughout June (after van Bave!, 1967). QE =turbulent latent heat flux
density (Wm-2), QH =turbulent sensible heat flux density (Wm -2), Q*=net
all-wave radiation flux density (Wm -2) (from Oke, 1992, p.167)
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Vries, 1959). These boundaries apply only to short dense crops. Tall and more open

vegetation is more complex because it is also affected by the 'clothesline effect', the

passage of relatively warm air through the crops. Bodies of water such as lakes and

reservoirs are also complicated by the differing energy conditions resulting from the

penetration of solar radiation to deeper layers. The exact spatial characteristics of the

oasis effect for these types of moisture sources are not well understood.

In an urban context, the short dense crops are the most significant, since lawns

form a large portion of the suburban landscape. Suckling (1980) determined that

evapotranspiration from these lawns is an important and perhaps dominant term in the

energy balance equation. Suburban lawns contribute a significant amount of moisture,

and thus cooling, to their local climate. This hypothesis was confirmed by a study of

cold air drainage and urban heating in Tucson, Arizona. Within one of the warmest

sections of the city proper there exists a negative temperature anomaly, centered on the

largest park in town. The park, with its golf course and mature trees, has relatively

lush vegetation compared to the surrounding neighborhoods (Comrie, 1999; Kirby and

Sellers, 1987). Balling and Brazel (1986) also concluded that the artificial lakes and

golf courses present in Phoenix may actually be tempering the effects of the urban heat

island and weather stress levels. When tall, dense vegetation is mixed within the urban

fabric, however, the exact impact can be difficult to assess. This is because in the

presence of a nearby object with a high thermal mass, such as a building, taller and

denser vegetation can also contain warmer temperatures, as well as intercepting and
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absorbing re-radiation from the object to the black-bodied night sky and maintaining

warmer conditions near the ground. This process is called 'heat trapping'.

2.5 Landscaping for Energy Efficiency

The placement of a building within a landscape will have a direct impact on the

radiation received and the aerodynamics around the building (Oke, 1992). The potential

modification to the local climate can impact the energy consumption of a building in two

ways. First, a reduction in the temperature gradient between the exterior and the interior

of the building will decrease the energy required to heat and cool the structure

mechanically. Second, by creating more comfortable outdoor spaces, the need for large

mechanically conditioned spaces will be diminished.

While there are a number of landscaping strategies that can be implemented to

modify the climate, in an arid environment the primary concern is reducing summer heat

gain. Properly placed vegetation around the building can obstruct, direct, diffuse and

reflect solar radiation. The shade cast by plants near a building reduces the conversion of

radiant energy to sensible heat, thereby reducing the surface temperatures of the shaded

objects (McPherson, 1984). According to McPherson (p.146), east-facing shaded

surfaces of a building can be as much as 43° F (22° C) cooler than identical unshaded

surfaces in the mid-morning hours. By placing trees near the building, the active heat-

absorbing surface is transferred from the building envelope to the foliage (McPherson and

Simpson, 1995). When this effect is factored into the thermal transfer equation, lower

interior temperatures are a natural result. The vegetation is reducing conductive heat
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transfer through the walls as well as radiant heat transfer through the glazed openings.

Vegetation can also be used to control the wind. In winter, vegetation can act as a

wind break, reducing air infiltration into the building. This strategy is particularly

important in colder climates. In a warmer environment like Tucson, however, the summer

breezes are an important component of the building's energy balance, in terms of both

ventilation and thermal transfer. Although the air is warm, the movement of that air can

help reduce the surface temperatures of the building. The summer storms often result in

significantly cooler temperatures. The breezes associated with these storms, as well as the

normal evening breezes, can effectively ventilate a building and cool interior temperatures.

Properly placed vegetation can be used to direct those advantageous breezes into the

building. If not properly located, vegetation can actually increase the summer cooling load

of a building. Research has shown that while vegetation barriers may reduce the

infiltration of warm air, these barriers often result in heat trapping (McPherson, et. al,

1988). In Tucson, breezes are common in the summer when temperatures are the

warmest. Landscaping must be strategic so that the effects of the breezes can be used to

counteract the heat.

Transpirational cooling is a benefit of vegetation that can be particularly important

in a warm, dry climate such as Tucson. The water in the leaves of the vegetation

evaporates, or transpires. As described previously in the discussion of the oasis effect, in a

dry environment the result of this transpiration is a cooling not only of the plants but also

of the air adjacent to the vegetation. Plants placed immediately surrounding a building will

therefore produce cooler air near the exterior surfaces of the building. These cooler
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temperatures will factor into the heat transfer equation and result in a lower temperature

gradient between the exterior and interior of the building. The magnitude of the impact on

building thermal performance has not been determined, because this effect has been

considered unimportant in the past. There have been a few studies, however, which

suggest that this effect does play an important role in a building's energy balance equation

(McPherson, et. al, 1988). In one study, US Forest Service measurements from Phoenix

landscapes were used as a basis for modifying the simulation program's weather file by as

much as 2-4°F (1.1 to 2.2° C) during the hottest weather conditions. This modification

was used as a means of modeling evapotranspiration. (McPherson and Simpson, 1992,

p.3). In that study, McPherson and Simpson determined that evapotraspirational cooling

could produce savings in energy consumption for cooling, which rivaled the sayings

attributed to tree shade.

The key to realizing any of the benefits of vegetation around a building is correct

placement. Depending upon the building site, the strategy for controlling one climatic

factor may be in conflict with the strategy for controlling another climatic factor. It is

important for the designer to understand the conditions of each specific site, and then

determine which are the most critical climatic factors to control or utilize. The literature

provides information and design strategies in only a general sense based on very broad

climatic regions (Aronin, 1953; Olgyay and Olgyay, 1957; Watson and Labs, 1983;

Ramsey/Sleeper, 1988; Lechner, 1991; Olgyay, 1992). In a hot arid climate the general

strategy is to place deciduous trees and shrubs on the south and west sides of the building.

This position will allow for the sun in the winter, while blocking its rays in the summer.
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Placement of evergreen vegetation on the north side of the building to block the cooler

winter winds is also often recommended. McPherson and Simpson (1995) concluded,

however, that even trees that are not located to directly shade a building could have a

beneficial impact on the building. All vegetation contributes to an overall modification of

the urban climate. While one tree alone may not make a significant impact on the adjacent

building, when a large enough quantity of vegetation is planted on a neighborhood scale,

the results can be measurable. Sellers (1965, pp. 124-125) documented a 2.5°F (1.4° C)

difference in temperature between Tucson's largest park and the adjacent neighborhoods,

and a 5°F (2.8° C) difference in temperature between that same park and the urban core 2

miles (3.2 kilometers) away.

2.6 Previous Studies on Energy Savings from Landscaping.

In the last 15-20 years, there have been several studies that attempted to quantify

in some way the impact of vegetation on the energy consumption of buildings. The

research has generally been conducted by urban climatologists and those involved in urban

forestry. Scientists at the Center for Urban Forest Research in Davis, California have been

working for nine years to study the structure of urban forests and quantify their benefits

and costs (McPherson, 2001). Virtually all of this research has been conducted with

computer simulations, but has yielded some promising results regarding the benefits of

vegetation, particularly trees, in reducing residential energy consumption.

Of the many energy transfer processes occurring between buildings and vegetation,

it is believed that the most significant are solar irradiance and air flow (McPherson, et. al
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1988). As a result, influence of these factors on building thermal performance are the best

documented. The largest body of research regarding the relationships between vegetation

and building thermal performance has been conducted by E. Greg McPherson, an urban

forestry scientist. In conjunction with a variety of other scientists, he has performed

several studies examining irradiance and air flow.

McPherson et. al (1988) attempted to quantify the effects vegetation generated

reductions in both irradiance and wind-speed on residential energy use. Both variables

were modeled by alternatively holding one of them constant while altering the other. The

conclusions of their study were that in an arid environment, shade on the west wall was

particularly important. Although shading in the winter did increase the heating load by

12%, the deleterious effects of shading on the south were the greatest, and exceeded those

on the roof or western exposures. Dense shade on the western exposure in Tucson

reduced annual cooling costs by 14%. An irradiance reduction of 80% on all building

surfaces resulted in a 50% increase in heating cost, but this was offset by a 53% reduction

in cooling costs. Cooling costs greatly exceed heating costs, so the net annual savings in

energy costs was significant. The results of the air flow portion of this study were

particularly interesting. These results did not support previous recommendations to block

winds in warm climates, as a means of reducing the infiltration of warm air. In fact, a

wind reduction of 50% actually increased cooling costs in Tucson by 23%. Although this

was offset by a slight reduction in heating cost, the overall result was an annual increase of

14% in space conditioning costs. The researchers concluded that natural ventilation alone

could provide significant energy savings in hot climates. In order to promote both shading
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and air flow, the authors recommended a vegetation arrangement containing high-

branching shade trees, low ground covers, and few shrubs.

Subsequent modeling studies have confirmed the benefits of reduced irradiation.

McPherson and Simpson (1995) determined that for mild climates where the predominant

heat gain factor was solar radiation, the largest energy savings was associated with dense,

extensive shading. The extent of the overall shading on the building surface, however, is

more important than tree canopy density. In other words, less dense canopies that shade

an entire wall are preferable to very dense canopies that shade only a small portion of the

same wall. McPherson and Simpson (1995) and McPherson and Dougherty (1989)

concluded that while the irradiance reduction varied by only 10% from species to species,

the overall form of the tree could be dramatically different from one species to the next.

Trees with broad crowns and dense foliage provided the greatest shade. This is an

important consideration in the southwest where water is scarce. A greater number of tall,

narrow and dense trees were required to produce the same amount of shading as two less

dense, but parabaloid, trees. This scenario with fewer trees generated the greatest overall

savings when both space conditioning and water costs were considered (McPherson and

Dougherty, 1989). The results of that study estimated yearly savings in energy costs from

2-11% for newer 1980s frame construction and 2-9% for 1950s type masonry

construction. Heating costs increased by 1% as a result of west evergreen trees and 4%

for east evergreen trees, for both types of construction. It is interesting to note that while

the percentages of annual saving in energy costs were comparable for both older and

newer construction types, the actual dollar amount was much greater in the newer
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construction. This result was attributed to the higher R-values of newer construction.

These higher R-values reduced the heat gain by conduction. As a result heat gain by solar

radiation became a more important component of the thermal transfer process.

A final study by McPherson et. al (1992) produced similar results to the previous

studies. The study examined trees at varying stages of development, and summarized the

results based upon 20-year-old trees, which were 25 feet (7.62 meters) tall. For a 1960s

one-story house in Tucson, a total annual heating and cooling savings of 8% per tree was

estimated. For a 1992 two-story house, per tree sayings was estimated at 7%. The

greatest cooling savings were from shading on the west at 9% per tree. Shade from trees

on the east side of the house increased cooling savings more than heating costs. It was

also found that the addition of a second tree produced savings at a slightly lower

percentage that the savings from the first tree. The authors also concluded that shading

was responsible for more than half of the energy savings. The remainder of the energy

savings was attributed to evapotranspirational cooling.

Studies such as these were the impetus for a nationwide Cool Communities

project. Tucson is one of a handful of "cool communities" nationwide. Tucson Electric

Power Company, in partnership with Trees for Tucson, has for the last several years

funded a tree-planting program. This program, popular from a demand-side management

as well as a consumer perspective, encourages the proper placement and planting of trees

for residential energy conservation. Trees for Tucson provides trees to qualifying

homeowners at a nominal fee, with the condition that these trees be placed within 15 feet

(4.57 meters) of the house on the east, south, or west, side. This program has been very
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successful in increasing the percentage of tree cover in Metropolitan Tucson. Since its

inception 12 years ago, this program has resulted in the planting of over 80,000 trees

(Lionetti 2001, pers. comm.).

The characteristic shared by all of these studies was the use of computer simulation

to estimate potential energy savings. The majority of the studies were conducted with the

energy simulation and analysis program MICROPAS (ENERCOMP, 1985), in

conjunction with the shadow simulation program, SPS (McPherson, et. al, 1986). Use of

these programs involves a series of assumptions that could skew the results.

The programs themselves are based upon a series of assumptions that have been

embedded into the algorithms, such as various interior and exterior heat transfer

coefficients and climate data. Weather files utilized in the initial versions of MICROPAS,

for example, were the same files used for the program's predecessor, Calpas3 (Berkeley

Solar Group, 1982). These weather files, available for numerous cities, contain the

latitude, mean daily solar radiation on a horizontal surface (global), and hourly weather

data representing a temperature mean year. The temperature mean year is based on a 25-

year average of National Oceanographic and Atmospheric Administration (NOAA) data

for the particular city's official measuring station. Given the age of this data, it may not be

representative of current climate conditions. It should be noted that more recent versions

of MICROPAS may have updated these weather files, and it is possible for the user to

modify these files to suit the goals of the study. It is generally assumed, however, that

other assumptions in the models were more important to the overall results.

The variables input to run the models are based upon a second series of
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assumptions. Inputs include the type and efficiency ratings of the mechanical equipment,

the size, construction, insulation, color, and orientation of the house, internal energy loads,

window areas, thermostat settings, and vegetation pattern. While previous research has

shown that building orientation may not be as important as other variables (Kliman, 1994),

changes in some of the other input variables can significantly impact energy consumption.

While holding these variables constant allows for the modeling and determination impacts

from vegetation alone, the number of assumptions in the other variables could be

impacting the representative nature and applicability of these studies to 'real world'

conditions. In one of the studies of irradiance (McPherson, et. al, 1988), the authors

acknowledge that the shading for the study was assumed to be uniform for all hours of

each season, and that this is not what occurs in practice.

Every research tool has limitations. These computer simulation studies are no

exception. The results of these studies have contributed vastly to the understanding of the

relationships between vegetation and building thermal performance. They have yet to be

validated in a 'real world' setting, so the impact of the assumptions included in the data is

unknown. It is this fact that is the basis for the present study, which attempts to ascertain

the empirical relationships between building thermal performance and vegetation.
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3. DATA AND METHODOLOGY

3.1 A Note on English and Metric Units

It is recognized that the convention for reporting scientific research is to use the

metric system. This study, however utilized data from existing houses. Due to the

location, the building materials are of dimensions represented by the English measuring

system (i.e. 8-inch brick). Thermostats are set to record temperatures in degrees

Fahrenheit. Homeowners know the sizes of their houses in terms of square feet. These

units were kept in this format for ease of data analysis, and for clarity of reporting the

analysis and results. For consistency within this manuscript the primary units are the

English system and the Fahrenheit scale. Metric and Celsius equivalents appear in

parentheses.

3.2 Study Location

The location of this study is greater metropolitan Tucson, Arizona. The city of

Tucson is situated at 32°N latitude and 110°W longitude. Tucson, classified by Meigs as

semi-arid (McGinnies, et al. 1968), receives about 12 inches (300 mm) of rainfall annually.

Winter rains typically occur between November and March. A summer monsoonal rainfall

pattern dominates from July through mid-September. Winter temperatures average 60-

700 F (15.5-21° C) during the day and 23-30° F 0-'5° C) at night. Summer temperatures

range from 95-110° F (35°- 43° C) during the day and 70-80° F (21-27° C) at night.

Tucson also has two pronounced 'shoulder seasons'. For one to two months in the spring
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and the fall, typically March/April and October/November, the temperatures are mild

enough that no mechanical heating or cooling is necessary.

Although I have chosen to use the Meigs classification of aridity for Tucson, the

majority of the architectural literature uses only four broad classifications: cool, temperate,

hot-arid, and hot-humid. This classification system places Arizona in the hot-arid region

(Figure 3.1). The results of the study generally apply to all hot desert environments,

whether semi-arid or extremely arid. The terms arid or desert are therefore used

interchangeably throughout the text.

It is important to note that the residences used for this study are typical of

construction methods in the United States, with particular nuances specific to the

Southwest. There is a cultural variability in construction methods, so specific housing

types vary among the hot, arid environments of the world. Much of the recent housing

constructed in developing countries, however, has included concrete masonry unit (CMU)

walls. The thermal properties of these walls are very similar to the masonry houses built in

Tucson between 1950 and the mid 1970's. Thus, despite a bias in the study, the results

seem applicable to hot desert environments in general.

3.3 Climate Data

Climate data were obtained from the National Climate Data Center (NCDC,

2001) and the Arizona State Climatologist (State of Arizona, 2001). These data

included average monthly maximum and minimum temperatures based on the period

from 1 July 1948 through 31 December 2000, as well as average monthly temperatures



Figure 3.1 Major climatic regions of the United States (from Olgyay, 1992, p.4).
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for the period of the study. This information provided some insight as to whether the two

years of the study were typical climate years. Warmer or cooler than average

temperatures during the study period might have affected the outcome of the study,

particularly the magnitude of impacts from vegetation.

3.4 Homeowner Survey Collection

Homeowner surveys were employed to achieve two goals. First, privacy laws prevent

access to utility company data without the permission of the occupant. This meant that

for each home included in the study, it was necessary to obtain a signed release form

granting permission to access records for each utility company. Second, there are

characteristics about both the physical property and the lifestyle habits of the occupants

that cannot be obtained without contacting those occupants directly. The requirement for

the release forms provided the opportunity to gain additional information about the

property and lifestyle characteristics.

The need for voluntary participation in the study created some difficulty in ensuring a

representative sample. The goal, however, was to get a range of housing for this study so

that general patterns and relationships between energy consumption and vegetation could

be discerned. In order to achieve this goal with voluntary participation, surveys were

distributed in several locations, to several groups. Approximately 580 surveys were

distributed throughout the metropolitan Tucson area from April through October of 1999.

The first group was collected on 10 April 1999 by spending several hours handing

out surveys at the annual Southern Arizona Homebuilders Association Spring Home
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Show. This group of 33 completed surveys probably represents the best cross section of

homes in terms of location and socio-economic characteristics. Subsequent surveys were

distributed through a network of family, friends, and professional contacts to a variety of

offices, community and professional boards, and meeting participants. These groups

included: the Law offices of Lewis and Rocca, the offices of Research Corporation,

Research Corporation Technologies, MRJ Technology Solutions, and Desert Fitness, the

boards of the Tucson Institute for Sustainable Communities, the Ott YMCA, the Pima

Council on Aging, the Silver and Turquoise Board of Hostesses, and meetings of the

Midtown Neighborhood Association, the Gaviotas presentation, parents of an eastside

Brownie Girl Scout troop, the Tucson Chapter of Alpha Phi Alumni, and a men's

breakfast club. In addition, surveys were also distributed throughout the Geography, Arid

Lands Resource Sciences, and Architecture departments of the University of Arizona. A

final group of surveys was obtained through friends enlisting participation from their

friends and neighbors.

This approach to survey collection resulted in a fairly good response rate. Of the

approximately 580 surveys distributed, 185 completed surveys were returned. This

represents a response rate of 32%. The primary drawback of this data collection method

was that there was an unintentional bias in the sample based on where, and to whom the

surveys were distributed. The Home Show, the University departments, and several of the

meetings had participants representing a stratified socio-economic base and diverse

geographic sample; however, the majority of the participants in the study were Anglo and

middle to upper middle class. This is a weakness in the sample of study participants, as
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educated professionals might tend to be more energy conscious. This tendency would

have a particular impact on thermostat settings and operational habits. It might also affect

modifications to older homes. Conversely, more affluent homeowners may not be as

concerned about the slightly higher energy bills, which would result from keeping the

house at more comfortable temperatures.

3.5 Survey Content

The homeowner surveys were used as a means of not only corroborating

information acquired about the homes from other sources, but also gaining information

about the structures and the occupants unavailable through other means (Appendix 1). It

is important to note that although these surveys are referred to as homeowner surveys, it

was not a requirement for this study that survey participants actually own their homes.

More important, the study participants needed to be responsible for the utility bills at their

place of residence. In more than one instance, the occupant is a renter, not the owner, of

the property. For purposes of this text, however, the occupants of the houses are

generally referred to as the homeowners.

Survey participants first were asked a series of questions relating to the physical

characteristics of the house. These questions included the age, construction type, square

footage, the types of mechanical (heating and cooling) equipment and associated

thermostats, presence of a pool or spa, and any other items consuming large amounts of

energy. Additional questions were asked relating to the specific living habits of the

occupants, including the number of occupants, hours per day the house is occupied,
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typical thermostat settings, and specific operational habits relating to those thermostats.

In this section participants were also asked about any significant modifications made to the

structure within the previous two years, whether they had occupied the home during that

time period, and whether the residence is occupied on a year-round basis.

Next, participants were asked to provide some information regarding the

landscaping surrounding the house. This was accomplished through a matrix of typical

landscape components, such as trees, shrubs, decomposed granite, etc., and the four sides

of the house. After completing this matrix, respondents were requested to sketch their

house in plan form, providing a north arrow, and locating the front door, the street, and

the various landscape components.

The final portion of the survey contained the release forms for the utility

companies (Appendix 1). Two forms were included, one for Tucson Electric Power

Company, and one for Southwest Gas Corporation. Respondents were asked to provide

their address and signature on each of these forms, as per the requirements of the utility

companies.

Although homeowner names and addresses were used to obtain the utility data, as

well as the Assessor's records, care was taken to ensure that confidentiality of the study

participants was maintained. All surveys were given an identification number. Once all of

the data were compiled for each property, all distinguishing information for the property

was removed. Statistical analyses were conducted on a database containing only the

identification number. Results were reported as aggregated groups of homes with certain

characteristics. Any samples from the data set included in this text for illustrative
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purposes have had all of the identifying information removed.

3.6 Study Houses 

Information from the homeowner surveys was used as a first pass to determine

which of the houses should be included in the study database. Houses actually used in

this study were selected using a number of criteria. The intent of this study was to gain

some insight into the typical, or average, impact of vegetation on residential energy

consumption. As a result, an attempt was made to gather data on homes that were

representative of the average home in the metropolitan Tucson area. Included in the study

were homes with the following characteristics: single story, constructed prior to 1999,

electric air conditioning, gas heat, year round residency, no significant modifications to the

structure in last two years. Homes with heat pumps were not included in this study

because these units provide both heating and cooling, and would not have allowed for

simple disaggregating of baseline energy consumption and space conditioning energy

consumption, which is described later in this chapter.

Single story homes were selected primarily to help reduce the number of variables

introduced to the study. They are also the most prevalent style of home in metropolitan

Tucson. As national builders have entered the Tucson housing market during the last five

to ten years, they have introduced housing styles more typical to other areas of the

country, such as California. This has resulted in more two-story homes and homes with a

loft and partial second story. This architectural style, however, is generally not typical of

the area.
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Homes in this study were all constructed prior to 1999. This constraint allowed for

the analysis of 1999 and 2000 utility data, encompassing two full years. Homes where

significant modifications to the structure had been made were excluded in order to rule out

changes in energy consumption as a result of those modifications, and assure a fairly

consistent pattern of energy use.

All homes were required to have gas heat and electric air conditioning. This,

coupled with the strong shoulder season facilitated the assessment of heating and cooling

related energy consumption. The combination of gas and electric allows for the

determination of baseline energy consumption not related to heating and cooling. With

this information, a further determination was made regarding monthly and annual energy

consumption that is directly related to the heating and cooling of the house. This process

will be further described in the data analysis section.

Initially, homes with pools were to be included as a completely separate analysis,

because the primary season of use corresponds to the season of higher power bills for

cooling. Although pool pumps are run year-round, the number of hours run varies

according to season from approximately six hours in the winter to eight to twelve hours in

the summer. Because of this variation, it is difficult to disaggregate the electricity used for

the pool pump from the overall power bill. It was determined, however, that these bodies

of water may also be tempering their impact on energy consumption due to a small-scale

oasis effect. For that reason, these homes were ultimately included in the overall study,

with the intent of determining their overall impact on energy use.

Finally, metropolitan Tucson has a number of part-time residents. These residents
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generally spend the winter months here, and the warm summer months in cooler climates.

One of the primary goals of this study was to look at the potential benefits of vegetation

on the cooling load of the house. Part-time winter residents would not be cooling their

houses in the same manner as those who are full-time residents, if at all, a factor which

could significantly impact the outcome of any statistical analysis. As a result, only year-

round residences were used for this study.

3.7 Assessor's Records

The information provided in the surveys was a good starting point. A review of

these surveys allowed for the selection of the initial group of houses to be included in the

study. Homeowners are not always certain, or sometimes do not know, the size, age or

specifics regarding the amenities of their homes. In some cases, critical information about

the home that would impact its suitability for the study was not provided on the surveys.

An example of this situation was the few single condominiums/patio homes that are not

detached structures.

In order to obtain the most accurate information about each study home, records

for each of the selected group of homes were obtained from the Pima County Assessor's

Office. Information regarding every property located in Pima Country is a matter of

public record, and is readily available from the Pima County Assessor's official web site

(Pima County Government, 2001). This information was used to corroborate, or

supplement, the data gathered in the surveys with respect to the physical characteristics of

the houses.
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The Assessor's office gathers information about the structure during an on-site

appraisal performed at the completion of construction. These records include information

regarding the age of the house, the square footage, the type of wall and roof construction,

overall quality of house construction, the type of mechanical equipment, and amenities

such as porches, carports, garages, pools and spas (Figure 3.2). Records are updated

from either field visits or other data sources, such as building permits or aerial photos

(Williams 2001, pers. Comm..). These updates generally occur when there is a change in

property ownership, or when modifications are made to the structure.

It is important to recognize that the Assessor's records are not completely reliable.

Often, modifications are made without obtaining a building permit. If the property

ownership does not change, and staff at the Assessor's Office does not observe the change

on an aerial photo, the records will not be updated. It is not uncommon for the most

recent appraisal date on a property to be over 30 years ago. There are also some

attributes which the Assessor has determined do not affect the value of the home, such as

the type of roof. As a result, these portions of the data are never updated.

3.8 Utility Data

Data on historical energy consumption were obtained from both Tucson Electric

Power Company and Southwest Gas Corporation. A two-year history was obtained for

each house included in the study. It would have been desirable to have a longer history of

energy usage in order to compensate for annual climate variation; however, the database

structure at both utility companies allows for the retrieval of only a two-year history on a



Pima County Assessor Residential Model Characteristics

AjK ra*1 Da Sop to to.b et 1984

Claros:: R-3

To tal ivab le Area : 2 20

	E	 e C o East ructio It	 Y." tl I': 397

Stories: 1.0

Rooms; 8

Qua lkty: Good

Ext trio r Walk : Stamp Bloch

	Ro o:r	 e atilt Up

bat Forced

	

Co	 Refiterat is et

Bath Fixtures 7

Physical Co bit ri.: Good

	Ga rage	 e Camps

Ga. ra re Cap a city : 2

Patio Typ c: Covered

Patio:Moab et: 1

Pool Ama : 512

Valuation Type; 00

52

Figure 3.2 Sample page from Pima County Assessor's database.



53

readily available basis. Both utility companies donated the staff time to compile the data

for the study homes. An expanded history would have required the retrieval of archived

data, and would have been far too costly for the utility companies to provide.

Data from Tucson Electric Power Company represent the period from December

1998 or January 1999 through February or March 2001, depending on the residence.

Records included the read date, the number of days in the billing cycle (which also

represents the number of days since the previous reading of the meter), the amount billed

for the month, and the usage (Appendix 2.1). Usage is provided in terms of kilowatt-

hours (kWh). A kilowatt-hour is the amount of energy that results from the steady

production and consumption of one kilowatt of power for a period of one hour. Data

from Southwest Gas Corporation represent the period from February or March of 1999

through January or February of 2001, depending on the residence. Records include the

read date, billing date, number of days in the billing cycle (and, as with the electric bills,

the number of days since the previous reading of the meter), number of therms used, and

the amount billed (Appendix 2.2). A therm is equivalent to 100,000 Btus.

3.9 Digital Orthophotos

Vegetation information provided in the matrix and drawing provided by the

homeowner were corroborated with digital orthophoto quarter quadrants (DOQQs).

These DOQQs and accompanying geographic information system (GIS) were compiled

by the Pima County Department of Transportation, Technical Services — GIS Database

Services division. As with the Assessor's records, these DOQQs and landbase maps
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are readily available on the Pima County Department of Transportation website (Pima

County Government, 2001b).

The DOQQs are a product of the Regional Digital Orthophoto Project. Aerial

photos of 57 square miles (14,763 hectares) of the Tucson urbanized area, including

surrounding communities, were taken in April of 1998. The grayscale (black and

white) imagery is provided in one-foot resolution, meaning that an object measuring at

least one square foot (0.09 m 2) on the ground may be visible in that orthophoto image.

The Technical Services Landbase is an extensive GIS, which incorporates the

DOQQs as one of the many layers available to view. Other layers used for this study

included the landbase layer and the street network layer. The landbase layer displays

the property boundaries, the parcel tax ID number, and the name of the property

owner. While registration of the property boundary layer with the digital orthophoto

layer has been a problem that has plagued the developers of this database, the accuracy

was adequate for the purposes of this study (Figure 3.3).

The use of this database allowed for several things. First, it allowed for the

confirmation of the correct property on the orthophoto. Second, the orthophotos

enabled the assessment of the vegetation type and configuration around the entire

structure within a larger context than the homeowner sketches. This was extremely

important, because the homeowner sketches were not drawn to any particular scale,

included only landscaping on their properties, and for larger lots, generally included

only the vegetation immediately adjacent to the house. The orthophotos allowed for the
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Figure 3.3 Digital orthophoto with property boundary for sample study home
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determination of whether vegetation, such as a large shade tree, from adjacent

properties may be impacting the study houses. Finally, since the drawings were based

on the memory of homeowners, the DOQQs were used to confirm the orientation of the

house, and the accurate locations of the identified landscaping.

3.10 Data Format and Input Variables

Once all of the above data had been collected a master spreadsheet using

Microsoft Excel was developed, from which the analyses could be conducted (Appendix

3). This spreadsheet was formatted to be a numerical representation of all of the

information from the homeowner surveys, the Assessor's records, and the vegetation data

sources. Table 3.1 is a descriptive summary of all of the data variables. Variables with

numerical values, such as square footage, year built, and thermostat settings, were entered

directly into the appropriate columns. Variables representing amenities, types of

equipment, and habits, etc., were treated as dummy variables. Energy consumption was

represented as a total value for the study period of therms for heat, and kWh for cooling.

In completing this spreadsheet, as with any study involving data from multiple sources,

there were issues impacting the final data to be used. These issues are discussed below.

3.10.1 Homeowner Provided Data

In several surveys, one or more questions were unanswered. In some cases, it was

possible to obtain the necessary information from another data source, such as the Pima



Table 3.1 Descriptive Statistics of Data Variables. Upper portion includes
numerical variables. Lower portion includes binary variables.

N Minimum Maximum Mean Std. Dey.

Square Feet 105 942 4600 2279.10 883.37

Year Built 105 1933 1998 1968.52 14.97

Pool Size 105 0 840 213.49 273.04

# Occupants 105 0 8 2.85 1.31

Hours Occupied 104 73 171 130.64 24.94

W-D 103 50 80 70.38 4.76

W-N 103 50 80 67.66 6.14

S-D 104 62 90 77.67 4.39

S-N 104 62 95 76.18 5.43

Trees 105 0 345 137.43 74.23

Shrubs 105 0 260 100.67 63.91

Grass 105 0 230 47.05 56.56

Dec. Granite 105 0 400 102.90 126.30

Natural Desert 105 0 400 187.76 151.68

Concrete 105 0 225 55.16 46.77

Asphalt 105 0 270 18.86 43.15

Total N Absent N % Present N %

Construction 105 (mass) I 84 80 (frame) 2 21 20

Flat 8 105 0 50 48 1 55 52

Flat > 8 105 0 90 86 1 15 14

Vaulted 105 0 70 67 1 35 33

Exterior Color 105 (light) 0 63 60 (dark) 1 42 40

Porches 105 0 21 20 1 84 80

Built Up 105 0 37 35 1 68 65

Asphalt Shingles 105 0 89 85 1 16 15

Prepared Roll 105 0 96 91 1 9 9

Tile 105 0 99 94 1 6 6

Wood 105 0 102 97 1 3 3

Asbestos 105 0 102 97 1 3 3

Pool 105 0 61 58 1 44 42

Evap 105 0 49 47 1 56 53

AC 105 0 29 28 1 76 72

On/Off 105 0 87 83 1 18 17

Manually Adj. 105 0 34 32 1 71 68

Programmable 105 0 71 68 1 34 32

Turn Off 105 0 86 82 1 19 18

Adjust 105 0 47 45 1 58 55

No Adjustments 105 0 77 73 1 28 27

57
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County Assessor. In other cases, there were no other data sources from which to

corroborate the information. In these cases, rather than guess, and risk biasing the data,

those cells were left blank. By running the statistics without those particular values, an

overall average value was still obtained. There was simply a smaller number of

observations, N, than the complete data set.

For ceiling configurations, homeowners had three options from which to choose:

flat eight feet high, flat greater than eight feet high, and vaulted. Some homes have

combinations of ceiling types. The number of these homes was not significant enough to

warrant splitting these cases into separate variables. In some configurations, there was

only one home. The following assumptions were made: 1) If the house had a combination

of flat eight foot ceilings and flat ceilings over eight feet, then the variable for flat ceilings

over eight feet was used. 2) If the house had a combination of flat ceilings over eight feet

and vaulted ceilings, then the variable for vaulted ceilings was used. 3) If the house had a

combination of flat eight foot ceilings and vaulted ceilings, then the variable for vaulted

ceilings was used.

Thermostat settings were of particular concern. There was wide variability in

information provided. In some cases, the homeowner provided a range of a few degrees.

In these cases, the average value was used. In many cases, homeowners with evaporative

cooling turn the unit off at some point during the day. This was also the case in a few

instances for homes with air conditioning. Older evaporative cooling units typically do not

have thermostats associated with them, but rather, a simple on/off switch. In the winter,

some homeowners turn off their heaters at night. In all of these instances, inserting a 0
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into these cells of the spreadsheet would have reduced the average temperature setting,

dramatically and incorrectly impacting the statistical analyses. Instead, a value 5 °F (2.8°

C) warmer in the summer and 5° F (2.8° C) cooler in the winter was inserted into the

appropriate cells. In general, a home will not experience a temperature swing of more

than 5° F (2.8° C) during the approximately eight hours the units are turned off, so using

these values effectively turns the heating or cooling unit off without dramatically

influencing the statistics.

3.10.2 Data from the Pima County Assessor

As previously mentioned, the information obtained from the Pima County Assessor

was used primarily to corroborate the data from the homeowner surveys. In a few

instances, this data provided information that the homeowner had failed to provide. There

were several cases, however, where there was a discrepancy between the homeowner

surveys and the Assessor's data. A number of strategies were employed to reconcile those

discrepancies.

For the date of construction, the Assessor's records were given precedence. A

house may be appraised by the Assessor, when it has reached 70% completion. There is

often a time lag between the time the house is appraised and when the records are actually

updated (Crane, 2001). These two facts mean it is possible that the construction year

identified by the appraiser and the actual completion of the house can vary by a year. It is

very likely, however, that the current occupants of the study houses are not the original

owners or occupants. It was assumed that despite the minor uncertainty in the Assessor's
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records, these were more accurate than the memory of the homeowner.

For similar reasons, the Assessor's records were given priority over homeowner

surveys with respect to the construction type. Homeowners do not always know this

information. In some cases, the house may be a combination of construction types. The

homeowner often noted this situation. It is not uncommon for a masonry house built 30-

40 years ago to have a frame addition. The Assessor records the predominant

construction type in such cases. Since the predominant construction would be the primary

determinant for energy consumption, this option was used in the study. Year of

construction was also considered for the reconciliation of construction type, since there

has been an evolution of construction methods over time in Tucson. Most of the older

homes were masonry, and most newer homes are frame. In cases where the Assessor

identified eight inch stucco, the construction type identified by the homeowner was used.

The eight inches (20.32 cm) refers to the thickness of the wall with stucco on the exterior.

This can be the case with either masonry or wood frame.

For the size of the house, the Assessor's records taken as the primary source. The

exception to this was the situation where the owner claimed more square footage, and the

date of the appraisal predated the survey by several years. The Assessor is slow to catch

up to changes, and in some cases the additions were done without building permits.

Without a permit, the County would not necessarily have known about the addition.

For the type of cooling, the homeowner surveys were generally given priority. A

large percentage of older homes in Tucson were built with only evaporative cooling.

Many homeowners have added air conditioning over the years. This information is often
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not obtained by the Assessor.

There are a few additional amenities that were ultimately used in the analysis,

which the Assessor keeps track of but were not included in the homeowner surveys.

These amenities included presence and number of porches, the size of the pool, and the

roof material. The Assessor keeps track of both the number and type of patios. The type

is identified as either covered, indicating a porch, or slab, indicating a simple uncovered

patio. The patio number is a total number and includes both types, without distinguishing

how many of which type. For this study, if the Assessor identified the type as

covered/slab, then one was assumed to be an uncovered slab and subtracted from the total.

The remainder were attributed to covered porches. The final statistical analysis looked

only at the presence or absence of porches, making this issue of actual number

insignificant to the results of the study. The size of the pool was added into the

spreadsheet as a column next to the one identifying the presence or absence of the pool.

The roof type was also added to the database. This information is gathered at the time of

construction, and not updated at subsequent appraisals, since the roof type does not

impact the value of the home (Pima County Assessor, 2001). For this study, it was

assumed that if a roof had been replaced, it was replaced with a new roof of the same or

similar type as the original.

3.10.3 Landscaping

The landscaping variables proved to be the most challenging to interpret and enter

into the spreadsheet. The combination of the landscape matrix, homeowner drawing, and
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digital orthophoto were used for these variables. This combination allowed for the most

accurate determination of the actual vegetation configuration. The orthophotos provided

a scale factor for the sketches, and the matrix and drawing clarified the vegetation

appearing in the orthophotos. Even at a 1-foot (0.3 meter) resolution, it was often

difficult to distinguish between a tree and a shrub in the orthophoto. Data corroboration

was not possible in all cases, however. In several instances, the matrix was completed but

a drawing was not provided. In some cases the reverse situation of a drawing but no

matrix occurred. In a very few cases, neither was provided, and the data for the variables

were obtained solely from the orthophotos.

The orientation of the house was determined by looking at the location of the front

door and the north arrow provided on the homeowner drawing. This orientation was then

confirmed with the orthophoto. For a few homes, there was a discrepancy between the

survey and the orthophoto. Since the digital orthophotos are all oriented due north, and

have a high degree of accuracy, these were given precedence. Several homes were not

oriented to one of the four the cardinal directions. For these homes, the closest cardinal

direction was used. In the few instances where the home was oriented exactly 45 degrees

off from one of the cardinal directions, the homeowner provided orientation was selected.

Once the orientation was determined, the landscape variables could be quantified.

The landscape section of the spreadsheet corresponded to the types of cover listed on the

homeowner survey, and was split into seven variables: trees, shrubs, grass, decomposed

granite (d.g.), natural desert, concrete and asphalt. Each of these variables was further

subdivided into the four cardinal directions. A fifth column represented the total of the first
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four. These variables then were quantified by using the drawing and orthophoto to

determine the percentage of the house impacted by that landscape element for each of the

four walls of the house. Only landscaping treatments located close enough to the house to

have a shading or transpiration impact were considered. For homes on smaller lots,

landscaping on the adjacent property that impacted the energy consumption of the study

property was factored into the appropriate variable. For homes on large lots with

significant amounts of natural desert, the landscaping immediately adjacent to the house

was considered, and the "effective" amount of desert landscaping was estimated. It is

assumed that for energy consumption, the vegetation immediately adjacent to the house

will have the most impact, and that the surrounding desert will appear in the consumption

equation based upon the neighborhood microclimate. Finally, where the homeowner did

not identify any landscaping type and it appeared to be dirt, the natural desert was chosen

because dirt is one of the largest components of the natural desert. In many cases, the

homeowner made this same choice.

Based upon the above procedure, each landscape variable had a range of values

from 0-100%. This range applies to each exposure of the house. The total value for any

given variable could therefore be as high as 400%, assuming a complete impact on all four

sides of the house.

Finally, in order to examine the total impacts of the landscaping variables, indices

were created for both vegetation and mass type landscaping elements. The vegetation

index represented the total quantity of trees, grass, and shrubs impacting the house. By

adding the values of each of these three variables for each of the four sides of the house,
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this index had a value range of 0-1200. For example, a house with 100% impact from

trees, grass, and shrubs on each of the four exposures would have a vegetation index of

1200. Since natural desert was difficult to categorize because of its broad range of

composition, from exposed dirt, to dirt and scattered shrubs, to a fairly dense mixture of

shrubs and trees, a second vegetation index that included the variable for natural desert was

created. For the vegetation index with the natural desert, the range of values was 0-1600,

based on four variables for each of the four sides of the house. The mass index represented

the total quantity of decomposed granite, concrete, and asphalt. The range of values for

this index were 0-1200, based on the total values of the three variables for each of the four

sides of the house.

3.10.4 Utility Data

Utility data comprised a period of approximately two years from the beginning of

1999 through the beginning of 2001. There is a variation in meter reading dates of

approximately two weeks across the Tucson metropolitan area. As a result, there was

disparity within the data set to when the service month began and ended for each of the

study homes. This disparity meant that the overall time span of data from house to house

was dependent upon the read date and the date that the records were obtained. For some

houses there was an additional month of data at the beginning of the study period, while for

others there was an additional month of data at the end of the study period. This situation

occurred with data from both utility companies. In order to maintain as much consistency

as possible in the data set, the time span for the study was pared down so that all of the
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study houses had the identical months of utility data. Final data used from Southwest Gas

Corporation spanned the months from March of 1999 through January 2001. Final data

used from Tucson Electric Power Company spanned the months from January of 1999

through January of 2001.

To address the variation in meter reading within the data set, the actual read date

was used to determine which month was most appropriate for the data from each house. If

the meter was read prior to the 15 61 of month, the data was assumed to be the previous

month's energy use. If the meter was read after the 15 th of the month, the data was

assumed to apply to the current month. Since the read date for a specific house also

fluctuates by a few days from month to month, the read date used in this study was

determined by reviewing the entire two-year record, and using the most common read date.

Once all of these records had been entered into a spreadsheet, and properly pared

down, the data were analyzed to determine the baseline gas and electric consumption. This

baseline consumption is the amount used all year for things such as water heating, light

fixtures, appliance use, etc. In Tucson, the baseline usage is typically determined by

looking at the 'shoulder' months. As previously discussed in the climate portion of the

text, Tucson has two temperate shoulder seasons. These seasons are generally March

and April or April and May in the spring, and September and October or October and

November in the fall, dependent upon the climate patterns of the given year. During

these shoulder months, it is generally not necessary to use either heating or cooling.

These months are typically used by the utility companies to determine the baseline

energy consumption of their customers. Because of the annual climate fluctuations, and
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corresponding difference in the shoulder months, the homes in this study were selected

to have gas heat and electric cooling. This approach allowed for the observation of the

baseline usage over several months, with a spike in the winter for the gas bills, and a

spike in the summer for the electric bills (Figures 3.5 and 3.6). Actual usage patterns

were analyzed to determine the most appropriate baseline months.

For the purposes of this study, the baseline months used for gas were June

through October of 1999 and May through September of 2000. The baseline months

used for electricity were January through April of 1999, January through April of 2000,

and January and February of 2001. The baseline energy usage was then calculated by

averaging the usage for these baseline months.

The analysis of actual usage patterns was also utilized to determine the heating

and cooling months to be included in the study. Based on this analysis, the year was

broken into two, six-month energy seasons. The six months from November through

April were included in the heating season, and the six months from May through

October were included in the cooling season. Shoulder seasons were not considered

separately for simplicity. The data for May of 1999 and October of 2000 seem to

indicate that both some heating and some cooling may have been used. It is most likely

that cooling was the dominant requirement for these months, so they have been left as

part of the cooling season.

To determine energy consumption specifically for heating and cooling, the

calculated average baseline gas and electricity usage for each house were subtracted
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Figure 3.4 Total Gas Usage for Study Houses for Study Period. Flat lines denote
baseline monthly gas usage. Spikes represent increase in usage for winter
heating.
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from the total energy consumption during the identified heating and cooling months.

This produced a value for the total gas usage for heat and the electric usage for cooling.

These values were then converted into annual heating and cooling loads for each house.

Since there were two complete summer seasons, this conversion for the cooling load

was accomplished by dividing the total energy load for cooling by two. The heating

loads were more complex. The data contained one full winter and two partial winters.

The first winter contained two months, and the last winter contained three months. The

result was a total of eleven winter months. In order to convert these data into an annual

heating load, the total heating load was divided by 1.83, or 11/12ths of two year's

worth of data. The one problem with this approach was that it reduced the yearly

variability, and may have disproportionately weighted one of the winters. Without

having the balance of the data for those two partial winters, it is impossible to know

exactly how the data might have been skewed. Both the study period total and the

annual heating and cooling loads were entered into the master spreadsheet, so that the

statistical analysis could be accomplished using either value.

3.11 Data Analysis

Data were analyzed using a series of statistical procedures to determine the

relationships between the variables identified above, and energy consumption for both

heating and cooling. The fact that the data span one full winter and two partial winters

for heating, and two summers for cooling, added some complexity to the statistical

analysis. For each house, values were computed for the total energy consumption for
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the study period as well as the annual energy consumption, based on space conditioning

energy use alone. Dependent upon the statistical procedure executed, either the total

energy consumption for the study period or the calculated annual energy consumption

was used. Statistical procedures also determined the use of the landscape variables,

whether total values or values by exposure.

The first statistical analysis was a series of bivariate correlations. For this

analysis, total heating and cooling loads for the study period were used so that the

possibility of disproportionate weighting was eliminated. Landscape variables were

analyzed by exposure to determine the relative importance of landscape placement.

This bivariate correlation analysis allowed for the determination of statistical

significance for each of the variables with respect to heating and cooling loads. For

variables that had values in a straight numerical format, such as square feet and year

built, a simple bivariate correlation with a Pearson correlation value was used. When

the variable had several options with dummy variables, such as construction type and

thermostat operation habits, a group of independent samples t-tests was run, with each

of the dummy variables as the grouping variable. Finally, for variables where there was

a range of numerical values, such as the number of occupants, a one way ANOVA was

used.

Following the bivariate analysis, a series of multivariate regressions were run.

The regressions provided a means of determining the relative importance of the variables

included in the study, both vegetation and non-vegetation. For these analyses, the
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annual heating an cooling loads were used in order to extrapolate the annual energy

impacts of the variables. The values used for the landscaping variables were the total

values including all exposures. The results from the initial bivariate analysis were used

to generate various models for the regression analysis. After several regression models

were run, the model results were analyzed to determine the root mean square error

(RMSE) and the mean absolute error (MAE). The goal of this model analysis was to

identify the most important variables, and determine the relative roles of vegetation,

structural, and human factors residential energy consumption. This entire modeling

process allowed for that assessment of the relative importance of vegetation with respect

to the other variables, while also quantifying the actual impact of the vegetation

components on residential heating and cooling.
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4. RESULTS AND DISCUSSIONS

4.1 Comparison of the Study Houses and the Pima County Housing Stock

The final group of data consisted of 105 homes, which were scattered throughout

the Tucson metropolitan area (Figure 4.1). Homes ranged in size from 942 to 4600 square

feet (885 to 427 square meters), with an average size of 2279 square feet (212 square

meters). Year of construction ranged from 1933 to 1998, with an average construction

year of 1968. For construction type, 84 homes (80%) were brick, or other high mass

construction. The remaining 21 homes were wood frame, or other low mass construction.

Regarding ceiling types, 55 homes (52%) had flat, 8-foot (2.4 meter) high ceilings. The

remaining 50 had ceilings which were vaulted, flat but higher, or a combination of all three.

There were 63 homes (60%) that were identified as light in color, defined as white or tan.

The remaining 42 homes were identified as dark in color, defined as red brick or dark

brown. Porches were a prevalent feature, with 84 homes (80%), boasting at least one. Of

the several options for roof types, 68 (64.8%) had built up roofs, 16 homes (15.2%) had

asphalt shingles, 9 homes (8.6%) had prepared roll roofing, 6 homes (5.7%) had tile roofs,

3 homes (2.9%) had wood shingles, and 3 homes (2.9%) had asbestos roofs. Within the

total group of homes, 44 homes (42%) had pools, with the average pool size 422 square

feet (39.2 square meters). With respect to cooling, 56 homes (53%) had evaporative

cooling and 76 homes (72%) had air conditioning. These two groups include the 27 homes

(26%) that had both evaporative cooling and air conditioning. Of the three options for

thermostat types, 18 homes (17%) have simple on/off switches, 71 homes (67%) have

manually adjusted thermostats, and 32 homes (32%) have programmable thermostats.
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Note that this total exceeds 100% because many homes have more than one thermostat,

and they are often not the same type. The number of occupants ranged from one to eight,

with the average number of occupants at 2.8, and the most frequent number, or mode, of

occupants at two. The weekly hours the home was occupied ranged from 73 to 171, with

the average at 131 hours. Thermostat settings varied widely. The settings in the winter

ranged from 50° F to 80° F (10° C to 27° C) for both the day and night, with an average

winter daytime temperature setting of 70° F (21° C) and an average winter nighttime

setting of 68° F (20° C). Summer daytime thermostat settings ranged from 62° F to 90° F

(16.7° C-32.2° C), with the average at 78° F (25.6° C), while summer nighttime thermostat

settings ranged from 62° F to 95° F (16.7° C-35° C), with the average at 76° F (23.9° C).

Among the three options for thermostat operation habits, in 19 homes (18%) occupants

turned off their heaters or coolers when they left the house, in 58 homes (55%) occupants

adjusted their thermostats to make it warmer in summer and cooler in winter when they left

the house, either manually or with a programmable thermostat, and in 28 homes (27%)

occupants made no adjustment to the thermostat setting when they left home. A complete

descriptive statistical summary of the data is presented in Appendix 4.

In order to determine how the sample data compared to the community as a whole,

and therefore how applicable the results of this study were to the average Tucson home,

data were obtained from the Pima County Assessor. Records for all residential parcels

located within Pima County for the 2001 tax year were analyzed to determine the general

nature of the existing housing stock in Pima County. This information was then compared
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with the descriptive statistics of the study houses.

According to the 2000 census, there are approximately 366,737 housing units in

Pima County (US Government, 2001). Many of these units are apartments and mobile

homes. For the 2001 tax year, the Pima County Assessor had 204,987 residential parcels

recorded (Crane 2001, pers. comm.). A majority of these parcels have single-family

residences, with the remainder containing duplexes, guesthouses, or more than one single-

family residence. Apartments and other types of multi-family housing are classified

separately. The Assessor's records are the most comprehensive source of information

regarding the property in Pima County. It is therefore the best resource for determining the

general nature of the residential housing stock in Pima County. There are some limitations

with using this database. The Assessor's records represent all land parcels located in the

county. As mentioned, some parcels have a guesthouse or more than one family residence

on them. As such, the number of residential parcels does not necessarily equate to the

number of homes, but rather represents all land parcels within the county that are classified

as having a residential use. When a parcel contains more than one residence, the

information is aggregated in the records. There were a large number of properties with

homes smaller than 500 ft2 (46 m2). While there are some very small homes located in the

county, it is also possible that some of these homes may have been incorrectly entered into

the database. In addition, if the property has been condemned, a building size of 500 ft2 (46

m2) is entered into the database. Not many such properties exist (Crane 2001 pers.

comm.). The database does not have a clear demarcation at 500 ft2 (46 m2). The

properties at and below this size vary significantly. Without knowing the specifics of each
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of these parcels, the information must be assumed as correct, but it is possible that these

parcels have biased the county record toward a slightly lower average house size.

Of the 204,987 residential parcels in Pima County, 100,800 (49%) are located

within the City of Tucson, 729 (less than 1%) are within the City of South Tucson, 12,092

(6%) are within the Town of Oro Valley, 46,019 (22%) are located in the Town of Marana,

and 968 (less than 1%) are located in the Town of Sahuarita. The remaining 44,379 (22%)

residential parcels are in unincorporated areas of Pima County. Homes included in this

study were generally located within the Tucson city limits or the unincorporated area

immediately surrounding the City of Tucson. Although a few survey participants were

from some of the outlying communities, very few of these outlying homes were included in

the study. These homes were excluded not because of the location, but rather because of

specific characteristics or circumstances relating to the home. For example, Sahuarita is

not served by Tucson Electric Power Company, so these homes could not be included

because the electricity usage could not be obtained. One of the participants in Marana had

not occupied the home long enough for a complete utility record. Less than 5% of the

homes in the study were located in the outlying communities. Approximately 43% were

located within the Tucson city limits, and the remaining 57% were located in the

unincorporated areas and immediately adjacent to the city or neighboring incorporated

areas. This breakdown shows that the study sample is slightly more heavily weighted

toward homes outside of the Tucson city limits than the greater population of homes in

Pima County.

Table 4.1 shows the comparison between characteristics of the study data set and
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the average Pima County home. A complete breakdown of the Pima County residential

parcels with the attributes considered for this study, as the comparable data on the study

houses, is included for reference as Appendix 5. Of the total 204,987 residential parcels,

159,735 (78%) have one-story structures on them. These parcels were used as the basis

for comparison with the study sample. Important attributes for comparison included the

size of the home, the year of construction, the construction type, the type of cooling,

whether or not the home had porches, and whether or not the home had a pool.

Table 4.1. Comparison of Study Sample and Pima County Average

Size Yr. Built Construction** Cooling Porches Pool

SSample Average
2279 ft2

(212 m2)
1969

Mass (80%)
Frame (20%)

Evap (53%)
AC (72%)*

80% 42%

Pima County Average
1631 ft2

(152 m2)
1972

Mass (57%)
Frame (33%)

Evap (55%)
AC (42%)

72% 18%

* Total exceeds 100% because 26% of these homes also have evaporative cooling.
** Database options preclude assigning 9% of the Pima County Average to either frame or mass

There are a couple of areas where direct comparisons were difficult. The type of

cooling was fairly well documented for the study homes, and allowed for various

combinations of cooling systems. The Pima County database represents the type of

cooling that was present when the home was first constructed. If the house was

constructed with a dual cooling system, both evaporative cooling and air conditioning,

then the more valuable option of air conditioning would have been logged into the

database. As previously discussed in the data and methods chapter, when the house has a
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combination of materials or systems for one of the attributes, the predominant or more

valuable of the types is used for the valuation of the property. There is no provision in the

Assessor's database for more than one type of any given attribute. The only exception to

this rule is the porch types, where there is an option for homes possessing both slab and

covered porches. The records for attributes such as cooling systems are further

complicated by the fact these are systems that are internal to the building. It is not

uncommon for upgrades to be made without the knowledge of the Assessor. It is

therefore quite possible that the number of homes on record with the county as having air

conditioning is underestimated.

The second attribute, which caused difficulty in making a direct comparison

between the county average and the study sample, was construction type. The Assessor

has a classification for 8-inch stucco. This means that the wall is eight inches (20.32 cm)

thick, and has a stucco exterior finish. The interior of this wall could be either concrete

masonry units or wood frame. There is also a classification for 'other', which represents

any construction type not covered by the other seven options. The 14,892 (9%) homes in

these two categories could not be classified in either of the high mass or low mass options.

In general, table 4.2 illustrates that the study sample is slightly more affluent than

the county as a whole. Given the nature of the study participants, this result was

expected. The average size of the homes included in the study was 648 ft2 (60 m2) larger

than the Pima County average. It is interesting to note that while the overall bias of the

study sample was for larger homes than the county average, 30 homes (29%) in the study

were actually smaller than that average, and 45 homes (43%) were less than 2000 R2 (186
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m2). Analysis of current market trends also reveals that the average size of new tract

homes is over 1800 ft2 (167 m2), and increasing yearly (Strobeck, 2001). With current

growth rates in Pima County, it may not be long before the county average home size

approaches the average size of the study homes. Table 4.2 shows the size breakdown of

the study homes.

Table 4.2 Breakdown of Living Area for Study Homes.

ft2 <1500 1500:1631 1632:1999 2000:2999 3000:3999 over 4000

m 2 <139 139:152 153:185 186:278 279:371 Over 372 Total

Number 21 9 15 35 20 5 105

Percent 20% 9% 14% 33% 19% 5% 100%

The year of construction of the study homes was fairly comparable to the average

age of homes in Pima County, with the county average being slightly newer. The number

of homes with porches was also comparable between the study sample and the county

average. One of the biggest discrepancies was the number of homes with pools. Within

the study sample, 42% of the homes had pools, compared to only 18% of the county as a

whole. The result of this disparity is that the homes in the study will tend to have higher

energy consumption because of the pool pump. This variable has been accounted for in

the regression analysis and should not impact the applicability of the results to the average

Tucson home. The study sample also had a significantly higher percentage of homes with

air conditioning at 72% versus the county average of 42%. Although the county records

may be underestimated, as discussed, because of air conditioning units added after the
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appraisal, it is doubtful that the county records are off by 30%. The implication of this

disparity is that the study homes would have had appreciably higher energy consumption

in the summer. It would also be expected, however, that these homes would realize

greater benefits from the vegetation. The reasons for this added benefit is discussed in the

energy analysis section of this chapter.

Finally, subsequent to the statistical analyses, one house in the study sample was

found to have been entered into the database as having no evaporative cooling or air

conditioning. Further research on this house from the Assessor and real estate transaction

databases revealed that at the outset of the study period the house did, in fact, have wall

unit type air conditioners. At some point between the beginning of the study period and

July of 2001, central evaporative cooling was installed. Apparently when the homeowner

completed the survey, air conditioning was interpreted as central type only. Within the

database, cooling type for the houses was a dummy variable. Despite having a value for

the cooling load, this particular house was given zeros for both the evaporative cooling

and air conditioning dummy variables. This error was unlikely to have affected the overall

results of the study. Several initial statistical analyses were run before the final group of

study homes was determined. The inclusion or omission of a few homes was found to

alter the significance values or Pearson Correlation values by only hundredths or even

thousandths. General results remained unchanged.

4.2 Climate Analysis

The comparison between the long-term temperature records, from 1 July 1948
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through 31 January 2000, and the annual temperature patterns for the study period

revealed that the two years of the study were somewhat typical (Figure 4.2). With the

exception of April-June and September of 2000, which were 3-2° F (2-3° C) warmer than

average, and November of 2000, which was almost 5° F (3° C) cooler than average,

monthly mean minimum temperatures for the study period are generally within 1-2° F (1°

C) and follow a virtually identical curve as the long term record. The maximum

temperatures for the long term record have a bit more variation. Mean maxima for

January through March and October and December of 1999 were approximately 5° F (3°

C) warmer than average. May through September were within a degree of average

temperatures. Two notable months were April, which was almost 5° F (3° C) cooler than

average, and November, which was more than 10° F (5° C) warmer than average. Based

on these temperatures, it is expected that the winter months would have a slightly lower

than average energy consumption for heating. Overall, the 2000 climate year was between

1 and 5° F (1 and 3° C) warmer than average. Exceptions to this trend were June and

August, which were very close to average, and October and November, which were 5 and

7° F (3 and 4° C) cooler than average, respectively. These temperatures would generally

result in a slightly higher than average cooling load, and a slightly lower than average

heating load. January 2001 was 3° F (2° C) cooler than average.

Generally, these data show that temperatures during the study period included

warmer than average maximum temperatures and close to average minimum temperatures.

These comparisons would seem to indicate that the summer cooling loads would be

slightly higher than average, and that the winter heating loads would be slightly lower than
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average in response to the warmer temperatures. Given that four of the eleven winter

months had maximum temperatures that were significantly cooler than average, it may

well be that the winter energy consumption for heating was close to average. It is

interesting to note that two versions of the long term record were obtained, one which

spans the years 1961 through 1990, and one which spans the years 1948 through 2000.

The latter record showed that while minimum monthly average temperatures have

remained fairly constant, the maximum temperatures have generally increased for each

month. Although Comrie (2000) documented an increase in minimum temperatures over

the last 30 years, the consistency in the two long term averages obtained is likely

attributable to the warmer years from 1990-2000 balancing the cooler years from 1948-

1961. It is therefore quite probable that the climate patterns for the study period would

be fairly representative of what could be expected in the filture. Deviations in climate data

were consequently determined to be a non-factor in the results of the study. In any case,

temperatures during the study were not dramatically different from average, and no special

treatment or interpretation was deemed necessary.

4.3 Assumptions in Previous Studies and Details of Study Data Set

One of the objectives of this study was an assessment of the assumptions of

previous studies with respect to specific energy-related variables. Certain variables, such

as thermostat settings, can significantly affect energy consumption. This study sought to

confirm whether the values used in the computer simulations for several of these types of

variables were truly representative of conditions reported by householders. Table 4.3 is a
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summary of assumed and reported study values of some of the more important variables.

Table 4.3 Summary of Previous Model Thermostat Setting Assumptions and Study
Values. S-D = Summer Day, S-N = Summer Night, W-D = Winter Day, W-
N = Winter Night, all of which are in degrees Fahrenheit.

Study S-D S-N W-D W-N Size of House

McPherson and Dougherty, 1989 78 78 70 70 1476 ft. 2 (137 m2 )

McPherson, et. al, 1992 78 78 68 60 1539 ft. 2 (143 m2 )

McPherson and Simpson, 1995 78 78 68 60 1500 ft. 2 (139 m2 )

Current Study 78 76 70 68 2279 ft. 2 (212 m2)

Due to the nature of this study and the desire to keep the survey relatively simple,

there were several variables that were not included in the study that are generally

incorporated into the computer models. These include roof and wall insulation values,

efficiency ratings for the air conditioning and heating equipment, and window areas for

each of the four directions. Obtaining these data would have required a site visit to each

study home for field observations and measurements. A review of the previous studies,

however, reveals that there is a large variability in these values from study to study.

Table 4.3 illustrates that there is some variability between the simulation models

for the thermostat settings and size of the house modeled. There are also some notable

differences between the models and the reported values of this study. The summer

thermostat settings for the simulation studies are consistent. The data from the current
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study, however, show that during the summer homeowners tend to keep their homes a bit

cooler at night than the models assume. Although this difference would impact energy

consumption, shading from trees and other vegetation would be irrelevant; however, the

transpirational cooling might play a role in reducing summer energy consumption for

cooling and increasing winter energy consumption for heating. For the winter settings,

there was tremendous inconsistency. The observations for this study were fairly close to

the assumptions of one of the simulation studies (McPherson and Dougherty, 1989).

McPherson et al. (1992) and McPherson and Simpson (1995), however, assumed the

much lower values corresponding to the recommendations of Title 24, California's energy

code. The result of this difference is that there may have been a significant

underestimation of the negative impacts of the vegetation on the winter heating load.

With respect to the size of the houses, the simulation studies varied, but were generally

within a few square meters of one another. The homes in the current study were

approximately 600 ft2 (80 m2), or greater than 50%, larger than the simulation homes.

Overall energy consumption is therefore likely to be higher as a result of the larger volume

of air to heat and cool during the year. One would expect any impact on these loads from

vegetation to be proportional, since the wall area shaded and cooled by transpiration in the

current study would also be larger than that in the simulation studies.

The simulation studies used an unshaded prototype house and then compared the

annual energy consumption of that prototype with the annual energy consumption of the

home when modified by various shade tree configurations. These configurations generally

involved the placement of one or more shade trees on the east and west side of the
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residence, although some studies also looked at other building surfaces. The current study

analyzed the existing vegetation configurations on homes, and considered all four of the

walls, but not the roof. There was no temporal variation in the data for this study to allow

for shaded and unshaded conditions for each of the homes. It was therefore impossible to

compare the annual energy consumption of previous research with that of the homes in

this study.

4.4 Bivariate Correlation Analysis, Non-Landscaping Variables

Each one of the study variables, including vegetation and non-vegetation related

variables, was examined with the total heating and cooling loads for the study period as

part of a bivariate correlation analysis. The purpose of this bivariate analysis was to

determine which of the input variables was significantly correlated with heating and/or

cooling loads, without the influence of other variables. All correlations were run as two-

tailed tests with a significance level of 0.05. As discussed in the data and methods

chapter, differing statistical procedures were executed depending on the format of the

variable. The variables were split into two groups, non-landscaping and landscaping. The

non-landscaping variables included all of the physical characteristics of the house, such as

construction type, size, type of heating and cooling systems, as well as specific occupant

habits, such as thermostat settings and number of hours the house was occupied weekly.

Landscaping variables included the various types of vegetation and things such as concrete

and decomposed granite, which typically occur along with the vegetation in the yard of a

home. Tables 4.4a and 4.4b provide a summary of the results of this analysis for the non-
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Table 4.4a Summary of Bivariate Correlation Analysis for Non-Landscaping Variables,
Winter Heating Load (Therms). All analyses were 2-tailed. Confidence level
is shown in parentheses following the coefficient. NS=not significantly
correlated.

WINTER HEATING, THERMS
BIVARIATE CORRELATION WITH

PEARSON COEFFICIENT
INDEPENDENT SAMPLES T-TEST

Variable Pearson
Coefficient

Grouping Variable Significance Value -
equity of means

Year Built NS Construction Type NS

Size (square feet) 0.617 (99%) Ceiling Type:	 Flat 8 NS

Pool Size NS Flat >8 NS

Number of Hours Occupied NS Vaulted NS

Thermostat Settings: Exterior Color 0.014

All Cooling Types: Winter Day 0.324 (99%) Porches NS

Winter Night NS Roof Type:	 Bu lt Up NS

Evap Only:	 Winter Day 0.387 (95%) Asphalt NS

Winter Night NS Prepared NS

A/C Only:	 Winter Day 0.362 (95%) Tile NS

Winter Night NS Wood NS

Evap & A/C:	 Winter Day NS Asbestos NS

Winter Night NS Pool NS

T-stat Type:	 On/Off NS

ONE WAY ANOVA Significance Manually Adjusted NS

Number of Occu • ants NS Programmable NS

Cooler Type:	 Evap NS

a/c only 0.000

evap & a/c NS

T-stat Habits:	 Off 0.002 (neg)

Adjust NS

No Adjustments 0.0085%)
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Table 4.4b Summary of Bivariate Correlation Analysis for Non-Landscaping Variables,
Summer Cooling Load (kWh). All analyses were 2-tailed. Confidence level
is shown in parentheses following the coefficient. NS=not significantly
correlated.

SUMMER COOLING, ICWII
BIVARIATE CORRELATION WITH

PEARSON COEFFICIENT
INDEPENDENT SAMPLES T-TEST

Variable Pearson
Coefficient

Grouping Variable Significance Value -
equity of means

Year Built NS Construction Type NS

Size (square feet) 0.658 (99%) Ceiling Type:	 Flat 8 NS

Pool Size 0.345 (95%) Flat >8 0.016

Number of Hours Occupied NS Vaulted NS

Thermostat Settings: Exterior Color 0.013

All Cooling Types: Summer Day NS Porches 0.000

Summer Night NS Roof Type:	 Built Up NS

Evap Only:	 Summer Day NS Asphalt NS
Summer Night NS Prepared NS

A/C Only:	 Summer Day -0.451 (99%) Tile (n=6) 0.038

Summer Night -0.545 (99%) Wood (n=3) 0.000

Evap & A/C:	 Summer Day NS Asbestos NS

Summer Night NS Pool 0.038

T-stat Type:	 On/Off NS

ONE WAY ANOVA Significance Manually Adjusted NS

Number of Occupants NS Programmable NS

Cooler Type:	 Evap 0.000 (neg)

a/c only 0.000

evap & a/c NS

T-stat Habits:	 Off 0.000 (neg)

Adjust NS

No Adjustments NS
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landscaping variables. Overall, a fairly small number of the variables proved to be

significantly correlated with energy consumption either for heating or cooling. It is

recognized that at the 95% confidence level used, one in twenty of these correlations

might be spurious.

4.4.1 Non-Landscaping Variables Negatively Correlated with Heating

For the non-landscaping variables, only one had a significant negative correlation

with the winter heating load. As, expected, the thermostat habits 'off' grouping variable

was negatively correlated with therms, meaning that those homes where the occupants

turned off their heating units while away from the home had lower winter energy

consumption. The less time the heating unit is running, the less energy it consumes. Thus,

when compared to those occupants who adjusted their thermostats (56%), those who

turned them off used significantly less energy.

4.4.2 Non-Landscaping Variables Positively Correlated with Heating

The attributes with significant positive correlations with the heating load were

exterior color (dark), size of the house, cooling type (air conditioning), thermostat

settings, and thermostat habits (grouping variable=off and grouping variable=no

adjustments). This outcome was expected for the size of the house and thermostat

settings. It was not expected for exterior color. It was assumed that a darker house

would have a lower heating load due to the increased solar gain on the exterior surfaces

due to the higher absorption values. This unexplained larger heating load among darker
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homes could be the result of several factors. An analysis of the data reveals that the light

colored homes have an average construction year of 1971 and an average size of 2096 ft 2

(195 m2). For the darker colored homes, these values are 1964 and 2554 ft2 (237 m2).

The darker homes were therefore older and larger, two factors which would tend to

increase the energy consumption in a given home. These relationships should be

accounted for later in the multiple regression analysis, allowing for a more accurate

assessment of the relationship between color and energy consumption. These older homes

may have had more mature evergreen vegetation adjacent to them, particularly on the east

and south sides, reducing the beneficial winter solar radiation. Based upon previous

research (McPherson and Dougherty, 1989), this mature vegetation should have been

more important with the newer, better insulated homes, where solar radiation plays a

greater role in the thermal transfer equation. Finally, a majority of the dark homes were of

masonry construction. The poor thermal properties of this construction type could also

have been a factor in the increased heating loads.

The variable for cooler type seemed to be spuriously correlated; however, a review

of the data revealed that the homes with air conditioners were an average of 2531 112 (235

m2) versus 1585 ft2 (147 m2) for the homes without air conditioning. Even though the

type of cooling unit has no impact on the heating load, when this variable was split into

grouping variables for the bivariate correlations it naturally produced a significant

correlation due to the nature of the data.

Finally, the 'no adjustments' grouping variable for thermostat habits was positively

correlated with the heating load, as anticipated. It is likely that the occupants of these
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homes kept the thermostats set to a warm, comfortable temperature all day. With no

adjustments to the thermostat, the heating unit will run longer, and consume more energy.

Those who made no adjustments therefore used significantly more energy than those who

turned their heating units off.

4.4.3 Non-Landscaping Variables Negatively Correlated with Cooling

As was the case with the winter heating load, there were only a few non-

landscaping variables with significant negative correlations to the summer cooling load.

For these variables, an increase in the value of the variable resulted in a decrease in the

summer cooling load. Attributes negatively correlated with the cooling load included the

specific habits of the homeowners with respect to the operation of the thermostat, the

thermostat settings, and the type of cooling system `evap'.

For the summer cooling load, the correlation was negative for the 'off' grouping

variable for thermostat habits. Occupants who turned off their cooling units while away

from the house had homes that consumed less energy for cooling. Related to the

thermostat operation habits were thermostat settings. For homes with air conditioning,

the thermostat settings were negatively correlated with the cooling load. In other words,

the higher the thermostat setting, the lower the cooling load.

The grouping variable `evap' for the type of cooling system also showed a

significant negative correlation. In other words, homes with evaporative coolers

consumed less energy for cooling than homes with air conditioners. This result was

expected since an evaporative cooler requires only the power to run a water pump and a
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fan, as opposed to the power required to run the fan coil unit and the compressor on a

standard air conditioner. In addition, many evaporative coolers have two fan speeds.

Dependent upon the outdoor and indoor temperatures, the occupant of the home will

adjust the fan speed or turn the unit off completely. The survey results also show that

37% of all homeowners with evaporative cooling turn off their units while away from the

house. Finally, homes in the study that had only evaporative coolers were an average of

946 ft2 (88 m2) smaller than those that had air conditioning.

4.4.4 Non-Landscaping Variables Positively Correlated with Cooling

For the non-landscaping variables, a majority of the significantly correlated

variables had positive correlations. For these variables, there was an increase in energy

consumption as the values of these variables increased. The attributes with significant

positive correlations with cooling loads were ceiling type, exterior color, size of the house,

presence of porches, roof type, presence of a pool, the size of the pool for those homes

with pools, the type of cooling system `a/c'.

Homes with flat ceilings higher than 8 feet (2.4 meters) consumed significantly

more energy than either those with flat ceiling 8 feet (2.4 meters) high or those with

vaulted ceilings. This was due to the increased volume of the homes with the higher

ceilings, which are typically 9-10 feet (2.7-3 meters) or higher. While it was initially

expected that homes with vaulted ceilings would also show increased energy consumption,

the general age of the homes in the study explained the results. Older homes in the

Tucson area with vaulted ceilings often have fairly low-sloped ceilings which vary from
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7.5 feet (2.3 meters) on the low side to 9.5 feet (2.9 meters) on the high side. These

ceilings often have very little insulation in them.

The positive correlation between the size of the house and the cooling load was

anticipated. As was the case with the winter heating load, the larger the house the greater

the summer cooling load. The larger the house, the more energy required to cool it due to

the increased volume of air.

A dark exterior color was significantly correlated with increased cooling loads.

This was one of the more strongly correlated variables. As with the winter heating loads,

the reasons for this strong correlation were the age of construction and size of the house.

The higher absorption values for the exterior surface probably also increase the thermal

energy transfer by conduction, which is then facilitated by the poor thermal properties of

the masonry.

The presence of porches produced significantly higher cooling loads. Since

shading is so critical, this result was unanticipated. Further examination revealed that

despite the fact that 80% of the study homes had porches, when homes with porches were

compared with the overall group of study houses, the houses with porches were an

average of seven years newer and 646 ft2 (60 m2) larger. The efficiency of newer

mechanical equipment and associated air changes could have been a factor. In an analysis

of preliminary data, the overall number of porches on the house was also significantly

correlated with higher energy loads for both cooling and heating. This analysis was not

performed on the final data because of the difficulty in interpreting the Assessor's data

with respect to the number of covered porches for a house. A review of the data shows
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that as the houses increased in size, so did the number of porches, perhaps explaining the

correlation. Finally, a majority of porches have concrete or brick for the ground surface.

It is not uncommon for porches to shade the walls but not the ground. The absorption of

heat by these high thermal mass materials, and an insulating ground surface below, would

cause these ground surfaces to hold the heat as well as re-radiate the heat to the air

adjacent to the house. With a porch roof, the extra heat would not dissipate as quickly as

if the roof weren't there, creating a modified form of heat trapping.

One of the more difficult variables in the study was roof type. Because of

Tucson's latitude, the summer sun angles are such that the roof receives more solar

radiation than any other surface. It would follow, then, that darker materials, or those

with higher mass would correlate with greater energy consumption for cooling. In fact,

homes with tile roofs and those with wood shingle roofs did have significantly higher

cooling loads. Of the 105 homes in the study, however, there were only six homes with

tile roofs and only three homes with wood shingle roofs. These numbers are not large

enough to consider the results statistically significant. These nine homes were also

significantly larger than the overall study sample.

As anticipated, homes with pools were significantly correlated with higher cooling

loads. It is possible that some of the increased cooling load is a result of the water

reflecting the sun toward the house. More likely, the increased energy consumption is not

so much an increase in the cooling load as it is a result if the additional four to six hours of

running time of the pool pump in the summer. Among homes with pools, the size of the

pool was also significantly correlated with increased energy consumption in the summer.
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This correlation would also be related to the energy usage of the pool pump. The larger

the pool, the longer the running time or the greater the horsepower of the pump

(sometimes both), for proper chemical balance. The initial intent of the study was to

determine whether the benefits of evapotranspiration from the pool would offset the

increased consumption from the pool pump. The variation in horsepower of pool pumps,

and disparity of amperage between pumps of the same horsepower dependent upon the

manufacturer, precluded this analysis. It simply was not possible to determine the baseline

energy consumption for the pool pump.

Finally homes with only air conditioners for cooling had higher energy

consumption for cooling than those with evaporative cooling. For many of the same

reasons that the grouping variable `evap' was negatively correlated with the cooling load,

the grouping variable `a/c' significantly correlated with higher cooling loads. Although

69% of the occupants of homes with air conditioners adjust their thermostats to make the

homes warmer when they are not at home, the power demands of the air conditioner far

outweigh the savings of adjusting the thermostat.

4.4.5 Non-Landscaping Variables Not Correlated with Heating or Cooling

There were a few variables that were not significantly correlated with either the

heating or the cooling loads. These variables were year built, construction type, number

of occupants, total weekly hours the house was occupied and thermostat type. While the

variable 'year built' did not by itself correlate with energy consumption, there was quite a

bit of variation in the homes built within any given year. The size of the houses and the



96

amenities were not related to the construction year. The correlations therefore show up in

the variables representing those amenities, as shown in the previous discussions of the

correlated variables. It was expected that construction type would be significantly

correlated with energy consumption. It is interesting to note that the mass and frame

homes had pretty similar average sizes, with the frame homes 300 ft2 (28 m2) larger than

the mass homes, and the frame homes an average of 22 years newer than the mass homes.

This age difference follows the construction trends in the Tucson area. In general, older

homes were constructed of brick through the 1940's and into the early 50's, burnt adobe

block in the late 50's and 60's, and then slump block in the 70's. In the 1980's a

proliferation of frame construction began, which continues today. The newer homes tend

to be better sealed and better insulated, but apparently these characteristics are not as

important as predicted. The fact that the number of occupants and the number of hours

per week that the house was occupied was not significantly correlated with energy

consumption confirms that the internal load of the house is relatively unimportant when

compared with other characteristics of the house and climatic factors. Finally, the results

of the thermostat type analysis demonstrate that often it is the occupants' habits that are

more important than the amenities themselves. In fact, the type of thermostat alone was

not significantly correlated with energy consumption, but the type of thermostat was

embedded into the variable relating to the operating habits of the thermostats. It was

expected that the 'programmable' grouping variable would be significantly correlated with

the energy loads for both heating and cooling. The fact that it was not is likely due to the
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relatively minor adjustments made in the programming when compared to actually turning

the heating or cooling unit off.

4.5 Bivariate Correlation Analysis, Landscaping Variables

The bivariate analysis of the landscaping variables also generated some interesting

results. This analysis was performed to examine which of these variables, by themselves,

might be significantly correlated with annual heating or cooling loads. All landscaping

variables, both vegetation and mass elements, such as decomposed granite and concrete,

were stratified by exposure and then analyzed by the impact on each of the four

orientations as well as a total impact on the house. The variable for pool orientation was

included with this analysis to see whether the orientation of the pool with respect to the

house might impact energy consumption. The vegetation variables, trees, shrubs, and

grass, were combined to produce a vegetation index, both with and without the natural

desert. The mass variables, concrete, asphalt, and decomposed granite, were also

combined to produce a mass index. Table 4.5 is a summary of the results of this bivariate

analysis for the landscaping variables.

In order to gain a complete understanding of the nature of the landscaping

variables, and how the specifics of these variables might have impacted the bivariate

analysis, the landscaping variables themselves were analyzed. Averages of the amount of

landscaping impacting the house were computed for each of the orientations of each of the

variables. The results of this analysis are displayed in table 4.6. The analysis revealed that

there was a considerable difference between the average values of the various
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Table 4.5a Summary of Bivariate Correlation Analysis for Landscaping Variables, Winter
Heating Load (Therms). All analyses were 2-tailed, bivariate correlations
with Pearson Coefficients. Confidence level is shown in parentheses
following the coefficient. NS=not significantly correlated.

WINTER HEATING, THERMS

VEGETATION LANDSCAPE VARIABLES MASS LANDSCAPE VARIABLES
Variable Pearson

Coefficient
Variable Pearson

Coefficient

Trees:	 Total 0.337 (99%) Concrete:	 Total NS
North 0.232 (95%) North NS

East NS East NS
South 0.264 (99%) South NS
West 0.309 (99%) West NS

Shrubs:	 Total NS Asphalt:	 Total NS
North 0.238 (95%) North NS

East NS East NS
South NS South NS
West NS -West NS

Grass:	 Total NS Decomposed Granite:	 Total NS
North NS North NS

East 0.234 (95%) East NS
South NS South -0.285 (99%)

West NS West NS

Natural Desert:	 Total 0.231(95%) Mass Index:	 Total NS

North 0.202 (95%) North NS

East NS East NS

South 0.231(95%) South NS

West NS West NS

Vegetation Index-no desert: 	 Total 0.410 (99%)

North 0.286(99%) POOL VARIABLES

East 0.220 (95%) Variable Pearson Coeff.

South 0.195 (95%) Pool Orientation:	 Total See table 4.4

West 0.313 (99%) North NS

Vegetation Index-w/desert:	 Total 0.447 (99%) East 0.202 (95%)

North 0.375 (99%) South NS

East 0.220 (95%) West NS

South 0.337 (99%)

-West 0.356 (99%)
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Table 4.5b Summary of Bivariate Correlation Analysis for Landscaping Variables,
Summer Cooling Load (kWh). All analyses were 2-tailed, bivariate
correlations with Pearson Coefficients. Confidence level is shown in
parentheses following the coefficient. NS=not significantly correlated.

SUMMER COOLING, ICWH

VEGETATION LANDSCAPE VARIABLES MASS LANDSCAPE VARIABLES
Variable Pearson

Coefficient
Variable Pearson

Coefficient

Trees:	 Total NS Concrete:	 Total NS
North 0.198 (95%) North NS

East NS East NS
South NS South NS
West NS West NS

Shrubs:	 Total 0.210 (99%) Asphalt:	 Total 0.325 (99%)

North NS North NS
East NS East 0.338 (99%)

South NS South NS
West 0.255 (99%) West 0.224 (95%)

Grass:	 Total NS Decomposed Granite:	 Total NS
North NS North NS

East NS East NS
South NS South NS

West NS West NS

Natural Desert: 	 Total NS Mass Index:	 Total NS

North NS North NS

East NS East NS

South NS South NS

West NS West NS

Vegetation Index-no desert: 	 Total 0.281(99%)

North 0.245 (95%) POOL VARIABLES

East NS Variable Pearson Coeff.

South NS Pool Orientation: 	 Total See table 4.4

West 0.205 (95%) North NS

Vegetation Index-w/desert:	 Total 0.294 (99%) East NS

North 0.249 (95%) South NS

East NS West NS

South 0.245 (95%)

West 0.255 (99%)
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landscaping variables.	 Natural desert was the greatest landscape element impacting

houses in the study at over 40%. Trees were also a major influence on the study houses at

31-39%. Asphalt was the element with the least influence percentage-wise at only 4-8%.

Despite the disparity in influence on the house between the different landscape elements,

there was a surprising consistency within each of these variables. For each of the seven

landscape variables, the variation by orientation ranged very little from 4-9%. This

result demonstrated that landscaping is done largely from an aesthetic perspective, with

very little regard to climatic or environmental factors.

Table 4.6. Average values for landscape variables present at study houses, stratified
by exposure of the house and based on a linear estimate of the percentage
of the wall influenced by shading, transpiration, reflection, etc.

Trees Shrubs Grass Dec. Granite Natural Desert Concrete Asphalt

(VI') ( A)
(%) %) (%) (/o) (%)

NE S WN E S WN E S WNE S WNE SW NE S W NE SW

31 32 36 39 24 27 26 23 13 8 17 9 28 26 26 23 49 44 46 47 13 12 19 12 5 4 5 8

4.5.1 Landscaping Variables Negatively Correlated with Heating

South-facing decomposed granite was the only landscaping variable significantly

correlated with a decrease in the winter heating load. The greater the quantity of

decomposed granite on the southern exposure of the house, the lower the winter heating

load. This decrease in the heating load is likely a result of the heat absorption of the dark

colored, high mass material. The added heat on this side of the house would then reduce

the temperature gradient on that side of the house, where the winter sun shines the most.
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4.5.2 Landscaping Variables Positively Correlated with Heating

Several landscape variables were significantly positively correlated with the winter

heating load. As the percentages of these variables around the house increased, so did the

winter heating load. These variables included north facing, south facing, west facing, and

total trees; north facing shrubs; east facing grass; north facing, south facing, and total

natural desert; both versions of the vegetation index for all exposures, and east facing

pools.

The increased load due to the vegetation variables is a bit complex to explain,

though not completely unexpected. With the exception of the two versions of the

vegetation index, where every orientation and the total were positively correlated with the

heating load, the vegetation variables were only correlated with heating loads for certain

orientations. All but the eastern exposure for trees were positively correlated with the

heating load. For shrubs, the only exposure significantly correlated with the heating load

was the northern one. In general, vegetation would be expected to increase the heating

load for a few reasons. First, very little vegetation in Tucson is truly deciduous. This

means that the vegetation is blocking the advantageous sun in the winter, particularly on

the east and south sides of the house. Second, the vegetation is transpiring to some

degree, even in the winter. The evaporation of this moisture in the winter actually

increases the temperature gradient between the exterior and interior temperatures, thereby

increasing the heating load. This situation is particularly harmful on the eastern exposures,

since the coolest temperatures occur just before sunrise. The goal in reducing the heating

load is to warm up the house as quickly as possible in the morning. Creating cooler
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temperatures on the east side of the house counteracts this strategy.

For grass, the eastern exposure was, in fact, the only one that was significantly

correlated with increased heating loads. Natural desert alone was significantly correlated

for the northern, southern, and total exposures, following a similar trend of the trees and

shrubs. In general, the results of these vegetation correlations seem to indicate that in the

winter, the deleterious effects of evapotranspiration may be more important to the heating

load than those of the reduced solar gain. In other words, vegetation actually increases

winter energy usage. This conclusion is supported by the fact that pools on the east sides

of the study houses were also the only ones significantly correlated with the heating load.

4.5.3 Landscaping Variables Negatively Correlated with Cooling

There were no landscaping variables that were negatively correlated with the

summer cooling load. This result was a surprise. It was expected that there would be

at least some correlation from the trees. In fact, none of the vegetation variables for

either a single exposure or the total value resulted in a reduction in the summer cooling

load.

4.5.4 Landsca in Variables Positive! Correlated with Coolin

For the summer cooling load, significantly correlated variables were north facing

trees; west facing and total shrubs; east facing, west facing, and total asphalt; the north

facing, west facing, and total vegetation index with no natural desert; and the north facing,
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south facing, west facing and total vegetation index with natural desert.

Contrary to expectations, trees on the northern exposure as well as total trees

increased the summer cooling load. Because of the summer solar path, the north trees

should be shading the north wall and preventing the sun from heating the home at both the

beginning and the end of the day. Total trees should also be providing a beneficial effect.

The same is true for western and total shrubs, both of which were positively correlated

with increased cooling loads. The vegetation index without the desert was positively

correlated for the north, west and total exposures. For the vegetation index with the

desert, the positive correlations included the north, south, west, and total exposures.

These results do not correspond to the majority of the previous research or commonly

held beliefs about the impacts of vegetation on buildings. It is possible that the heat

trapping and the blockage of beneficial summer breezes were a more significant factor in

this study than in the scale model or computer simulation studies, and that these effects

outweigh the beneficial effects of the shading. The albedo effects of the vegetation may

also have had an impact. The exact reasons for these results are difficult to pinpoint. A

review of the data indicated that there was a slight positive correlation between the size of

the house and the vegetation index, although for the 74% of the study houses smaller than

3000 ft2 (279 m2) the variation in vegetation index was only 4%. It was only the largest

24% of homes that showed noticeably larger vegetation indices, and even then for the 5%

of homes in excess of 4000 ft2 (372 m2) the vegetation index exceeded that of the smallest

homes by only 16%. It is possible that this difference was large enough to impact the

overall results.
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Although only 28% of homes had asphalt driveways, this variable was

significantly correlated with an increase in the cooling loads for the east, west, and

total. There were several reasons for this correlation. Asphalt is a high mass material,

and is dark in color. These two factors result in the absorption and retention of heat,

which is then re-radiated throughout the day and following night. The increased

temperature gradient results in an increased cooling load. East and west exposures are

particularly important. On the eastern exposure, this heating would begin at the start of

the day and begin to heat the home early. On the western exposure, the augmented

heating of the air would occur at the warmest part of the day. In addition to these

factors, the study homes with asphalt were an average of 564 ft 2 (52 m2) larger than

those without asphalt, and a few years newer.

4.5.5 Landscaping Variables not Correlated with Heating or Cooling

There were two variables, concrete and the mass index, that were not correlated

for any exposure to either the heating or the cooling load. Several other variables had

one or more exposures that were either not correlated with the heating load or not

correlated with the cooling load. Tables 4.5a and 4.5b identify all of these variables,

but some of these non-correlations merit further discussion.

Ironically, in the case of the variable for trees, the eastern exposure was the only

one not significantly correlated with higher winter heating loads. The reasons for this

result are unclear, but may be due to the normally occurring hourly variation of
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transpiration rates. The sun does not shine on the northern side of the house during any

part of the day during the winter, so the increase in trees and shrubs should not impact the

heating load from a shading perspective. Perhaps the impact of the transpiration exceeds

any benefit of reduced air infiltration from blocked winds.

Landscape variables with no correlation for any exposure to the summer cooling

load the non-vegetation variables, decomposed granite, concrete, and the mass index, as

well as the vegetation variables, grass, and natural desert. There were 46 homes (59%) in

the study with decomposed granite, and 87 homes (83%) with concrete. It was expected

that these landscape elements would increase the cooling load because of their mass. The

generally reflective nature of these materials probably keeps them slightly cooler than the

asphalt, thereby making the temperature gradient slightly lower with these materials than

with asphalt. The data show that there was no correlation between the percentages of any

of these landscape materials and the size of the house. The results of all of these

correlations seem to indicate that mass elements in a landscape design may not be as

important in the energy balance equation as previously thought.

Pool orientation was also not significantly correlated with the summer cooling

load. The results of the bivariate analysis showed a correlation between the presence of

pools and the cooling load; however, when these pools were stratified by location with

respect to the house, there was not a correlation between any one orientation and the

cooling load. This result indicated that while the increased energy from the pool pump

was an overall factor in summer energy consumption, the location of the pool was not an

important factor.
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4.6 Multivariate Regression Analysis

The results of the bivariate analysis were used as a guide for the regression analysis

of the data. Several regression models were run in an attempt to better understand the

interactions of the assorted variables, and to determine the best overall model for those

variables. After the bivariate analysis was completed, it was believed that impact of some

of the variables relating to the physical characteristics of the house, as well as some of the

variables relating to occupant habits, was so strong that it may have been masking any

impact of the vegetation. In an attempt to overcome this possible effect, the regression

models were broken down into three groups. The first group of models included all of the

non-vegetation variables, including the non-vegetation landscaping variables. The second

group of models included only the vegetation variables. The final group of models

included all of the variables, both non-vegetation and vegetation. All models were run

using the calculated annual heating and cooling loads. The use of annual instead of total

space conditioning loads allowed for better interpretation of the results and the regression

model B values. Once the regression models had been run, these models were reviewed

for the adjusted R2 value, and were then further analyzed to determine the root mean

square error (RMSE) and the mean absolute error (MAE). An assessment of these three

values allowed for the determination of the best overall model, that is, the model that best

explained the significance and interrelations of the study variables.

4.6.1 Non-Vegetation Models, Heating

Several models were run for the non-vegetation variables. Separate models were
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run for therms, representing the heating load, and kilowatt-hours (kWh), representing the

cooling load. The first set of models were run as stepwise regressions at the 95% and 90%

confidence intervals for all of the non-vegetation variables. Another set of stepwise

models was then run at the 95% and 90% confidence intervals, but incorporating only

those variables significantly correlated with energy consumption in the bivariate analysis.

A final set of standard regression models was run, entering all of the predictor variables

from the previous group of stepwise models. Because of the subsequent concern for the

true significance of the roof type variables with a small N, these standard regression

models were run both with and without those roof type variables. The results of all these

regression models for the non-vegetation variables for therms are displayed in Table 4.7.

Among the non-vegetation models, the best predictors for the winter heating load

were from most to least important the size of the house, the year the house was built,

thermostat settings for winter days, asbestos type roofs, and asphalt paving. Different

combinations of these variables were included as predictors depending on the regression

model, but the 95% stepwise model for all non-vegetation proved to be the best. The

results of this model were fairly consistent with the bivariate analysis. The adjusted R2 for

this model was 0.515, explaining over half of the variance. This model had a RMSE of

122 therms, or 34% of the average annual heating load of 355 therms. The MAE was 102

therms, or 29% of the heating load.

The size and age of the house seemed to be proxies for other variables in the

bivariate analysis, such as exterior color. It is not surprising that these two variables were

the most important predictors in the regression models. The model predicted that for



108

Table 4.7 Summary of regression analysis for non-vegetation variables for therms (winter
heating load). Numbers in parentheses after regression type represent entry and
removal values; B=unstandardized coe fficient, d.f =degrees of freedom, adj
R2=adjusted R squared, RMSE=root mean squared error, MAE=mean absolute
error, =mean bias error, D.G.=decomposed granite, S.F.=square feet.

Therms	 (average annual = 355)

Regression Input Predictors B Beta d.f. , adj R2 RMSE MAE

Stepwise (.05, all non-veg S.F. 0.138 0.688 99 0.515 122 102

Yr. Built -3.918 -0.327

Winter Day 7.365 0.195

Asbestos -164.972 -0.159

Asphalt -0.612 -0.151

Stepwise (.05, all significant S.F. 0.111 0.551 102 0.380 137 110

non-veg Winter Day 7.185 0.195

Stepwise (.05, all non-veg S.F. 0.127 0.634 99 0.479 127 103

but low N roofs Yr. Built -3.814 -0.318

Winter Day 7.281 0.193

Stepwise (.1, all non-veg S.F. 0.138 0.688 99 0.515 122 102

Yr. Built -3.918 -0.327

Winter Day 7.365 0.195

Asbestos -164.972 -0.159

Asphalt -0.612 -0.151

Stepwise (.1, all significant S.F. 0.107 0.531 102 0.397 134 109

non-veg Winter Day 7.465 0.202

D. G. -0.211 -0.153

Standard selected S.F. 0.134 0.666 102 0.471 124 101

predictors Yr. Built -3.082 -0.264

Winter Day 6.205 0.168

D.G. -0.100 -0.073

Asphalt -0.611 -0.050

Standard selected S.F. 0.134 0.663 102 0.489 121 100

predictors Yr. Built -3.228 -0.276

Winter Day 7.056 0.191

D.G. -157.605 -0.151

Asbestos -0.602 -0.148

Asphalt -0.107 -0.077
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every 100 ft2 (9 m2) increase in the size of the house, winter heating load increased by 13.8

therms (3.9% of average). The increase in the size of the house results in an increase in

the volume of air to heat and cool. For every year newer the house was, the heating load

dropped by 3.9 therms (1.1% of average). This is because newer houses are better

insulated, better sealed, and generally more energy-efficient.

It was expected that the winter night thermostat setting would be more important

than the daytime setting, but the occupants of the homes in this study tended to turn their

thermostats down a few degrees at night. The drop in exterior temperature was being

balanced by a drop in interior temperature. It is probable that the daytime interior

temperatures represented about 14-16 hours of the day, while the nighttime temperatures

represented only about 8-10 hours of the day. Thus, the running time of the heating unit

was longer during the day, and generated more of an energy demand during the day than

at night. Additionally, since a larger percentage of the study homes were masonry, the

thermal lag of these homes could have been a factor. This thermal lag would have

provided additional heat to the interior for a few hours after sun set, thereby reducing he

requirement for mechanical heating. The model predicted that during the day, for every

degree Fahrenheit cooler the thermostat was set, the winter heating load was decreased by

7.4 therms. This is because the lower the temperature differential between the exterior

and the interior of the house, the less time the heating unit has to run. The B value for the

excluded winter nighttime thermostat variable was 0.809, meaning that for every degree

Fahrenheit cooler the thermostat was set, the annual heating load was decreased by less

than one therm.
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The asbestos roof variable is somewhat suspect, as mentioned. Only three of the

105 homes in the study (less than 3%) had asbestos roofs, which according to the

Assessor would probably have been asbestos shingles (Crane, 2001). This variable was

not significantly correlated with the heating load in the bivariate analysis. These three

houses were quite different in their sizes, and although two of the houses were built in the

1950's, one was built in 1970. Additionally, roofs typically do not last more than 15 years

at the most. In all likelihood these three homes have been re-roofed at least once since

their initial construction. Asbestos has not been used as a construction material since the

late 1970s, so there is a likelihood that none of these roofs existed at the time of the study.

One possibility is that since asbestos is considered such a health hazard, and one of the

easiest methods of dealing with it is to encapsulate it, the new roofs on these houses were

simply installed over the old roofs. The code does allow for this to occur once in the re-

roofing process. If, in fact, new roofs were installed directly over the old roofing materials

on these houses, then the resulting roofs would have greater insulative properties. The net

result would be a reduction in the heating load. The model predicted that homes with

asbestos roofs used 165 fewer therms each winter.

The reduction in the heating load from the asphalt paving predicted in the

regression models is consistent with the bivariate analysis. The bivariate analysis

suggested that this variable could have been functioning partially as a proxy for the year

built and size of the home. It was assumed that the regression models account for any

proxy effects since all variables are considered simultaneously. The B value for asphalt

was then attributed to that portion of energy savings due to the thermal mass and albedo
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properties of asphalt. Though included in the model, this variable was not a very strong

predictor. The model predicted that homes with asphalt driveways saved 0.612 therms

each winter.

4.6.2 Non-Vegetation Models, Cooling

Among the non-vegetation models, the best predictors for summer kWh were the size of

the house, whether the house had air conditioning, wood shingle roofs, thermostat settings

for summer nights, occupants who turned off their cooling units when away from the

house, the exterior color of the house, the presence of porches, and whether the house had

evaporative cooling (Table 4.8). As with the models for therms, different combinations of

these variables were indicated as predictors depending on the regression model. In the

case of the cooling load, the standard regression model with all of the predictors from the

other models entered was the best. Like the models for therms, the results of this model

were also fairly consistent with the bivariate analysis. The adjusted R2 value for this model

was 0.615, explaining over 60% of the variance. The RMSE was 1945 kWh, or close to

46% of the average annual cooling load of 4270 kWh. The MAE was 1517 kWh, or 36%

of the average cooling load.

The most important predictor for kWh was the size of the house. For every 100

ft2 (9.3 m2) increase, the annual cooling load increased by 119 kWh (2.8% of average). As

with other models, this increase is attributed to the larger houses having a greater volume

of air to cool. The relatively low B value was likely because the effects of the house size

were embedded in other variables. This value is surprisingly low, however, when



112

Table 4.8 Summary of regression analysis for non-vegetation variables for kWh (summer
cooling load). Numbers in parentheses after regression type are the entry and
removal values. Abbreviations are the same as in table 4.7, except AC=air
conditioning, Evap=evaporative cooling.

kWh	 (average annual = 4270 kWh)
Regression Type Input Variables Predictors B Beta d.E Adj R 2 RMS MA

Stepwise (.05, .1) all non-veg S.F. 1.547 0.416 99 0.583 2066 1625

AC 2343.482 0.321

Wood 4356.742 0.226

Summer Night -112.268 -0.186

Turn Off -1470.877 -0.168

Stepwise (.05, .1) all significant S.F. 1.533 0.409 100 0.582 2065 1615

non-veg. AC 2460.474 0.339

Wood 4379.448 0.226

Summer Night -110.079 -0.182

Turn Off -1393.602 -0.159

Stepwise (.05, .1) all non-veg S.F. 1.677 0.451 99 0.536 2188 1716

but low N roofs AC 2428.595 0.332

Summer Night -122.166 -0.202

Turn Off -1525.187 -0.175

Stepwise (.1, .85) all non-veg S.F. 1.222 0.328 99 0.610 1947 1524

AC 1828.881 0.250

Wood 3866.706 0.201

Summer Night -116.698 -0.193

Exterior 1082.014 0.163

Turn Off -1314.418 -0.150

Evap -920.020 -0.140

Porches 976.223 0.119

Stepwise (.1, .85) all significant S.F. 1.296 0.346 100 0.604 1978 1551

non-veg. AC 2109.385 0.290

Wood 3939.834 0.203

Summer Night -116.398 -0.193

Evap -976.306 -0.148

Exterior 981.447 0.147

Turn Off -1277.595 -0.145

Standard selected S.F. 1.187 0.315 103 0.615 1945 1517

predictors AC 1922.296 0.264

Summer Night -119.482 -0.198

Wood 3839.993 0.197

Exterior Color 1147.425 0.173

Evap -1026.210 -0.157

Turn Off -1198.419 -0.142

Porches 977.376 0.120

Standard selected S.F 1.269 0.337 103 0.580 2042 1585

predictors AC 1878.315 0.258

Summer Night -129.776 -0.215

Evap -1261.366 -0.193

Exterior Color 1233.724 0.186

Tum Off -1213.176 -0.144

Porches 1019.552 0.125
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compared to the 3.9% increase in winter heating load for the same size increase.

The presence of air conditioning was another strong predictor, as was expected

from the strong correlation in the bivariate analysis. The model predicted that houses with

air conditioning consumed 1922 kWh (45% of average) more annually than those homes

without air conditioning. The corollary to that result is that homes with evaporative

cooling consumed 1026 kWh (24% of average) fewer than those without evaporative

cooling. The reason for this result is the disparity in the amount of energy required to run

these two types of cooling units. Both of these models were included in the statistical

analysis and models because many houses have both types of cooling. The difference in B

values for these two predictor variables likely reflects that fact.

Thermostat settings and thermostat habits were also important measures of energy

consumption for cooling. For every degree Fahrenheit that thermostats were increased

during summer nights, the summer cooling load dropped by 119 kWh (2.8% of average).

It is unclear why the summer nighttime thermostat settings were a predictor and summer

daytime thermostat settings were not. It is possible that this result has something to do

with thermostat habits. Among homes with air conditioning, 69% of the occupants

adjusted the thermostat to make the house warmer when they were not home, and 3%

actually turned the unit off. For homes with evaporative cooling, 37% of the occupants

adjusted the thermostat, and an additional 37% turned the unit off. In fact, the variable

representing those occupants who do turn off their cooling units when away from the

house was significant. Thermal lag is also a likely factor. While the daytime thermostat

settings were more important in the winter, the reverse was true in the summer. As in the
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winter, the thermal lag causes heat to be radiated into the house long after the sun has set.

This additional heat input probably impacts the nighttime thermostat settings, and overall

nighttime energy consumption for cooling. The model predicted that those who do turn

off their cooling units consumed 1198 fewer kWh per year (28% of average). The

grouping variable for adjusted thermostats was excluded. With a B value of only 0.690,

this was one of the least important predictors.

Wood shingle roofs were also an important predictor. Like the asbestos roof

variable, this variable was cause for concern, since only three of the 105 homes in the

study (less than 3%) had wood shingle roofs. Because of the nature of this variable,

regression models were run both with and without it included. The model that included

the wood roofs had higher adjusted R2 values and lower error values. This variable was

significantly correlated with the cooling load in the bivariate analysis, but was assumed to

be a proxy for the size and age of the house. As previously mentioned, the homes with the

wood roofs were an average of almost 1000 ft2 (93 m2) larger than the average for the rest

of the study sample, and almost five years older. The year built was not included as a

predictor. Those factors support the earlier hypothesis that this variable was a proxy for

one or more other variables. Wood shingle roofs do, however, have a much lower albedo

than many other roofing types. This factor could have been responsible for the importance

of this variable. The model predicted that homes with wood roofs used 3840 more

summer kWh than homes without wood roofs. This was a considerable impact on the

cooling load, given that the average summer kWh for the study sample was 4270. The

homes with the wood roofs consumed 90% more energy than the study sample average.



115

The exterior color of the house had an influence on the summer cooling load.

This result was expected based on the bivariate analysis. The darker color should absorb

more solar radiation because of the lower albedo, thereby increasing the cooling load. In

addition, a previous analysis revealed that the darker homes in the study sample were also

larger and older than the light colored homes in the sample. The model predicted that the

dark colored homes used 1147 more kWh annually (27% of average) than the light

colored homes.

The final predictor variable in this model was the presence of porches. This is

another variable that was believed to be functioning as a proxy for house size and age of

construction. It is also possible that these porches were not properly oriented for solar

control. Porches on the eastern or western exposures are not effective against the early

morning or late afternoon sun because as the sun rises and sets, it is lower than the

overhang. Whatever the true cause, the end result was that the presence of porches was

deleterious to the summer cooling load. The model predicted that the presence of porches

increased the summer cooling load by 977 kWh (23% of average).

4.6.3 Vegetation Models

The second set of regression models analyzed only the vegetation variables. In the

case of therms, all of the variables were significant for at least one orientation in the

bivariate analysis. As a result, for this group of models, stepwise regressions were run at

the 95% and 90% confidence intervals, and a third, standard regression was run with all
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four of the variables entered. The results of these vegetation models for therms are

displayed in table 4.9.

Table 4.9 Summary of regression analysis for vegetation variables for therms (winter
heating load). Numbers in parentheses after regression type represent the
entry and removal values. Abbreviations are the same as in table 4.7.

Therms (Winter Heating) 	 (average annual = 355 therrns)

Regression Type Input Variables Predictors Beta B d.f. adj R2 RMSE MAE

Stepwise (.05, .1) all vegetation Trees 0.838 0.338 104 0.199 161 129

Natural Desert 0.323 0.266

Grass 0.621 0.191

Stepwise (.05, .1) all significant veg n/a n/a n/a n/a n/a

Stepwise (.1, .85) all vegetation Trees 0.838 0.338 104 0.199 161 129

Natural Desert 0.323 0.266

Grass 0.621 0.191

Stepwise (.1, .85) all significant veg n/a n/a n/a n/a n/a

Standard selected Trees 0.794 0.320 104 0.205 160 129

predictors Natural Desert 0.331 0.273

Grass 0.624 0.192

Shrubs 0.328 0.114

Note: Models noted with n/a were not run because all of the variables are considered significant and therefore
included in the previous model.

4.6.3.1 Vegetation Models, Heating

For the analysis of the annual heating load, the predictors for both of the stepwise

regression models were trees, natural desert and grass. Including shrubs in the standard

regression improved the adjusted R2 and RMSE slightly. Overall, none of these models

was very effective at explaining the variance. The best model had an adjusted R2 value of

0.205. The RMSE for this model was 160 therms, or 45% of the annual heating load.
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The MAE was 129 therms, or 36% of the annual heating load.

None of the vegetation variables had particularly strong impacts on the winter

heating load. Trees had the highest B value in this model. The model predicted that for

every 1% increase in impact of the trees on the house via shading or evapotranspiration

the heating load increased by 0.794 therms. In other words, trees located along an entire

wall of any exposure of the house would increase the winter heating load by 79.4 therms,

or 22% of average. The reason for this result is that there are very few truly deciduous

trees in Tucson, and some deciduous species have fairly dense branches. The shade

created by these trees reduced the radiant heat gain on the walls of the house. In addition,

the transpirational cooling from these trees may increase the temperature gradient between

the exterior and interior temperatures, thereby increasing the heating load. Natural Desert

was the next variable in the sequence with a B value of 0.331. A house with natural desert

adjacent one entire side, had an increased heating load of 33.1 therms annually, or 9% of

the annual heating load. A review of the data revealed that there was a slight correlation

between the size of the house and quantity of natural desert surrounding the house,

partially explaining this result. The impact of grass was similar to that of trees, although in

this case shading was not a factor. The model predicted that for every 1% increase in

impact of grass on the house, the annual heating load increased by 0.624 therms. Shrubs

had only slightly less of an impact than natural desert. The model predicted that for every

1% increase in shrubs adjacent to the house, the annual heating load increased by 0.328

therms. Overall, vegetation had a negative effect on the winter heating load. This

negative impact was expected based on previous research.
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Table 4.10 Summary of regression analysis for vegetation variables for kWh (summer
cooling load). Numbers in parentheses after regression type represent the
entry and removal values. Abbreviations are the same as in table 4.7.

kWh (Summer Cooling) 	 (average annual -- 4270 kWh)

Regression Type Input Variables Predictors B Beta .. d.f. ad.' R2 RMSE MAE

Stepwise (.05, .1) all vegetation Shrubs 10.898 0.210 104 0.035 3225 2638

Stepwise (.05, .1) all significant veg Shrubs 10.898 0.210 104 0.035 3225 2638

Stepwise (.1, .85) all vegetation Shrubs 11.093 0.214 104 0.078 3122 2574

Grass 12.173 0.208

Natural Desert 4.194 0.192

Stepwise (.1, .85) all significant veg Shrubs 10.898 0.210 104 0.035 3225 , 2638

Standard selected Shrubs 10.343 0.199 104 0.078 3107 2548

predictors Grass 11.224 0.192

Natural Desert 4.010 0.184

Trees 4.287 0.096

4.6.3.2 Vegetation Models, Cooling

The vegetation only variables basically could not be modeled for the summer

cooling load. Results of these models are displayed in table 4.10. The reasons for the

inability to model these variables are unclear. It appears that certain other variables are so

much more critical to the summer cooling load, that even with those variables removed

from the analysis, the vegetation is simply not a significant factor in the summer cooling

load. Several models were run, with the standard model including all four vegetation

variables being the best. The R2 value for this model, however, was only 0.078, meaning

that almost none of the variance was explained. The RMSE for this model was 3107

kWh, or 73% of the annual cooling load. The MAE was 2548 kWh, or 60% of the

cooling load.
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4.6.4 Combined Non-Vegetation and Vegetation Models

The final group of regression models included all of the variables, both vegetation

and non-vegetation. The relative inability of the vegetation variables to explain the

variance in the vegetation-only regression models indicated that these variables would

likely either not show up as predictors in the combined models, or show up as weak

predictors. This initial indication was borne out by the results of the models. The results

of these models are displayed in table 4.11 for the winter heating load, and 4.12 for the

summer cooling load.

4.6.4.1 Combined Non-Vegetation and Vegetation Models, Heating

The best of the models for the winter heating load with the combined non-

vegetation and vegetation variables was identical to the best non-vegetation model (Table

4.11). Although a couple of the models had slightly higher adjusted R2 values, the errors

for these models were much higher that for the 95% stepwise model. This 95% stepwise

model, with the size of the house, the year the house was built, thermostat settings for

winter days, asbestos type roofs, and asphalt paving as the predictors was therefore

determined to be the best. All values for the adjusted R2, RMSE, MAE, and even the

predictor B values were identical in both the non-vegetation and combined versions of this

model. Despite the inclusion of the vegetation variables in the regression, none of these

variables had a large impact on the annual heating load, compared with the impact of the

non-vegetation variables. Trees did appear as predictors in the winter heating (therms)
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Table 4.11 Summary of regression analysis for combined non-vegetation and vegetation
variables for therms (winter heating load). Numbers in parentheses after
regression are entry and removal values. Abbreviations are the same as in table
4.7, except Yr. Built=Year Built.

Therms	 (average annual = 355 therms)

Regression Type Input Variables Predictors B Beta d.f. adj R2 RMSE MAE

Stepwise (.05, .1) all veg & non-veg S.F. 0.138 0.688 99 0.515 122 102

Yr. Built -3.918 -0.327

Winter Day 7.365 0.195
Asbestos -164.972 -0.159

Asphalt -0.612 -0.151

Stepwise (.05, .1) all significant S.F. 0.102 0.504 102 0.411 132 109

Veg & non-veg Trees 0.476 0.197

Winter Day 7.200 0.195

Stepwise (.1, .85) all veg & non-veg S.F. 0.135 0.671 99 0.528 140 110

Yr. Built -3.507 -0.293

Asbestos -212.074 -0.204

Winter Day 7.228 0.192

Asphalt -0.700 -0.172

Grass 0.456 0.146

Stepwise (.1, .85) all significant S.F. 0.100 0.496 102 0.434 129 105

Veg & non-veg Trees 0.525 0.217

D.G. -0.213 -0.154

Winter Night -4.318 0.151

Winter Day 4.917 0.133

Standard selected S.F. 0.127 0.631 102 0.472 122 100

predictors Yr. Built -2.391 0.204

Asphalt -.621 -0.153

Winter Day 4.252 0.115

Winter Night 3.107 0.108

Trees 0.241 0.100

D.G. -0.123 0.089

Grass 0.198 0.064

Standard selected S.F. 0.127 0.630 102 0.503 118 97

predictors Yr. Built -2.520 -0.215

Asbestos -204.245 -0.196

Asphalt -0.651 -0.160

Winter Day 4.907 0.133

Grass 0.398 0.128

Winter Night 3.415 0.119

D.G. -0.123 -0.089

Trees 0.201 0.083
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models where only the significant variables from the bivariate analysis were used as inputs

into the model. For the 95% stepwise model with these significant variables, the B value

for the trees was only 0.476. That meant that if trees were adjacent to an entire wall of a

house, then the annual heating load increased by 47.6 therms (13%) annually. While the

R2 and other error values for this model were not as good as other models, this particular

model is noteworthy because trees effectively replaced the year built, asbestos and asphalt

as predictors. The explanation for this result is unclear, but it is possible that in the winter

the deleterious effect of trees is greater than that of the larger size and age of the house.

Several other models were run, with varying combinations of the input variables.

None of these models were able to explain as much of the variation as the 95% stepwise

model, and most of these models had larger error values. The only other vegetation

variable to appear in any of these models as a predictor was grass. The B value was fairly

low in all cases, ranging from 0.198 to 0.456 depending on the model. These results

confirmed that the vegetation is simply not a strong factor in the energy balance equation

for residential heating loads.

4.6.4.2 Combined Non-Vegetation and Vegetation Models, Cooling

For the summer cooling loads (kWh), the combined models produced results that

were identical to the non-vegetation models in every instance (Table 4.12). Because of

these results, there were a few models run for the non-vegetation variables that were not

run with the combined models. The vegetation variables did not appear as predictors in

any of the models. Like the models for therms, the vegetation variables were not
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Table 4.12 Summary of regression analysis for combined non-vegetation and vegetation
variables for kWh (Summer Cooling Load). Numbers in parentheses after
regression type represent the entry and removal values. Abbreviations are the
same as in table 4.7, except AC=air conditioning.

Kwh	 (average annual = 4270)

Regression Type Input Variables Predictors B Beta d.f. Adj R2 RMSE MAE

Stepwise (.05, .1) all veg & non-veg S.F. 1.547 0.416 99 0.583 2066 1625

AC 2343.482 0.321

Wood 4356.742 0.226

Summer Night -112.268 -0.186

Turn Off -1470.877 -0.168

Stepwise (.05, .1) all significant S.F. 1.533 0.409 100 0.582 2065 1615

veg & non-veg. AC 2460.474 0.339

Wood 4379.448 0.226

Summer Night -110.079 -0.182

Turn Off -1393.602 -0.159

Stepwise (.1, .85) all veg & non-veg S.F. 1.222 0.328 99 0.610 1947 1524

AC 1828.881 0.250

Wood 3866.706 0.201

Summer Night -116.698 -0.193

Exterior 1082.014 0.163

Turn Off -1314.418 -0.150

Evap -920.020 -0.140

Porches 976.223 0.119

Stepwise (.1, .85) all significant S.F. 1.296 0.346 100 0.604 1978 1551

veg & non-veg. AC 2109.385 0.290

Wood 3939.834 0.203

Summer Night -116.398 -0.193

Evap -976.306 -0.148

Exterior 981.447 0.147

Turn Off -1277.595 -0.145

Standard selected S.F 1.269 0.337 103 0.580 2042 1585

predictors AC 1878.315 0.258

Summer Night -129.776 -0.215

Evap -1261.366 -0.193

Exterior Color 1233.724 0.186

Turn Off -1213.176 -0.144

Porches 1019.552 0.125
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significant factors in the overall annual cooling load. The results of these models

confirmed the results of the bivariate analysis, that a few of the physical characteristics of

the house, as well as a few of the specific habits of the occupants, were far more important

to the annual cooling load than any of the influences of vegetation adjacent to the house.

4.6.5. Additional Models

Based on the results of the above models, a handful of other models were run.

These additional models attempted to remove the signal of the strong non-vegetation

variables and better quantify the effects of the vegetation variables. If the physical

structure and living habits are overwhelming the vegetation impacts, then what would the

results be if those other influences could be removed from the model? It was also thought

that perhaps the lack of a quantifiable impact from the trees in the summer was a result of

the number of houses with evaporative cooling. Since these cooling units are either on or

off, and do not consume a large amount of energy for operation, it may be that the shading

did not make a significant difference for these homes. The added moisture from the

transpiration may even have reduced the effectiveness of these coolers. There was a

question about whether removing these homes from the study group would change the

results. In other words, did the vegetation make more of a difference for homes that had

only air conditioners? Finally, since a majority of the previous research dealt with houses

of low mass construction, and a large portion of the homes in the present study were of

high mass construction, there was a question about whether the low mass houses would

show similar results to the previous studies if they were separated from the rest of the
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sample. The additional models were designed to address the above questions. Results of

these models are displayed in table 4.13.

The first group of these extra models attempted to determine whether vegetation

influences could explain the residuals from previous models. The analysis was based on

the best non-vegetation model. The B values from this model were used to determine the

residuals (the predicted energy usage minus the actual energy usage) and then a standard

regression was run using these residual values for annual therms and annual kWh. The

results of these models should have been the same as the model combining the non-

vegetation and vegetation variables, but they were run as a check on the results of those

models. All of the vegetation variables were entered into the models. Stepwise

regressions at the 95% confidence level were attempted, but none of the variables was

significant enough to be included.

For the winter heating load, the therms model with only the vegetation variables

had an adjusted R2 of 0.021. Thus, the model was not effective at explaining the variance.

The results do correspond, though, with McPherson et al. (1992), who found that the

negative winter impact of trees adjacent to a one-story house in Tucson was between 1.7

and 4.2%. The results of the regression analysis were similar for the summer cooling load.

This model had and adjusted R2 value of -0.002. Technically, the value for R2 cannot be

negative; however, the adjusted R2 is and attempt to correct the value of R2 to more

closely reflect the goodness of fit of the model in the population. The adjustment to a

negative number indicated that this model showed no relationship between vegetation and

summer cooling loads.
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Table 4.13 Summary of Regression Analysis for Additional Models for both therms
(winter heating load) and kWh (summer cooling load). Numbers in parentheses
after regression type are the entry and removal values. Abbreviations are the
same as in table 4.7, except AC=air conditioning, Vaulted=vaulted ceilings,
Flat>8=flat ceilings over 8' high, wood=wood roof, Asbestos=asbestos roof

Therms (Winter Heating) average annual	 = 355
Regression Type Input Variables Predictors B Beta d.f. adj R2

Standard all vegetation Natural Desert -0.156 0.151 104 0.021
(residuals Model) Shrubs -0.360 0.146

Trees -0.196 0.092
Grass -0.219 0.079

Stepwise (.05, .1) all non-veg S.F. 0.127 0.633 99 0.500
(veg. index) veg. index, w/ & Year Built -4.000 0.334

w/out nat. desert Winter Day 8.193 0.217
Asbestos -167.050 0.161

Stepwise (.05, .1) all sign. non-veg S.F. 0.111 0.550 102 0.410
(veg. index) veg. index, w/ & Winter Day 7.380 0.200

w/out nat. desert Mass Index -0.240 0.189

Stepwise (.05, .1) all veg & non veg D.G. -0.542 -0.533 19 0.752
(low mass only) Winter Day 15.730 0.501

Flat >8 135.738 -0.457
Hrs. Occupied 2.824 -0.387
Trees -0.867 -0.376

kWh (Summer Cooling) 	 average annual	 =4270
Regression Type Input Variables Predictors B Beta d.f. adj R2
Standard all vegetation Grass -5.054 0.142 104 -0.002
(residuals model) Trees 3.788 0.140

Shrubs 0.874 0.028
Natural Desert 0.101 0.008

Stepwise (.05, .1) all non-veg S.F. 1.547 0.416 99 0.583
(veg. index) veg. index, w/ & AC 2343.482 0.321

w/out nat. desert Wood 4356.742 0.226
Summer Night -112.268 -0.186

Turn Off -1470.877 -0.168

Stepwise (.05, .1) all sign. non-veg S.F. 1.533 0.409 100 0.582

(veg. index) veg. index, w/ & AC 2460.474 0.339

w/out nat. desert Wood 4379.448 0.226
Stunmer Night -110.079 -0.182

Tum Off -1393.602 -0.159

Stepwise (.05, .1) all veg & non veg Year Built 122.977 0.465 19 0.408
(low mass only) Vaulted -1733.374 -0.395

Stepwise (.05, .1) all veg & non-veg Summer Night -236.137 0.419 47 0.475
(AC only) Wood 4043.479 0.316

S.F. 1.037 0.295
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A second approach to looking at the vegetation impact was to lump all of the

vegetation into one variable, creating a vegetation index. The strategy was to see whether

the vegetation, when combined, might have a significant impact on the heating or cooling

loads to appear as a predictor in a regression model. Two versions of the vegetation index

were created, one with the natural desert included and one without. The mass landscaping

variables were also combined for a mass index. A previous analysis of the average

percentage of individual landscaping variables and the four exposures of the houses (Table

4.6) showed that there was a reasonable consistency within each variable. This procedure

was repeated for the vegetation and mass indices. The results of this analysis are

displayed in Table 4.14. As expected, the average percentage of landscaping did not

change dramatically from one exposure to the next. The one notable exception was the

eastern exposure for the vegetation index with no natural desert. The average value of

vegetation was significantly higher for this exposure. When the natural desert was

included, however, the vegetation on this exposure is fairly consistent with the other three

exposures. Stepwise regressions at the 95% confidence level were run for all of the

variables with both variations of the vegetation index. The significant non-vegetation

variables from the bivariate analysis were then run with both variations of the vegetation

index. These models were run for both therms and kWh.

Table 4.14 Average values of the vegetation and mass indices by orientation

Index North East South West Total
Veg. Index w/Natural Desert 118 112 125 118 473
Veg. Index — no Natural Desert 69 112 78 70 329
Mass Index 45 41 48 43 177



127

Despite the variation in total values of the vegetation indices, the results of the

regression analyses were unchanged by the inclusion or omission of natural desert from

the vegetation index. This was a bit of a surprise given the sizable difference in the total

values, and the markedly different value of total vegetation on the eastern exposure for the

index without the desert. Results from previous analyses indicated that trees might be an

important variable, particularly in the winter when the deleterious effects vegetation on the

east side are rather pronounced. The results of the regressions, however, were identical

for the two versions of the vegetation index. For this reason, the results of these models

were reported only once in Table 4.13, with the label vegetation index. There was no

distinction made between the two vegetation indices.

For the winter heating load, the model with all of the variables included and the

vegetation index had an R2 slightly lower than the original model with vegetation variables

entered included separately. The predictors were the same, except for the omission of

asphalt. The removal of asphalt in this version is likely a result of that variable becoming

part of the mass index. The B values changed only slightly from the original model to this

one, although a review of the excluded variables indicated that the vegetation index would

have been the next variable included. For the model with only the significant non-

vegetation variables, the R2 hardly changed from the original model, but the trees were

replaced by the mass index as a predictor. The mass index had a B value of —0.24,

meaning that if mass were adjacent to an entire wall of the house, the winter heating load

would decline by 24 therms. In this model, vegetation was not an important factor in

increasing the heating cooling load. The significance of the vegetation index changed only
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slightly depending on whether or not natural desert was included in the variable. In the

case of the model with all of the variables, when the natural desert was included the B

value increased a bit from 0.081 to 0.099, meaning it contributed more to the heating load.

In the model with only the significant variables, the B value for the vegetation index with

the natural desert included decreased a bit from 0.134 to 0.113.

For the summer cooling load, the model including all of the variables and the

vegetation index produced identical results to the original regression model with the

combined non-vegetation and vegetation variables. Grouping the vegetation into an index

value had no effect on the results. The values for the adjusted R2 were the same, and the

values for the predictors changed very slightly. A review of the excluded variables

revealed that the vegetation index would have been the last variable included. The model

with only the significant non-vegetation variables and the vegetation index had the same

results. The R2 was identical to the original model and the predictor values hardly

changed. The vegetation index in both models had virtually no impact on the annual

cooling load. Like the models for therms, the significance of the vegetation index changed

only slightly depending on whether or not natural desert was included in the variable. In

the case of the model with all of the variables, when the natural desert was included the B

value decreased very slightly from 0.003 to 0.001, meaning it contributed less to the

cooling load. In the model with only the significant variables, the B value for the

vegetation index with the natural desert included increased very slightly from 0.002 to

0.003.

The next analysis was a stepwise regression model, run at the 95% confidence
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level, which included the houses with only air conditioning. This model was run only for

the summer cooling load. The result of this analysis was that there was very little change

from the model with all of the houses included. The value of the adjusted R2 decreased

from 0.583 for the original model with all of the houses to 0.475 for the model with only

the houses cooled by air conditioners. The predictors, summer night thermostat settings,

wood roofs and the size of the house remained, but the B value for summer night more

than doubled from —112.268 to —236.137. This means that for every degree Fahrenheit

the nighttime thermostat setting was increased, the summer cooling load decreased by 236

kWh (5% of average). The increased savings for houses with only air conditioning over

the study sample as a whole was probably due to the additional energy demand of air

conditioners compared to that of evaporative coolers. The values for wood and square

feet both decreased slightly. The predictor variables for air conditioning and turn off were

both removed. Air conditioning was no longer a variable in this model, since all of the

houses had air conditioning. Turn off was probably no longer important because only 6%

of occupants of homes with air conditioning actually turn off the unit when not at home,

as compared with 69% who adjust their thermostats and 25% who make no adjustments.

Once again, in this model, there were no vegetation variables identified as predictors. The

excluded variables in this model were also reviewed. Grass and natural desert were

among the excluded variables with larger B values relative to the others; however these

values were still very low.

The final analysis was an assessment of the low mass houses separated from the

rest of the study sample. By and large, the vegetation remained a non-factor in the space
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conditioning loads. The predictors did change rather dramatically, though, and included

several that had not appeared in any other model.

For the winter heating load, the predictors were hours the home was occupied,

decomposed granite, winter day, flat ceilings greater than 8 feet (2.4 meters), and trees.

This model had an adjusted R2 value of 0.752, higher than any previous mode, and

explaining a fairly high percentage of the variance. The most surprising predictor in this

model was trees, with a B value of-0.867. This meant that for every percentage increase

in the impact of trees on a wall of the house, the winter heating load actually decreased by

0.867 therms. This result could not be explained. It may be possible that like the heat

trapping in the summer, the trees are holding the colder air next to the house in the winter.

Decomposed granite was a beneficial landscape element for the winter heating load. For

every percentage increase in the impact of decomposed granite, the winter heating load

decrease by 0.542 therms. Another surprising predictor was the ceilings. Houses with flat

ceilings greater than eight feet (2.4 meters) used 135.738 fewer therms than houses with

either vaulted ceilings or flat ceilings only eight feet (2.4 meters) high. Based upon local

trends for housing styles, it is likely that very few of the frame houses actually have flat

ceilings that are only eight feet (2.4 meters) high. Generally, most newer homes have

higher ceilings that are either flat or vaulted. These results then indicate that the houses

with flat ceilings consume less energy than the houses with vaulted ceilings, presumably

because the vaulted ceiling result in a greater overall volume of air in the house. The

hours occupied was an important factor for the first time in any of the analyses. This

model predicted that for every hour the house was occupied, the winter heating load
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increased by 2.842 therms. This variable probably relates to the winter day thermostat

settings, and its importance is a result of the occupants keeping the house warmer when

they are at home. As with previous model, winter day thermostat settings were important.

For every degree Fahrenheit the thermostat setting was increased, the winter heating load

increased by 15.73 therms.

For the summer cooling load, there were only two predictors. These predictors

were year built and vaulted ceilings. The adjusted R2 of 0.408 for this model was fairly

low compared to other kWh models, and indicated that a fairly high percentage of the

variance in the model was unexplained. The size of the house was notably absent from

this model, but it was interesting that the year of construction was so important when the

houses were all frame construction, and should have been relatively consistent in insulation

values and quality of construction. Any variation should have been biased towards the

newer houses being more energy-efficient. Of the 21 frame houses in the study, 4 (19%)

were built in the 1970s, 7 (33%) were built in the 1980s, and 10 (48%) were built in the

1990s. The B value for this variable was 122.977, indicating that for every year later the

house was built, the summer cooling load increased by almost 123 kWh. This result may

have been due to increase insulation values of newer construction. It is also possible that

there were other factors contributing to this result. Despite the fact that the regression

should have accounted for the influence of other variables, it appears that the year built

was acting as a proxy for one or more other variables. The other predictor variable in this

model was vaulted ceilings. For this model, houses with vaulted ceilings consumed 1733

fewer kWh annually than houses with flat ceiling at any height. This result was opposite
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of the winter heating load, and did not have a reasonable explanation. Also missing from

this model were any variables related to thermostat settings. The reasons for this omission

are also unclear.
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5. CONCLUSIONS

The results of this study were that the physical characteristics of the house,

combined with the specific living habits of the occupants, were of primary importance in

determining annual residential energy consumption for heating and cooling. The objective

of the study was to gain insight into the impact of vegetation on residential energy

consumption. Computer simulation studies, which have predicted energy savings from

trees, have been based on idealized model houses. These modeling studies had yet to be

validated by an empirical study involving a broad data set that included both older,

dark-colored, energy-inefficient homes and newer, more efficient homes. Previous

studies were also based on a small number of examples, and did not encompass the

effects of variability in personal living habits.

This study sought to examine landscaping practices and the related energy

benefits from shading and evapotranspiration in a general sense. The intent of this study

was to examine a group of existing houses, exhibiting a broad range within the variables

of size, age of construction, type of construction, color, occupant behaviors, and

landscaping configuration. It was also important to collect a large enough 'N' to allow

for subgroups within the data set.

Analysis of the study data set achieved this objective. Included were 105 homes

that were constructed between 1948 and 1999. Eighty percent of the study homes were

high mass masonry construction, ranging from double brick walls to concrete block and

both dark natural brick to light-colored painted brick. The remaining twenty percent of
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the houses were low mass wood frame construction of varying color. The study houses

also included a wide variety of vegetation configurations. This combination of

characteristics allowed for analysis of vegetation impacts, as well as structural and

human impacts on residential energy consumption.

5.1 Vegetation Impacts 

Does vegetation adjacent to a house can result in a savings in annual energy

consumption for space conditioning? If so, what is the magnitude of that savings? There

has long been a debate about the benefit of a grass lawn versus the drawback of its

annual water consumption. Previous studies have indicated that the evapotranspiration

benefits from vegetation might be as important as the shading benefits (McPherson and

Simpson, 1995). A goal of this study has been to examine that hypothesis, and

determine whether the type of vegetation - trees, grass, or shrubs - make a significant

difference in the energy utilization by residences.

Overall, the results of this study do not support previous computer simulation

studies. These studies had predicted an average summer energy savings of 7-8%. The

energy savings predicted from these studies ranged from 2-11% depending upon the

species of tree, assuming one to three trees placed adjacent to the east or west walls.

With the 30-40% average tree shading for the houses in the current study, the predicted

energy savings would have been on the lower end of that range. One study, though, had

predicted a savings on the summer cooling load of as much as 53% from vegetation that
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produced shading on 80% of every surface of the house, including the roof. These models

represent idealized simulated conditions. In practice, vegetation is rarely dense enough to

shade completely all four sides of a house, let alone the roof Only two of the 105 houses

(less that 2%) in the study sample had impacts from adjacent trees of greater than 75%.

The present study considered vegetation only on the four sides of the house.

The analysis of houses included in this study was unable to document any

measurable savings from vegetation, whether trees, shrubs, grass, or natural desert. The

fact that none of the vegetation variables employed, whether shade trees or well-watered

grass, provided a quantifiable savings indicates that neither shading benefits nor

evapotranspiration benefits were realized. The results did, however, confirm the negative

impact from trees on the winter heating load documented in previous studies. Given the

magnitude of the deleterious winter impact, this study indicated that it was impossible to

plant enough vegetation to overcome the winter effects by a summer energy saving. It

had been anticipated that the models might have been over-predicting the vegetation

induced summer energy savings. The complete lack of demonstrable summer energy

savings was unexpected, however.

There are several possible explanations for the difference in results in the summer

cooling load between previous research and the present study. This study determined that

the physical characteristics of the house, such as wall construction, exterior color, roof

type, and the type of cooling equipment, combined with the specific living habits of the

occupants, such as thermostat settings and habits of the thermostat and mechanical

equipment, far outweighed the impacts of vegetation. In at least one of the simulation
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studies, there was an energy benefit from shading the roof The landscaping patterns of

the study houses indicate that roof shading from trees is not typical for residential

landscaping in Tucson.

5.2 Structural Factors

The thermal transfer properties of different building materials were assumed to be

an important factor in the interaction between vegetation and thermal performance of a

structure. Certain strategies for high thermal mass construction, such as masonry, may not

be as effective for low mass, wood frame type construction. By comparing the two types

of construction within this study, some of these questions could be answered.

The construction material of the study homes was a big factor in the results. A

majority of the previous studies modeled houses with frame construction. McPherson and

Dougherty (1989) did model both an older and a newer masonry house. That study

focused on the impacts of varying canopy densities, and it included trees only on the east

and west sides of the house. Masonry construction types have evolved over the last 60

years. In the 1940s, most masonry homes had double brick exterior walls consisting of

two rows of 4-inch (10.16 cm) standard brick, with a thermal resistance value of R-3.

This construction technique is what was modeled by McPherson and Dougherty for older

masonry homes. In the 1950s and 1960s the prevalent construction material shifted to

burnt adobe brick, and in the 1970s there was another shift to slump block. Slump blocks

are made from the same concrete mixture as standard concrete masonry units (CMU), but

the forms are removed while the mixture is still fairly moist and pliable, causing the blocks
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to slump down and bulge. The R-values for these types of masonry houses are actually

less than that of the double brick construction. Burnt adobe brick has a thermal resistance

value of R-1.6, while slump block has a value of either R-1 or R1.1, dependent upon the

number of cores. The simulation study assumed a thermal resistance value of R-8.5 for

the newer masonry, based on a 1980s method of 6-inch (15.24 cm) reinforced block with

hardboard insulation. Newer masonry construction materials and methods have continued

to evolve.

In general, the R-values assumed for the simulations studies were accurate, but

there are a significant number of real world homes that fall outside of the 1940s and 1980s

construction methods. The bulk of the masonry homes in this study fell into that category.

These types of masonry construction, with walls eight inches (20.32 cm) thick or less and

thermal resistance values of R-3 or less, are not true mass structures. The relatively thin

walls of modern day 'mass' structures do not allow for thermal lag. For these walls, heat

gain from solar radiation was far less important than heat gain by conduction due to the

temperature differential between the inside and outside air. The transpirational cooling

from the plants would have been an important factor in this instance. The results of this

study indicate that a few degrees Fahrenheit of transpirational cooling near the house is

not enough to make a significant difference in the overall energy consumption for cooling

when the temperature difference between the exterior and interior of the house can be

over 30 °F (17 °C).

Another factor, which may have been important, was the fact that this study

looked only at the shading on the walls from the vegetation. As the statistical analysis
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showed, the darker wood and tile roofs were a significant factor in the annual energy

consumption. The latitude of Tucson is such that in the summer, for a majority of the day,

the solar path is such that the insolation on the roof is greater than the insolation on the

walls. It is possible that the solar heat gain from the walls was relatively unimportant,

compared with the solar heat gain from the roof

Conductive heat gain through the roof was undoubtedly also an important factor.

The previous simulation studies optimistically assumed that homeowners had made

improvements to increase the ceiling/roof insulation in their older homes. The survey in

this study did not address the roof construction, but it is likely that many homes were

never upgraded for increased roof ceiling/insulation. Of the total group of houses in the

study, 35% had vaulted ceilings. Many of the older homes with vaulted ceilings had 2x8

roof framing, with the ceiling attached to the bottom and the roofing material on the top.

The only way to add insulation at this point is to blow it in between the framing members

or install rigid insulation on the roof deck as part of a roofing replacement project. This

upgrade is not very common.

Specific data on roof color were not collected as part of this study, but the

orthophotos did reveal some patterns. Almost half of the 105 roofs for the study houses

appeared medium to dark in color in the orthophotos. It is possible that the reflectivity

values of the roofs of these study houses were lower than the reflectivity values assumed

in simulation studies, and that the shading of the walls was not enough to offset the heat

gain through the roof
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5.3 Human Factors

It is widely known that there is a vast difference among homeowners in their

typical thermostat settings, as well as their habits relating to the operation of the

thermostats and mechanical equipment. Tucson Electric Power Company has long

asserted that significant energy savings could be realized by adjusting the thermostat by

only one or two degrees Fahrenheit. This past summer (2001), in fact, the power

company encouraged customers to conserve energy and help avoid rolling blackouts by

adjusting their thermostats to make their homes two degrees warmer. This study sought

to validate the importance of thermostat settings, and to determine whether adjusting the

temperature of the house either manually or with a programmable thermostat while away

from the house for prolonged periods could actually make a significant difference.

This study found that both of these factors are important. The occupants in this

study typically kept their homes slightly warmer than the assumed values for the

simulation studies in the winter, and slightly cooler than the assumed values for the

simulation studies in the summer. The regression analysis showed that a 1° Fahrenheit

difference in thermostat setting saved over 7 therms and 119 kWh in the annual heating

and cooling loads, respectively. Further, if the cooling unit was turned off when the house

was not occupied, the annual energy savings for cooling was 1198 kWh. These savings

illustrated that thermostat operational habits of occupants can dramatically impact the

heating and cooling loads. Programmable thermostats can effectively perform these

adjustments in temperature, but the results of the study iddicate that most homeowners
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with programmable thermostats have not programmed a dramatic enough difference in

temperature to make a significant difference in heating and cooling loads.

5.4 Relevance of the Results

One of the concerns of the study was how applicable the results of a random group

of houses in Tucson would to not only the entire metropolitan area, but also other hot arid

climates. One of the objectives was, therefore, to analyze the data set as well as the

database of houses within Pima County. In performing these analyses, comparisons could

be made between the two sets of data. In addition, typical housing types in the study

could be compared with those found in hot arid climates globally.

This study analyzed the physical characteristics of 105 homes scattered

throughout the Tucson Metropolitan area. A comparison of these houses with the

general population of houses in Pima County revealed that the database for this study

represented slightly larger and slightly older homes. The implication of these

differences was that the study group consumed more energy overall for space

conditioning due to the additional area, and contained a lager percentage of masonry,

or mass, houses than the general population. The additional size should not have

impacted any benefits from vegetation, as percentage of adjacent vegetation was

independent of the size of the house. The impact from type of construction was a bit

more difficult to determine. McPherson and Dougherty (1989) concluded that solar

heat gain was a greater factor in the energy balance equation for better-insulated, newer
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homes. This factor means that frame construction would see a greater benefit from

trees than mass construction. The average construction age of the study homes,

however, was 1969 as opposed to the Pima County Average of 1972. It was not until

the late 1970's that frame construction really became popular in the Tucson area. It is

likely, therefore, that the results of this study would be applicable to the general

population of homes in the Tucson area.

The fact that such a large percentage of the houses (80%) were older, relatively

inefficient masonry construction made the result particularly relevant to other hot arid

locations. These older masonry houses were constructed primarily with varying types of

8-inch (20.32 cm) thick brick walls. This thickness is not adequate to function as a true

high thermal mass structure, but rather functions as a low R-value wall with an undesirable

thermal lag. This same construction type, however, is being employed in many developing

countries as a result of foreign aid, as well as arid locations around the globe. It would be

expected that if this study were repeated in one of those locations, the results would be

similar.

5.5 Significance of the Results

Energy conservation has become increasingly important. A model energy code

went into effect across the country in 1992, with specific requirements implemented by

each municipality (Pima County Government, Planning and Zoning Commission and the

Council of American Building Officials, 1994). This code has resulted in some progress in

conservation, but has been unable to prevent energy shortages such as that in California
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during the summer of 2001. Energy costs, environmental concerns, and the Model Energy

Code have made it more important than ever to find ways to reduce the energy

consumption of our buildings. Since vegetation provides additional aesthetic and

environmental value, it seems a reasonable solution for reducing energy consumption.

Without evidence quantifying the energy savings from vegetation, these measures will

never be implemented successfully. With quantitative evidence of savings, the likelihood

of design implementation is greatly increased. Policy makers will have a basis for

implementing new requirements, designers will have alternative methods for complying

with the energy codes, and developers will be able to entice buyers with the energy-

efficient mortgage credits with only a minimal increase in the cost of construction.

These benefits are especially pertinent in an arid environment, where previous

studies (McPherson and Simpson, 1995, McPherson, et. al., 1998, McPherson, et. al.,

1992) have shown the greatest energy impacts from landscaping are in the form of

cooling. In a warm arid environment, the cooling load is the significant portion of the

mechanical load. If this load could be reduced, the result would be a reduction in the

overall energy consumption and energy demands. In addition, if comfortable exterior

spaces could be created, the need for interior conditioned space would be reduced. On

a broader scale, a significant reduction in the mechanical load of a large number of

structures would help reduce the future needs for power generation. This rationale has

been the basis for several tree planting programs nationwide. In some cases, these

programs have been funded by the local utility companies as a method of demand-side
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management. To be effective, more trees need to be planted so that a much greater

percentage of the house is shaded, particularly the roof and windows. The trees that

are planted need to be strategically located, with guidance from the results of the

computer models.

In an ideal world, all structures would be designed to fit into their surroundings

and to respond to the local climate. In reality, thousands of tract homes are built each

year with little regard to their specific location or microenvironment. The same

houses are being built in Northern California as Phoenix, Arizona. The only

differences may be in the exterior architectural details. Within a given subdivision, the

same floor plan is likely constructed several times on different lots with different

orientations. Plan selections are generally based upon the wishes of the developer or

buyers, without regard to proper siting for climate or solar access. One of the goals of

this study was to provide information about whether and how the thermal effects of

poor siting could be ameliorated with the proper use of vegetation. A reduction in

energy consumption is a critical factor in the creation of a more sustainable built

environment.

Unfortunately, the results of this study indicate that vegetation might not be as

important as some previously thought. Study houses exhibited no tendency toward

heavier vegetation for a particular exposure. Homeowners tend to landscape with

aesthetics as a primary concern. Statistical analysis did not show that there was a

significant difference between the orientation of the vegetation and energy consumption,
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except for the eastern exposure in the winter. For that condition, the effects of vegetation

were deleterious, rather than advantageous, to energy consumption. The impact of

vegetation was simply not great enough to overcome the impacts of construction and the

failure to create environmentally responsive designs.

5.6 Future Work

This study attempted to validate previous simulation-based research with a study

of observed conditions. The nature of the data, given that this research included existing

houses and landscape configurations, resulted in some limitations of the research.

Obtaining the surveys and releases limited the size of the database, as well as the overall

demographic characteristics of the participants. Given the number of variables and

disparity in the living habits of the occupants, it would have been beneficial to have a

larger data set. Future studies might make use of a larger data set to allow for a greater

stratification of the data, and a greater significance of the results from any subsets. A

better breakdown of construction types should be included in any future work. The data

set should also be stratified by whether or not the homes have pools in order to remove

the additional summer load from the pool pump from the equation.

It would have been beneficial if certain physical characteristics of the study houses

had been considered. Physical characteristics included the area and orientation of the

windows, ceiling/roof insulation, and reflective properties of the walls and the roof The

lack of specific information for these characteristics precluded analysis of some

structural/vegetation/energy interactions. Future work should consider window area and
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orientation, particularly with respect to shading of the windows from vegetation. Studies

have yet to examine closely the importance of shading the windows versus the wall of a

structure. The radiant heat gain through the windows on the interior of a structure can be

significant, and can have a marked effect on the thermal comfort the of occupants. This

may be the greatest area of impact from trees. Data on both ceiling/roof insulation and the

reflective properties of the roof would allow for a more comprehensive examination the

relationship between insolation on the roof and annual energy consumption.

Finally, certain vegetation data would have been an asset to the study. Data on the

species, size, and canopy density, and shading patterns of the vegetation, as well as

whether the trees were deciduous or evergreen would have been useful when analyzing the

heating and cooling loads. Field visits to confirm the quantity of shade created by the

vegetation on the various surfaces of the house, including the windows, should be a

component of the data acquisition in future studies.

One approach to a future study might be to perform an analysis on a neighborhood

basis, looking at two or more neighborhoods by the same developer, but several years

apart. Developers generally re-use the same house plans, so this approach would provide

the opportunity to look at a significant number of non-vegetated and vegetated versions of

the same house. A prolonged study of houses in a large new development, which were

instrumented, would also allow for the measurement of changes over time as the

vegetation matures.

As the first large-scale analysis of existing conditions, this study provided a good

opportunity to compare previous simulation studies with actual conditions. The results of
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this research point to the need for further study of vegetation and its impact on residential

energy consumption. There is no doubt that there is a value to planting trees and other

vegetation around a building. Although vegetation may not significantly impact annual

energy consumption, trees can unquestionably reduce the radiant heat gain through the

windows of a house. In the summer, this reduced radiant heat gain can dramatically

impact the comfort level within a room of the house. There are also aesthetic and air

quality considerations. It is widely accepted in the real estate community that landscaping

impacts property values. The absorption of CO2 by vegetation is also a tremendous

benefit in terms of improving air quality. Finally, it is a known fact that vegetation can

cool outside spaces, through shading and evapotranspiration, and make otherwise

uninhabitable areas quite pleasant. The creation of these spaces allows for outdoor living

in an otherwise harsh environment. If enough comfortable outdoor living space could be

created, then the need for constructed conditioned space could be reduced. For the

current internally designed houses, it appears that the actual benefits from vegetation for

reducing annual energy consumption may be much less than previously thought. Trees

should therefore not be considered a primary strategy for reducing annual cooling costs.

When properly selected and located, however, vegetation can contribute to both the

overall aesthetics of a property and the thermal comfort to the occupants.

5.7 Practical Applications of the Results

A final goal of the study was to come up with some design guidelines. Based on

the results of the study, what could the average homeowner do to decrease the annual



147

energy consumption for space conditioning? The results of the study have been

summarized into a brief list of practical applications for the average homeowner (some

recommendations regarding trees are not exclusively from this study). For reference,

current (fall 2001) electric prices in Tucson are $ 0.966 per kWh and current gas prices in

Tucson are $ 0.90 per therm. Average annual electric use for summer cooling was 4270

kWh. Average annual gas use for winter heating was 355 therms.

• The size of the house is one of the most important factors in energy consumption. For

every 100 square feet added to the house, the winter heating load increases by almost

4% and the summer cooling load increases by almost 3%. Careful consideration

should be made when selecting a house, as well as adding space to an existing house.

• Thermostat settings are important. For every degree Fahrenheit cooler the thermostat

is set during the day in the winter, the heating load is decreased by 2%. In the

summer, for every degree Fahrenheit warmer the thermostat is set at night, the cooling

load is decreased by almost 3%.

• Light colored roofs save energy. Houses with dark roofs consumed almost twice as

much energy for cooling than those with lighter roofs.

• Use evaporative cooling when possible. Houses with air conditioning consumed an

average of 55% more energy than those with evaporative coolers.

• Adjust your thermostat so that your air conditioner or evaporative cooler is off when

you are not home. Occupants who did this saved 35% on their cooling loads.



148

• The newer the house the less energy it consumes for space conditioning.

• Exterior color was significantly correlated to the summer energy consumption. Lighter

houses generally used 25% less energy than darker houses (part of this savings may be

due to construction type, since many of the darker homes in the study were masonry).

• Trees should be planted so that they shade the windows of the house. If possible,

plant trees that will grow to be tall enough to shade the roof of the house as well.

• Trees and shrubs should be planted far enough away from the walls of the house that

they do not block the summer breezes, or trap the summer heat and winter cold

against the exterior walls of the house.

• Trees planted on the east, west, and particularly south sides of the house should be

deciduous species.
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APPENDIX 1. HOMEOWNER SURVEY

Sollouing is mini of questions about the physical characteristics of &thou e usd1. Ills iiformalicat" %%Elbe usedto
cornpare your home mina others included *a -die study.

1. 1,17ha. yea was your hone built? 	

2. What is the construction of your home? (circle one)

a. brick, concrete blods, adobe with or without stucco

b. wood or metal studs with stucco or other siding

C. other (please speciff) 	

3.	 What is the PRIMARY type of ceiling in your horn*?

a. Flat ceilingseight feet 'higct

b. Fla ceilings higher than eiget feet

C. vaulted (angled) ceilings

4.	 Is the exterior color of your house light (i.e. white or vat) cc dark (i.e. red lot cis, dads brown) 	 

S.	 What is the approicomte square footage of you home? 	

6. 'Midi d thefollowing armenides does your home have? Yes No
a. Swimming root?
b. Spa?
c. Evaporative cooling?
d. Air conditioning?
e. 0-as Semite?
f. Electric Heat (includes heel pump)?
g. Other major energy use item (please explain)?

7.	 What type of themostd does your home have (please circle all that apply)?
(Note: if you have mukiple thermostats to control differentpieces of equipment (i e ordoff switch for evaporative cooler and
prograranable thermostat for he *ter), please note next. to the thermostat type what it controls)

a. Simple on/of switch?

b. Mamie* adjusted themi.osta?

c. Progruinnable thermosta?

cl. Other (please explain)?

The Miming questions pertain to same of your particular livinghabib. This information b e used to determine how
specific lifestyle paeans rmay impact your reddedial energy consumption.

Yes No
8. a. Is this home occupied year round?

b. Eno, is this primarily a winter residence?
9. Have you occupied this home for at lust 2 yeas?
10. Have you *hued your home by adding a zoom(), capcat, etc. in the past 2 yeas ?

11. Ifyouhave both os air conditioner and evaporative cooling, which months do you rim the air conditioner? 	

12.	 For Me majority of the yea, how marf people (adults and children) occupyreahotne? 	
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13. Do you ham additional occuperas for more than a month during the year?

ryes ,how racy occupantst 	  said which months ? 	

14. Approximately how many hours pc weekday (24 hour period) is the home occupied? 	

15. Approximately how many hours per weekend dso, (24 hour period) is the home occupied? 	

16. Please indicate your typical thamostat settings.

a. WillitT: day:  	 7

b. Sc: day: 	 id& 	

11.	 Some people tum Met heater or cooler completely off when they are not at home ,while others adjust the thermostat's
temperature setting, and same people make no adjustments at all. When you are not at hame , Do you (please circle one)

a. Tun the heating or cooling off?

b. Adjust the tempacire to make it wanner (when the cooling is on) or cooler (when the he at is on)?

(Note: Select. this option ifyouhave a progammable thermostat that does this ffr you )

t. Make no adjustments to the heating or cooling?

The foul grasp of quesiiens pertains to du lamdseaping around your louse. 'Dais Mfecumdiem aullbe used to assess uheiher
andhowtaelaulscapMg aroutdyour home iropods yaw residadial enayy (cases...anion.

Please indicate chat type of landscagrag is located an each side of yourhome
(check "R&M apply)
Note:	 Assume that you are facing the treat of the house from the street

Front Bad( Right Side Left Side

18. trees
19. shrubs
20. grass
21. decomposed granite
22. natural desert
23. trait:rue
24. asphalt

29. Have you nude ay SIGNIFICANT &ages in the Landsc aping armaidyma home in the last 2 years such as plated sees,
or replaced a lawn with desert lusisc aping? (circle one)
a. Yes	 b. No

iyes , please describe brie*,	

30. Please drew a small dug= of your house and yard. Please identify major shade trees, shrubs, lawns, aid pool. Ako
Mauls the meth-south orientation if poscilile

EXAMPLE:
	

t North
	 YOUR HOLIE:

"MU

House

I	 I
Phut Door
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Yes
	 no.



Utility Data Releases

Tucson Electric Power

	l/We, (name): 	

	

address: 	

give Susan Kliman withthe University of Arizona, Department of And Lands Resource Sciences,
permission to obtain the available utility information for my residence from Tucson Electric Power
Company. I understand that the information i being used for research purposes, and ray identity will not
be released.   

Signature Date

Southwest Gas Company
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I/We, (naine): 	
address: 	

give Susan Kliman with the University of Arizona, Department of Arid Lands Resource Sciences,
permission to obtain the available utility information for my residence from Soutinmst Gas Company. I
understand that the information is being used for research purposes, and rig identity will not be released.

Signature	 Date
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APPENDIX 2. UTILITY COMPANY DATA

Page:	 Document Name: untitled

Position cursor or ENTER screen value to select
PRMBH
CBIHPRQ

BILLING SUBSYSTEM	 03/13/01
PREMISE HISTORY - SUMMARY	 09:59:41	 Demand >

Premise: /TUCSON,AZ

Read Dt USA RC Days $ Amount	 Usage	 Demand	 Customer

03/06/01 ER-RA R 29 78.32	 840
02/05/01 ER-RA R 31 69.31	 740

01/05/01 ER-RA R 32 110.79	 1,220
12/04/00 ER-RA R 33 128.96	 1,430

11/01/00 ER-RA V 29 146.02	 1,420

10/03/00 ER-RA R 32 275.03	 2,710

09/01/00 ER-RA R 29 260.07	 2,560

08/03/00 ER-RA R 29 309.84	 3,060
07/05/00 ER-RA R 30 289.96	 2,840

06/05/00 ER-RA V 32 300.45	 2,940

05/04/00 ER-RA V 29 157.55	 1,710

04/05/00 ER-RA R 29 105.63	 1,150

03/07/00 ER-RA R 29 111.75	 1,220

02/07/00 ER-RA R 31 118.71	 1,300

*Premise: USA Type:	 Show Customer's Name:
Nbr Of Days To Sum:
*Tran: 	  Act:	 Key:
Enter-PF1---PF2---PF3---PF4---PP5---PF6---PF7---PF8---PF9- --PF10 --PF11 --PF12- --

help quit retrn main LOOK LINES top frwrd MREAD left right

Date: 3/13/2001 Time: 9:59:43 AM

Figure A2.1 Data sheet from Tucson Electric Power Company.



Page1"-T- 3ocument Name: untitled

ACCT NO	 *CT* LST BILL 022801 CYC 16 SVC START 022697
NAME MOIMOMMOMI	 UMW • 	STAT:PREM ACT	 TEN ACT	 LST TRN
ADDR	 MP	 • ONO=	 Me	 PREM:TYP RES GENERAL
Cl/ST TUCSON	 AZ a/MM/111	 RENT: NO
************ 03-11 UTILITY REVENUE BY ACCOUNT ************ 03/13/01 *** 0952

031201

**
LN BIL-TYPE	 IC	 TEN-NO BIL-DATE BILL TOTAL MSG
NO DESC	 NO	 RTE REV RD-DATE DAYS THERMS	 TRAN TOTAL
01 NORMAL	 022 UNBILLED
02 CRNT-CHG G001 010 010 00/00/00 0 0
03 NORMAL	 022 02/28/01 119.32
04 CRNT-CHG G001 010 010 02/26/01 31 119	 119.32
05 NORMAL	 022 01/30/01 133.40
06 CRNT-CHG G001 010 010 01/26/01 31 135	 133.40
07 NORMAL	 022 12/28/00 124.12
08 CRNT-CHG G001 010 010 12/26/00 34 126	 124.12
09 NORMAL	 022 11/28/00 86.86
10 CRNT-CHG G001 010 010 11/22/00 29 86	 86.86
11 NORMAL	 022 10/26/00 21.57
12 CRNT-CHG G001 010 010 10/24/00 32 15	 21.57
13 NORMAL	 022 09/26/00 21.55

12-MONTH TOTAL 661	 697.05
* * * ARE THERE MORE RECORDS YES * * *

DSPLY 00 KEY	 TO NEW SS	 DSPLY	 KEY
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Date: 03/13/2001 Time: 10:58:47 AM

Figure A2.2 Data sheet from Southwest Gas Corporation.



APPENDIX 3. MASTER SPREADSHEET OF DATA VARIABLES

Id S F Yr Built Ccnst Fla8
Ceiling

Flaour8 Vaulted Ex-t Porches

Rcof
Built_Up Asph_sh Prep_Rdl	 Tile

101 2400 1980 1 1 0 0	 D 1 1 o o 0

102 2135 1087 2 1 0 0	 0 1 0 1 o o
105 12443 1959 1 1 0 0	 1 o 1 o o o
118 1471 1083 2 1 0 0	 0 1 0 1 o 0

120 2433 1964 1 1 0 0	 1 1 1 0 o 0

121 1500 1073 1 1 0 0	 0 0 1 o o 0

122 1146 1960 1 1 0 0	 1 0 1 o 0 o
123 1400 1965 1 1 0 0	 1 0 1 0 o o
125 1738 1981 1 1 D 0	 1 1 1 0 0 0
128 1442 1973 1 0 D 1	 0 1 1 o o o
130 1470 1973 1 0 0 1	 0 1 1 o o o
132 2872 1947 1 D 1 0	 1 1 0 0 o 1

146 3084 1974 1 1 0 0	 1 1 0 1 0 0

201 1550 1997 2 o 1 o	 o 1 1 o o 0

202 1104 1983 2 0 0 1	 0 1 0 1 o o
204 3000 1952 1 0 0 1	 0 1 0 0 1 o
207 3500 1957 1 0 o 1	 1 1 1 0 0 o
301 1199 1947 1 0 0 1	 0 0 0 1 0 0

325 1505 1974 1 1 D 0	 0 1 1 0 o o
326 1069 1961 1 1 0 0	 1 0 1 0 o o
327 1834 1971 1 1 0 0	 0 1 1 o o o
330 1003 1952 1 D o 1	 1 0 0 1 0 0

331 2444 1957 1 0 0 1	 0 1 1 0 o o
339 1802 1960 1 1 0 0	 1 1 1 0 D o
343 1526 1956 1 1 o 0	 o 1 1 o o 0

346 2022 1958 1 0 0 1	 D 1 1 0 o o
357 2974 1907 2 0 0 1	 0 1 0 0 0 1

360 1786 1955 1 1 o 0	 o 0 0 0 0 0

363 2112 1958 1 0 0 1	 1 1 1 0 o D

365 1337 1975 2 0 0 1	 0 1 1 o o 0

374 1800 1966 1 o o 1	 o 1 1 0 0 0

510 1089 1948 1 1 0 0	 0 1 1 o 0 o
601 1400 1974 1 1 0 0	 0 1 1 0 0 0

626 2158 1952 1 1 0 0	 0 1 0 o D 0

629 4499 1960 1 1 0 D	 1 0 D 1 0 o
633 3795 1964 1 0 D 1	 1 1 o 0 0 1

635 3100 1959 1 1 0 0	 1 1 1 0 0 0

630 3467 1971 1 0 0 1	 1 1 0 o o o
637 3132 1975 1 1 0 0	 1 1 1 0 0 o
639 3954 1964 1 0 0 1	 1 1 0 0 0 0

641 3710 1945 1 1 0 0	 0 1 o 1 0 0

644 2234 1970 1 0 0 1	 0 1 1 o 0 0

648 2488 1969 1 1 0 0	 0 1 1 0 0 0

650 2962 1966 1 1 0 0	 1 1 1 o o 0

653 3965 1958 1 0 0 1	 1 1 1 0 0 0

667 3400 1971 1 1 0 0	 1 1 1 0 D 0
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Id SF Yr B tilt Const Flet8

Céling

Fl dcryt13 Veiled Ext Porches

Roof

Buitt_Up Asph_sh Prep R oll Tiie

653 4061 1979 2 0 1 0	 0 1 1 0 0 0

659 3103 1957 1 0 0 1	 1 1 0 0 0 1

693 3367 1953 2 0 0 1	 1 1 1 0 0 0

662 4600 1978 1 0 1 0	 1 1 1 0 0 0

671 4020 1956 1 0 1 0	 1 1 1 0 0 0

672 3324 1950 2 0 0 1	 0 1 1 0 0 0

677 3330 1976 1 1 0 0	 1 1 1 0 0 0

733 1 286 1947 1 0 0 10 1 0 1 0 0

802 2539 1957 2 0 1 0	 0 1 1 0 0 0

804 2375 1 951 2 1 0 0	 0 1 0 0 1 0

807 1 573 1955 1 1 0 01 1 1 0 0 0

808 12101951 2 0 0 10 1 0 1 0 0

810 1958 1958 1 0 0 1	 1 1 1 0 0 0

811 2958 1 956 2 0 1 0	 0 1 0 0 0 1

821 3030 1958 1 0 0 1	 1 1 1 0 0 0

822 2271 1934 2 0 1 0	 0 1 1 0 0 0

823 16261952 1 1 0 01 1 1 0 0 0

824 4350 1958 2 1 0 0	 0 1 1 0 0 0

851 2754 1 957 1 1 0 0	 1 0 1 0 0 0

853 2833 1 958 2 0 1 0	 0 1 0 0 1 0

854 2156 1965 1 0 0 1	 0 0 1 0 0 0

856 1 656 1 970 1 1 0 0	 1 0 1 0 0 0

853 2320 1 971 1 0 1 0	 0 1 1 0 0 0

863 2023 1 933 1 1 0 0	 0 1 0 0 1 0

881 2039 1962 1 1 0 0	 1 1 0 0 1 0

894 1 500 1 952 1 0 0 1	 0 1 1 0 0 0

895 1153 1 972 2 0 0 10 0 1 0 0 0

898 20)01967 1 0 0 11 0 0 0 0 0

903 1611 1 952 1 1 0 0	 0 0 1 0 0 0

904 2571 1971 1 1 0 0	 0 1 1 0 0 0

1 002 22)6 1 973 1 1 0 0	 0 1 1 0 0 0

1 003 3652 1979 2 1 0 0	 0 1 1 0 0 0

1094 217 0 1 973 1 1 0 0	 0 1 1 0 0 0

1621 942 1947 1 0 0 1	 0 1 0 1 0 0

1 151 1950 1952 1 1 0 0	 1 1 0 1 0 0

1 200 3023 1950 1 1 0 0	 0 1 1 0 0 0

1 201 211 9 1 954 1 1 0 0	 1 1 0 1 0 0

13)2 1 858 1971 1 1 0 0	 0 0 1 0 0 0

1233 1 848 1953 1 1 0 00 0 0 0 1 0

1 205 1369 1940 1 1 0 0	 0 1 0 0 1 0

1 209 1849 1971 1 1 0 0	 0 1 1 0 0 0

1210 24601957 2 0 0 10 1 0 0 0 1

1212 2100 1 957 1 0 1 0	 0 1 0 0 1 0

1213 1104 1970 1 1 0 0	 1 0 1 0 0 0

1214 1930 1 957 1 0 1 0	 0 0 1 0 0 0

1215 1230 1951 1 1 0 0	 1 1 0 1 0 0
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SF Yr B Olt ConstId

Ceiling

F I d8	 FI	 T9 Vaulted E xt Porches

Roof

Buitt_Up Asph_sh Prep Roll Tile

1 21 6 1 974 1 955 1 1 0 0 1 1 0 1 0 0

1 21 7 14 1 953 1 1 0 0 0 0 0 o 1 0
1216 2027 1 971 1 1 0 00 1 1 o 0 o
1220 2593 1 973 1 1 0 0 1 1 1 0 0 0

1 330 2158 1 970 1 o 1 0 0 1 1 0 0 0

13)2 1 173 1 972 1 0 0 1 0 1 1 0 0 0
1 339 2830 1 958 1 0 0 1 1 1 1 0 0 0

1 313 1O 1952 1 1 0 0 0 1 o 1 o 0

1 31 4 3330 1 998 2 0 1 0 0 1 1 0 0 0
1 31 6 3120 1 970 1 1 0 0 0 1 0 0 0 0

1O 2475 1 987 2 0 1 0 0 1 1 0 0 0
1 341 2227 1957 1 0 0 1 1 0 1 0 0 0

13)8 1 361 1 948 1 0 0 1 0 1 1 0 0 0



Id Wood

amenities

Asbedos I Pool	 PI_Size E vap AC Evep_AC

T-stat

On Off Meri_adj Prog Hum_Oct hrs_occ

101 0 0 0 0 0 1 0 o 1 o 2 106

102 0 0 1 403 0 1 0 0 0 1 4 119

105 0 0 0 0 1 0 0 0 1 0 3 73

118 0 o 0 o 1 o o o 1 1 2 1 25

123 0 0 1 840 1 1 1 0 0 1 3 132

121 0 o o o 1 o o o 1 o 3 98

122 0 0 0 0 1 0 0 0 0 1 4 140

123 0 0 0 0 1 0 0 0 1 0 5 18)

125 0 0 1 512 1 0 0 0 1 0 4 158

128 0 0 0 0 1 0 0 o 1 0 5 133

133 0 0 0 0 1 0 0 o 1 0 2 112

1M 0 o o o o 1 o o 1 0 2 133

146 0 0 1 453 1 1 1 0 1 0 6 133

201 0 0 0 0 0 1 0 0 1 0 3 110

2C12 0 0 0 0 1 0 0 0 1 0 2 120

204 0 0 0 0 0 1 0 0 1 0 5 133

207 0 0 1 483 0 1 0 o 1 1 4 133

301 0 0 0 0 1 0 0 0 1 0 1 98

325 0 o o o o 1 o o o 1 3 1E8

326 0 0 0 0 1 o o o 1 0 5 153

327 0 0 0 0 0 1 0 0 1 0 3 148

333 0 o o 0 o 1 o o 1 o 1 106

331 0 o o o o 1 0 0 1 0 2 153

339 0 0 0 0 1 0 0 1 1 0 3 18)

343 0 0 1 512 1 1 1 0 1 0 4 140

345 0 0 1 448 1 0 0 1 0 0 0 110

357 0 o 1 450 0 1 0 o o 1 4 1 25

360 0 1 0 0 1 1 1 0 0 1 1 1 Œ)

383 0 o 1 450 0 1 0 0 1 0 2 123

365 0 0 0 0 0 1 0 o 1 0 2 116

374 0 o o o 1 0 0 0 1 0 2 133

510 0 o o o 1 o o o 1 0 3 1E8

601 0 o 1 512 1 0 0 0 1 0 2 119

626 1 0 0 0 0 1 0 0 1 0 4 103

629 0 o 1 512 0 1 0 0 0 1 2 95

633 0 o o o 1 1 1 1 o 1 4 140

635 0 0 1 512 0 1 0 0 1 0 5 125

636 1 0 1 637 0 1 0 0 1 0 3 112

637 0 0 1 450 1 1 1 1 1 0 4 163

639 1 0 1 803 0 1 0 0 0 1 2 98

641 0 0 1 803 0 1 0 0 1 0 2 1E8

644 0 o 1 450 0 1 0 0 1 0 4 103

648 0 o 1 450 0 1 0 0 0 1 4 156

650 0 0 1 453 1 1 1 0 1 0 3 1W

653 0 0 1 648 1 1 1 1 1 0 2 93

657 0 0 0 0 0 1 0 0 1 0 2 18)
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Iii Woccl Asbestos I Pool

amenities

P I_Size E yap AC E veci_AC

Lstat

On Off Man_adj Prog Hum Occ iss_occ

658 o o o o 1 1 1 0 0 1 3 1W

693 o o o o o 1 o o o 1 4 93

660 o o o o o 1 o 0 1 0 2 13)

662 o o 1 450 0 1 o 0 1 0 5 1W

671 O o o o 1 1 1 o o 1 2 140

672 o o o o o 1 o 0 1 0 3 140

677 O o 1 504 0 1 0 o 1 0 2 1W

733 0 o o o o 1 o 0 1 0 3 1W

802 o o o o o 1 o o o 1 4 153

804 O o 1 512 1 1 1 0 1 0 2 110

807 0 0 0 0 0 1 o O o 1 1 1W

808 o o o o 1 o o 1 0 1 1 1W

810 O o 1 450 0 1 0 0 1 0 3 1W

811 o o o o o 1 o 0 1 0 5 124

821 o o 1 800 1 0 0 1 1 0 2 1W

822 0 0 0 0 0 1 o o o 1 2 13)

823 o o o o o 1 o 0 0 1 2 140

824 O o o o o 1 0 0 0 1 8 13)

851 0 o 1 578 1 1 1 0 0 1 3 104

853 0 o 1 6E0 0 1 o 0 1 0 2 1W

854 o o 1 1 1 1 0 1 0 2 148

856 o o 1 512 1 0 0 o 1 0 2 1W

860 0 o 1 512 1 1 1 o 1 0 4 148

863 0 0 1 4% 1 0 0 1 1 0 1

881 0 0 1 623 1 0 0 o o 1 4 1W

894 0 0 0 0 1 1 1 o o 1 3 W

895 0 0 0 0 1 1 1 1 1 0 2 123

898 O 1 1 392 1 0 0 O o 1 4 133

903 0 0 0 0 1 0 0 1 1 0 2 149

904 0 0 1 1 1 1 1 1 0 5 1W

002 0 0 0 0 1 1 1 1 1 0 4 144

1 003 O o 1 560 1 1 1 0 0 1 4 1E8

1 004 0 0 1 578 1 1 1 1 1 0 5 145

1 021 0 o o o o 1 o o 1 0 3 110

1151 o o o o 1 1 1 o o 0 2 111

1230 O o o o o 1 o o 1 0 4 134

1 231 o o o o 1 o o o o 1 2 140

1 232 o o o o 1 o o o 1 0 3 144

1 233 o o o o o 1 o o o 1 2 151

1205 o o o o 1 o o 1 1 0 3 13)

1239 O o 1 594 0 1 0 o o 1 2 124

1210 0 o 1 450 0 1 0 o 1 o 1 1W

1212 0 0 1 450 0 1 o 0 1 0 3 118

1213 o o o o 1 o o 1 1 0 2 123

121 4 o o o o 1 o o 0 0 1 2 123

1215 O o o o 1 1 1 o o 1 1 112
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Id Wccd

arnerities

Asbedos I Pd 	 PI_Size	 Evap AC Evap_AC

Lstat

On Off Men_adj Prog Num Occ hrs_occ

1216 0 0 0 0 1 1 1 1 1 0 3 110

1217 0 0 0 0 1 1 1 0 1 0 1 1 03

1218 0 0 0 0 1 1 1 1 1 0 1 g2

1220 0 0 1 512 0 1 0 0 1 0 2 105

1330 0 0 0 0 0 1 0 0 0 1 2 92

1332 0 0 1 493 1 0 0 0 1 0 4 104

1339 0 0 1 493 1 1 1 0 1 0 2 163

1313 0 0 0 0 1 1 1 0 1 0 4 168

t314 0 0 0 0 0 1 0 0 0 1 2 19)

1316 0 1 1 720 0 1 0 0 0 1 2 144

1320 0 0 0 0 0 1 0 0 1 0 2 126

1341 0 0 1 374 0 1 0 1 1 0 2 171

1368 0 0 0 0 0 1 0 0 1 0 3 133



Id WD

t-stat setting

W_N S_D S_N

tstat habits

T trn off Adjust No_Adjust Trees Shrubs Grass D G Nat Des

1 01 70 65 85	 83 0 1 o ao 35 0	 0 200
102 70 65 83	 85 o 1 o 185 93 70	 215 293
105 65 68 75	 75 1 o 0 80 85 1 00	 0 0
118 70 70 78	 78 o 1 o so 25 0	 285 0
12) 76 76 78	 78 0 0 1 195 15 93	 0 29:1
121 70 83 70	 70 1 CI 0 45 25 0	 0 233
122 70 65 77	 70 1 0 0 95 45 93	 0 16)

123 68 74 77	 70 0 0 1 203 25 0	 400 0

125 68 68 80	 80 0 1 0 18) 105 40	 0 230
12) 75 75 75	 75 o o 1 35 15 0	 85 303

13) 65 57 70	 70 1 0 0 33 200 0	 1 03 280
132 70 65 77	 77 0 1 0 185 110 0	 0 200

146 70 83 78	 78 1 o 0 19) 115 DJ	 1 0) 300

201 75 75 72	 72 o 1 o 33 83 83	 403 9)

202 63 68 78	 78 0 0 1 125 105 0	 30:1 10)

204 72 72 72	 72 o 1 o 171) 95 85	 15 35

207 71 71 73	 73 0 0 1 233 110 40	 60 28o
301 70 83 70	 75 0 1 0 220 93 83	 0 11))

325 76 75 77	 78 o 1 o eo 90 1 00	 0 403

326 78 83 6262 0 0 1 40 283 02C0 o
327 74 72 83	 76 0 1 0 70 13) 16) 	 203 0

330 68 93 6595 0 1 0 170 135 2)2) 0

331 70 65 65 85 0 0 1 235 125 170 	 0 233
339 72 68 TT	 70 0 0 1 70 12) 60	 0 10)

343 80 83 76	 76 0 1 0 5 33 176 	 0 o
345 72 65 77	 70 1 0 0 Z 70 93	 1 50 15)

357 78 83 8462 0 1 0 75 85 0	 333 0

360 78 78 82	 82 1 0 0 140 240 2C0	 200 0

363 72 E8 78	 75 0 1 0 195 13) 70	 0 300

365 78 66 6584 0 1 o 115 25 0	 1 60 403

374 TO 68 77	 70 0 0 1 170 45 110	 93 233

510 72 77 85	 85 1 0 0 55 19) 1 CO	 10) 1 (X)

601 85 70 659) 1 0 0 93 40 0	 0 315

62) 77 70 76	 73 o 1 o 85 105 18) 	o 210

629 68 55 6278 o o 1 345 35 200	 0 10)

633 72 65 78	 76 0 o 1 19) 18) 0	 280 350

635 68 68 74	 74 0 o 1 250 93 233	 0 40

635 65 83 75	 75 0 1 o 125 245 110 	 60 15)

637 78 83 78	 78 0 o 1 19) 165 33	 33 203

639 75 75 79	 76 0 1 0 155 135 30	 0 300

641 76 68 83	 80 0 1 0 125 70 0	 0 4(f)

644 72	 72 1 0 0 75 15) 0	 0 403

648 76 76 7576 o o 1 13) 55 0	 0 4C0

693 70 70 7678 o o 1 225 140 33	 0 300

663 72 713 8)	 77 o 1 o 2C0 13) 15	 60 4133

657 68 68 74	 74 0 0 1 175 55 70	 0 340
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Id VV_D

t-stat setting

W_N S_D S_N

bstat habits

T an off Adjust N o_Adjust Trees Shrubs Grass D G Hat Des

658 O o 1 310 260 0 15) 303

659 77 77 75	 75 O o 1 203 123 175 90 165

683 72 67 79	 79 1 0 o 170 210 0 1 03 400

662 70 85 73	 72 O 1 o 15) 165 1C so 360

671 70 65 72	 72 o 1 o 110 12) 33 0 320

672 74 71 74	 72 o 1 o 160 16) 0 203 203

677 78 76 8152 0 1 0 293 BO 20 2) 333

733 73 73 73	 73 0 0 1 136 16) 0 0 400

882 74 74 81	 81 O o 1 23 0 0 1 00 3C0

804 72 72 8161 0 1 0 19] 110 0 0 303

807 65 75 83	 82 0 1 0 225 35 0 375 25

80] 60 65 8278 o 1 o 55 so 75 295 0

810 60 65 76	 72 O 1 o 0 170 40 200 0

811 70 65 70	 75 O o 1 15 23 0 340 0

821 72 65 77	 70 o 1 o 203 193 0 0 403

822 72 65 5378 0 1 0 125 so 0 375 0

823 74 83 76	 76 O o 1 233 233 0 233 o
824 72 72 535) o 1 o 10 25 10] 0 403

851 72 1E8 78	 77 O o 1 135 60 40 0 0

853 68 63 62 62 o o 1 93 1 CO 33 210 400

854 65 66 53 W 1 0 0 75 1W 25 0 1 00

856 83 83 72	 72 1 o o 110 110 55 0 403

860 65 85 6065 0 1 0 30 225 0 33 10I)

863 83 83 77	 70 0 1 0 22] 110 0 200 o

881 65 93 77	 70 1 o 0 140 65 0 0 303

894 65 70 82	 79 0 1 o 16I) 135 80 270 0

895 60 83 TT	 75 o 1 o 103 85 75 93 16)

893 70 75 71	 70 1 0 o 85 40 83 0 o

903 73 85 77	 70 O 0 1 280 1W 1 03 60 0

904 79 79 60W o 1 o 15) 25 10320]203 400

11:02 65 59 76	 81 1 0 0 255 33 33 0 403

1 033 68 60 78	 76 O o 1 175 110 12] o 240

1 034 70 55 78	 82 1 o o es 23 0 0 4C0

1 021 93 70 5)65 1 0 0 125 93 0 0 323

1151 70 75 77	 70 o 1 o 185 123 93 103 0

1 230 68 83 605) 0 1 o 12) 93 0 193 400

1 231 72 65 6070 0 1 0 223 163 93 80 0

1 202 67 67 77	 70 o 1 o 150 10 0 0 370

1 233 69 83 79	 75 0 1 0 245 110 40 293 0

1 235 74 72 80	 80 o 1 o 155 170 0 0 203

1 209 70 55 78	 72 0 1 0 210 155 40 o 3(13

1 21 0 70 74 83	 82 0 1 o 33 23 40 360 0

121 2 63 64 85	 81 O 1 0 170 95 0 300 0

1 213 65 60 77	 70 0 1 0 13] 75 1 10 1 CO 203

1 21 4 74 68 78	 78 O 1 0 105 140 0 133 160

1 215 72 66 78	 77 0 1 0 95 125 0 203 o
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Id W_D

t-stat setting

VV_N S_D S_N

tstat habits

T an off Adjust N o_Adjud Trees Shrubs Grass 0G Nat Des

1 21 6 76 76 76 76 0 0 1 168 23 0 393 o
1 21 7 75 9) 78 78 o 1 o 220 12) 0 33 200

1 21 8 65 83 77 70 0 1 o 85 203 83 280 o
10 83 71 78 73 0 1 o 25 195 0 3) 403

1 300 70 68 78 80 0 1 o 20) 200 25 0 250

13)2 93 70 72 68 1 o o 95 40 93 0 250

1 309 70 70 80 83 o o 1 210 40 93 300 o
1 31 3 E8 65 72 E8 o 1 o 20) 105 83 393 o
1 31 4 70 E8 80 83 o 1 o 20 35 0 360 200

1 31 6 75 65 75 65 o 1 o 15) 15) 15) 0 o
10 70 70 74 74 o 1 0 115 23 0 0 325

1 341 70 65 90 90 0 1 0 135 140 50 0 403

18 85 62 90 90 0 1 0 12) 40 0 0 2oe



Id Cane Asphalt
Tc	 HeHe at

Therms
Heatirtg

Annual_Therms

Total Cool

kWh
Cool

Annual_llifgh

1 01 1 0o 0 266 145 5623 261 2

102 25 0 463 250 111 06 5553

105 1W 0 687 375 3482 1 741
118 80 0 605 331 1 040 520

125 25 0 1 148 627 1 4456 7228

121 70 0 3E6 203 1120 583

122 10 0 343 168 151 2 756

123 0 0 673 3E8 3043 1 522

125 5 15 3E0 197 6680 3340

125 15 0 235 125 1123 5E2

13) 3) 15 506 277 1 250 625

132 70 o 963 526 15)74 7937

146 10 0 937 512 3244 1 622

201 50 0 307 15) 10532 531 6

202 15 0 284 155 2500 1 250

204 0 0 1 41 2 771 16452 9226

207 93 0 1 033 564 11474 5737

301 2) 0 455 248 1 770 885

325 0 0 859 469 841 0 4205

326 33 0 313 171 2842 1 421

327 30 0 488 267 1 CG1 8 5459

330 0 0 25) 141 4054 2032

331 23 0 970 533 8470 4235

336 0 85 540 295 3569 1 785

343 225 0 531 2W 4982 2491

345 102 0 661 361 2736 1 368

357 70 0 550 301 5968 2984

3133 3) 0 673 368 2750 1 375

363 25 0 809 441 11542 5771

365 0 0 774 423 6568 3284

374 0 0 771 421 2760 1 330

510 75 0 645 353 1 046 523

601 83 25 406 222 2784 1 382

626 0 1(0 1 078 589 13586 6343

629 2) 10) 1 21 7 685 1 331 6 6658

633 0 ao 1 171 640 1 7859 8930

635 80 0 810 443 21552 1 0776

638 S) 270 719 393 25)12 12956

637 40 8) 393 217 17530 8765

633 12) 63 1056 593 28556 1 3278

641 3) 0 1 550 847 8170 4085

644 40 70 473 258 10586 5493

643 1W 0 1106 604 7666 3833

650 40 0 1 445 793 1 091 0 5455

653 70 0 840 459 21604 10502

657 70 25 838 463 12)64 6032
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Id Conc Asphalt
Total He

Therms
Heating

Annual_Therms

Total Cool
iiiVh

Cool
Annual_IWith

693 110 0 1 735 948 20324 1 01 62

659 83 12) 828 452 1 9230 961 5

660 0 0 473 259 5859 2930

662 50 23 1378 753 1 7270 8635

671 83 70 871 476 20780 1 0390

672 0 15 967 529 7284 3642

677 10 0 827 452 7721 3861

730 0 0 267 146 7678 3339

8132 135 0 889 466 18582 5491

804 33 103 5E8 311 1 3819 691 0

807 0 0 454 248 5630 291 5

808 40 33 12) 66 8906 4453

810 1W 0 309 1E19 9858 4984

811 60 0 331 181 1 51 48 7574

821 40 0 1133 619 11001 5501

822 1W 0 303 166 9774 4837

823 170 0 955 522 1 6554 8277

824 110 0 1 093 597 18530 781 5

851 93 15 805 440 1 4532 7266

853 75 140 233 133 6220 311 0

854 60 0 585 321 1188 594

856 83 0 47 Z 2894 1 447

860 93 0 342 187 8362 4181

863 60 0 394 215 735 368

861 83 0 345 168 864 432

894 1W 0 zeo 153 2875 1 438

895 93 93 470 257 241 6 12)8

898 23 50 341 197 825 413

903 40 0 739 404 2455 1 228

904 93 0 493 269 7264 3632

1852 0 0 553 302 3425 1 71 3

1853 93 80 722 394 6858 3034

1 034 55 0 566 303 2819 1 41 0

1921 0 0 210 115 861 3 4337

1151 10 0 564 308 4E67 2433

1 200 80 170 448 245 7543 3772

1231 193 0 985 495 2570 1285

1202 3) 0 168 92 2294 1147

1 203 60 0 4133 264 6826 341 3

1235 103 0 393 215 1478 739

1209 63 0 522 285 4121 2851

1210 110 0 854 467 9806 49)3

1 21 2 90 0 404 221 10062 5031

1 21 3 33 0 523 2E6 2495 1 248

1214 160 0 692 378 2484 1 242

121 5 150 0 242 132 4305 2152
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	Total He 1	 Heating	 Total Cool	 Cool
Id	 Conc	 Asphalt	 Therms Annual_T hams	 liAlh	 Annual_14qh 
121 6	 1 OD	 0	 604	 333	 9158	 4579
1 21 7	 EC	 0	 533	 294	 3822	 1 91 1
1 21 8	 40	 0	 810	 443	 2260	 1 130
1O 	40	 0	 1 024	 560 	29138	1 4069
1)0 	25	 o	 487	 2E6	 8790	 4395
13)2 	70	 23	 473	 253	 3C69	 1 534
1 339	 70	 0	 1164	 635	 7635	 391 8
1 31 3	 o	 o	 445	 243	 1 6328	 8164
1 31 4	 o	 40	 333 	185	 194 	7997
1 31 6	 97	 0	 417	 223	 2611 0 	13)55

1 320	 0 	125 	554	 303	 1 21 84	 6092
1 341	 60	 0 	i0)9 	584	 5250	 2625

1338	 13) 	20	 532	 291	 2012	 1 036
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Std. Dey = 883.37

Mean = 2279

N= 105.00
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APPENDIX 4. HISTOGRAMS AND DESCRIPTIVE STATISTICS OF DATA SET
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Std. Dev = 1.31

Mean = 3

N= 105.00
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Mean = 70
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APPENDIX 5. DESCRIPTIVE STATISTICS OF PIMA COUNTY
RESIDENTIAL PARCELS VS. STUDY HOUSES

Total Parcels/Houses

PIMA COUNTY

159734 ,

% OF TOTAL STUDY HOUSES

105

% OF TOTAL

Square Feet (m2):	 Min 120 (11) -- 942(88) --

Max 11009 (1023) — 4600 (427) —

Average 1631 (152) — 2279 (212) --

Construction Year:	 Min 1877 — 1933 --

Max 2000 — 1998 —

Average 1972 — 1969 , --

Pools 29273 18% 44 42%

Roof Type:	 Wood 1331 1% 3 3%

Asphalt 41183 26% 16 15%

Asbestos 2023 1% 3 3%

Built Up 74721 47% 68 65%

Tile 20863 13% 6 6%

Slate 16 0% 0 0%

Metal 719 0% 0 0%

Rolled 18241 11% 9 9%

Other 637 0% l'.) 0%

Exterior Walls:	 Framed Wood 52764 33%

Framed Brick 429 0%

Frame Construction: 53193 33% 21 20%

8 in painted block 19756 12%

Brick 22600 14%

Stone 136 0%

Slump Block 33385 21%

Adobe 15772 10%

Mass Construction: 91649 57% 84 80%

8 in stucco 14619 9%

Other 273 0%

Unknown Construction: 14892 9%

Cooling:	 AC 67587 42% 76 72%

Evap 88317 55% 56 53%

Wall units or none 3830 2% 0 0%

Evap and AC 7 ? 27 26%

Patio Type:	 Slab 11590 7% 0%

Covered 101224 63% 84 80%

Both 13824 9% 0%

None 33097 21% 0%
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