ANALYSIS OF FACTORS INFLUENCING ENERGY CONSUMPTION

AT AN AIR FORCE BASE

I. Introduction

General

Reducing energy consumption has long been a stated goal of the Department of Defense
(DoD). DaD is the largest single energy consumer in the United States; the department consumes
1.6 percent of the total in this country, and approximately 85 percent of the energy consumed by
the federal government (Drezner et al, 1994). While energy costs only comprise a small part of
DoD’s operating expenses, the cost is still significant. Management of energy consumption is of
particular interest to base engineering organizations, as utility costs generally are the largest single
expense in their annual operating budget. Energy conservation has been an issue since the crisis
precipitated by the 1973 oil embargo by the Organization of Petroleum Exporting Countries
(OPEC), and has continued to receive attention from Congress and the executive branch since
then. Itis likely to continue to be an issue as installations strive to improve their pollution
prevention efforts, of which energy conservation is a subset. Certainly, energy conservation is
sure to be an area of concern for base engineering personnel in DoD for the foreseeable future.

Air Force energy managers face many challenges in performing their duties at the
installation level, as well as at higher levels. The Air Force operates hundreds of installations
worldwide, in a wide variety of environments. Some bases are located in extremely cold, even
arctic, conditions. Most of the energy consumed at these bases is used to heat the base facilities.
Others, in hot climates, use the majority of their energy for cooling, both for the comfort of

personnel and to avoid damaging sensitive equipment. Likewise, the source of energy purchased



by the installations varies widely with location. Many bases in cold climates operate central
heating plants, which serve a number of buildings, in order to increase efficiency. Many of these
use coal as their energy source. Some installations have a large number of heating systems which
consume fuel oil, although most are attempting to switch to natural gas. All installations use
electricity, and much of the conservation effort has been in this area.

While DoD and the Air Force have been practicing energy conservation for over 20 years,
not enough is yet known about the factors which influence energy consumption. If the Air Force
is to meet the aggressive goals which have been set for reducing energy consumption in the
future, we must continue to search for factors which influence energy consumption so that we can

more effectively operate our installations with limited resources.

Background

Energy consumption in the DoD has been an issue of concern to leaders since the Arab oill
embargo of 1973. In the period preceding that time, the United States had become increasingly
dependent on imported oil, the majority of which originated in the Middle East. In 1973, the
OPEC imposed an embargo on oil exports in retaliation for the United States’ support of Israel in
the Yom Kippur war. The result was widespread energy shortages which impacted much of the
United States.

Between 1950 and 1973, the price of energy actually decreased in terms of real dollars.

The price of residential electricity fell by 55%; gasoline by 21%; and natural gas by 20%. As a
result, following the laws of supply and demand, energy consumption increased. Over the period
mentioned above, per capita electricity use increased by 350%; natural gas consumption increased

by 60% (Buttolph, 1982).



Beginning in October of 1973, and continuing through March 1974, OPEC countries
reduced oil production, and imposed embargoes on specific countries, including the United States.
From September to November of 1973, the supply of oil from Arab nations was reduced by over
4 million barrels per day. The fact that this quantity amounts to less than 8% of world oil
production is indicative of the fact that there was not much spare production capacity at that time;
hence the OPEC countries were able to exercise a high degree of control over the level of
reductions imposed on importers as a group (Krapels, 1980).

Following the oil embargo, the reduced supply of oil, as well as its increased prices,
caused energy consumption to decline rapidly. Over the two year period from 1973 to 1975, per
capita energy use in the United States declined by 7%, and total use declined by 5%. (Buttolph,
10) This is especially significant when one considers the changes that would have occurred in
order to precipitate this change. Many of the changes which would occur later, and which would
be encouraged by national policies, involved making changes in facilities, vehicles, and utilities to
make them more energy efficient. However, these are long term changes, and two years is
insufficient time to implement them to any degree. Hence, these figures show that Americans
were taking the energy crisis seriously, and were changing their behavior patterns as a result.

The federal government, following the lead of other American consumers, began to take
measures to change its behavior patterns soon after the crisis. The first major piece of legislation
to address energy consumption in federal facilities was the Energy Policy and Conservation Act
(EPCA) of 1975. While including few details about how to achieve energy savings, EPCA

directed the President to develop a comprehensive energy management plan.



At the same time, the Defense Energy Information System (DEIS) was established. DEIS
provided a means to centrally manage energy information from all Department of Defense (DoD)
installations. Quantities of energy consumed are reported monthly and are broken down by
energy type. Some factors which may drive energy consumption are also reported. DEIS is
broken down into two subsystems: DEIS I, which manages petroleum products used to support
transportation, training, mobility, and readiness requirements; and DEIS Il, which manages
consumption data for the installations’ physical plants.

The separation here is important; the consumption tracked by DEIS | was consumption
largely driven by external forces such as mobility commitments. While operating more efficiently
was made a goal, in many cases to do so is impossible due to mission requirements. Mobility
energy has historically comprised 75 to 80 percent of total DoD energy consumption (Drezner et
al, 1994). Facility energy consumption (the DEIS Il data) generally comprises only 20 to 25
percent of the total (Drezner et al, 1994); however, much of the focus of energy conservation
efforts is in this area. A third category, industrial facilities energy, is also included in the DEIS Il
data. Some installations, such as depots, operate specialized equipment used for repairing or
overhauling equipment, and the energy consumed by this equipment is reported separately from
that used to support the facilities themselves. Historically, the energy consumed by industrial
process equipment comprises less than 5 percent of total energy consumption (Drezner et al,
1994). So, with the advent of DEIS reporting less than two years after the beginning of the
energy crisis, DoD energy managers acquired a useful tool for managing energy conservation

efforts.



In 1977 Congress passed the Department of Energy Organization Act (DOEOA). This
act established a management committee consisting of an assistant secretary or assistant
administrator from all major federal departments and agencies. The intent of the formation of this
committee was to provide a forum to focus on national energy conservation issues rather than
issues specific to one department or agency.

Also in 1977, President Carter issued Executive Order (EO) 12003, which set forth the
first energy consumption reduction goals for federal facilities. The goals stated were to develop a
conservation plan which would reduce energy consumption in existing facilities by 20 percent
between 1975 and 1985. Also, a goal was set to reduce energy consumption by 45 percent in all
newly constructed facilities.

The National Energy Conservation Policy Act (NECPA) of 1978 built upon some of the
provisions of the EPCA of 1977. Whereas EPCA was very general and contained few details
concerning how to implement an energy conservation policy, NEPCA contained some specific
instructions. One such instruction specified the use of a life cycle costing methodology as the
basis of energy policies. Also, facility energy audits were mandated for all facilities whose size
exceeded 1000 square feet.

In 1988, the Federal Energy Management Improvement Act (FEMIA) established new
goals as a follow-on to those established by EO 12003. The goals were to reduce energy
consumption in federal facilities by 10 percent between 1985 and 1995. This act also marked the
first time that a level of savings was specified for energy expenditures.

The National Defense Authorization Acts (NDAA) for the years 1989 through 1991

provided an incentive for installation-level commanders and managers to reduce their



consumption by allowing them to retain a portion of the funds saved by energy conservation
measures. This provision of the NDAA also promoted continuing funding of energy conservation
programs by requiring that two-thirds of the funds retained be spent on additional energy
conservation programs; the remaining funds could be used at the installation commanders’
discretion for base improvements or to improve morale.

EO 12759 was issued in 1991. It contained revised federal facility consumption goals,
requiring a 20 percent reduction from 1985 to 2000. It also required a 20 percent reduction in
energy consumption at industrial facilities by 20 percent during the same period.

The most recent legislation to address federal energy consumption, The Energy Policy Act
(EPA) of 1992, contains a long list of specific instructions directing federal agencies to undertake
specific actions to reduce their energy consumption.

In the future, it is likely that energy consumption will be addressed in terms of pollution
prevention in addition to the current emphasis on reducing energy consumption in order to meet
fiscal and resource constraints. This will bring a new set of players into the energy management
arena, as current energy policies are generally implemented through the DOE. Many of the
pollution prevention policies are implemented through the Environmental Protection Agency, and
it remains to be seen what effect this potential sharing of responsibility would have on energy
management within DoD.

This brief overview of the impact of the crisis brought on by the OPEC oil embargo of
1973, and its effect on federal energy conservation policy, shows how the emphasis has increased
over the last twenty-two years. Energy conservation originally began as a reaction to reduced

petroleum supplies and the effects of these reductions upon energy prices. The goal of the



conservation policies was twofold: first, to reduce the energy requirements of the federal
government and its vulnerability to pressures from overseas suppliers; second, to reduce operating
costs for all federal facilities by reducing the amount that must be spent on energy to maintain

those facilities.

Problem

The DoD has set a goal of reducing facility energy consumption per square foot of floor
space by 20 percent by the year 2000, using 1985 as a baseline. Initially, progress was able to
keep up with the goal. However, in recent years that progress has slowed (Nelson). Currently,
the Air Force Civil Engineering Support Agency (AFCESA) is unsure what is causing the
slowdown.

The issue of energy consumption will be receiving more attention in the future, as the EPA
of 1992 and EO 12759 have mandated additional goals and management actions. The types of
programs available to energy managers have become much more aggressive in recent years.
Programs such as Shared Energy Savings (SES) contracts, in which no initial investment on the
part of the government, have become more commonplace--the contractors agree to receive a
portion of the funds saved by improvements made to facilities as payment for making the
improvements. Energy audits have received more emphasis as well. The Department of Energy
(DOE) was required by the Energy Policy Act of 1992 to establish energy audit teams and make
them available to other agencies.

Although these programs and others will be a great help to energy managers and to
commanders who wish to reduce energy consumption at their installations, it is likely that the

returns from such programs will diminish over time. This is due to the fact that most of the



changes which can provide a large energy savings for a relatively small investment will be
prioritized and funded early on; the remaining improvements will most likely be harder to identify,
prioritize, and fund.

The goals which have been set are to be applied to all bases in an identical fashion; all
bases are to reduce their energy consumption by 20 percent by the year 2000. However, there
may be factors beyond the control of commanders and Base Civil Engineer personnel that may
make the task of reducing consumption easier for some bases than for others. This is especially
true as the programs mandated by the Energy Policy Act of 1992 take effect and the high
value/low investment improvements are made at various Air Force facilities. Once these are
made, further improvements that may be necessary in order to equalize energy consumption
among various facilities may require a higher capital cost, which may or may not be available.

If this is the case, knowledge of the factors inherent to a given facility that influence
energy consumption will be of great value to both base level personnel and personnel at higher
levels who must compare bases’ energy conservation performance. For example, if per-square-
foot energy consumption is driven by the number of aircraft assigned to a base, and the number
assigned to a given base is reduced, then that base should reduce their energy consumption by
more than the 20 percent goal. Conversely, if the number assigned is increased, they should not
be required to meet the goal of 20 percent reduction, but rather some lesser goal. A more
equitable means of setting goals would be to determine what factors drive per-square-foot energy
consumption, and then to use these factors to generate activity indices which would create base-
specific goals. While the DoD would still reduce overall energy consumption by 20 percent by

the year 2000, more of the burden would be borne by bases which are more capable of reducing



their consumption. This knowledge could also be used during future base closure decisions,
because it would be advantageous to close a base at which energy use reduction is more difficult.

Knowledge about which factors most influence energy consumption would also be useful
for factors which are under the control of base personnel. Base Civil Engineer organizations
generally are resource-constrained; managers must constantly make decisions regarding the
prioritization of competing uses for money, manpower, and materiel. By spending his limited
energy conservation resources on items which will have a maximum impact on energy

consumption, a manager will be able to maximize the use of these resources.

Objectives

This thesis will have two objectives. The first objective will be to identify certain inherent
characteristics of DoD installations which influence facility energy consumption. These
characteristics may be either quantitative, as in square feet of facility floor space, or qualitative, as
in which command operates a particular base.

The second objective will be to use these factors to develop a model to predict energy
consumption at an Air Force base. The predictions developed by this model could then be used
for either planning or baselining purposes.

Scope

This thesis will consider only bases located in the continental United States (CONUS).
The energy consumption figures obtained through AFCESA personnel will be assumed to have
been accurately reported. Also, the energy purchased during a given month will be assumed to

have been consumed during that same month. This is a straightforward assumption for electricity



and natural gas purchases, but is not so for coal and fuel oil, which may be stockpiled. The data

from fiscal years 1991 through 1994 will be considered.
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Il. Literature Review

Introduction

Before describing the methodology used in this thesis to analyze factors which influence
energy consumption at Air Force bases, a review of previous efforts to identify similar factors at
military installations is necessary. Several studies have been completed in the Department of
Defense following the 1973 oil crisis; the scopes of these studies varied widely. These studies can
be generally categorized as macro or micro scale, and as type-specific or type-nonspecific.

Macro scale studies involve data gathered on an installation level from a wide number of
installations, and generally do not include energy data gathered on a facility-by-facility basis.
Some macro scale studies, while considering installation-level energy consumption, were limited
to specific types of installations. Micro scale studies, on the other hand, include data from a
relatively small number of installations, and consider energy consumed by each individual facility
in the study.

Type-specific studies consider energy of only one type, such as electricity, natural gas,
coal, or heating oil. Type-nonspecific studies, conversely, convert energy consumed in all types
to a common unit, usually million British thermal units (MBTU).

A search of literature reveals that no studies have been done to date to attempt to develop
factors which influence Air Force installations’ energy consumption on a macro scale and type-
nonspecific level. However, previous research efforts have contributed to a knowledge base of
factors which are highly likely to influence consumption, and also provide several factors which

will be considered as candidates in this thesis.
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This literature review will consider only those studies which relate primarily to facility
energy consumption. A number of studies have also been done which attempt to predict
consumption of petroleum distillates for readiness or mobility purposes. Consideration of those

types of energy consumption is beyond the scope of this thesis.

Results of Other Department of Defense Studies

U.S. Army. The U.S. Army has been active in researching factors influencing facility
energy consumption since shortly after the 1973 oil crisis. Through both the Facilities
Engineering Support Agency and the Construction Engineering Research Laboratory, several
studies have been accomplished on various levels.

1977. This, the first energy consumption study published by the U.S. Army Corps
of Engineers, was a macro scale, type-specific study which considered heating oil delivery data for
buildings at three Army installations in the Washington, D.C. area (Botros, 1977). The objective
of this effort was to identify the building types which are the largest consumers of heating energy,
and therefore have the greatest potential for application of conservation measures. Using fuel oil
consumption data ensures that the energy will be used only for a specific facility, as each facility
generally has its own heating oil storage tank.

Twenty-four different types of buildings were identified for the study; monthly fuel olil
delivery data were collected for fiscal years 1975 and 1976. Using this data, heating
consumption for each building type was computed in British thermal units (BTU) per thousand
square feet per year. The results of the study are given in table 2-1. The types of facilities which
were the largest consumers of energy were found to be maintenance and community service

facilities. These facilities generally have high ceilings and, in the case of
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Ranked Consumption by Consumer Group (Botros, 1977)

Table 2-1

Heating Consumption

Rank Building Type BTU x 10%/ft%/year
1 Fire Station 323
2 Museum 302
3 Theater 213
4 Gymnasium 213
5 Band Auditorium 210
6 Motor Repair Shop 176
7 Field House 169
8 Chapel 156
9 Enlisted Barracks 136
10 General Instructional Building 123
11 Library 117
12 Post Exchange 106
13 Officers’ Mess 102
14 Bachelor Officers’ Quarters 102
15 Enlisted Mess 101
16 Laboratory 100
17 Recreation Center 99
18 Warehouse 93
19 Enlisted Barracks with Mess 89
20 Administrative Office 86
21 Officers’ Family Housing 85
22 NCO Family Housing 64
23 Commissary 41
24 Bowling Alley 36

"Denotes single sample

13

maintenance facilities, large bay doors which allow the escape of heated air when opened.
While providing a good deal of insight into which facilities require the most heating

energy, this study was too limited in scope to allow application of its results to installations other

than the three considered. It did not consider heat from sources other than fuel oil. Also, the

three installations studied were in the same geographic area; the results could be different in




another climate. For some of the building types, and for half of the ten highest consumers, only
one sample was obtained. Finally, only heating energy was considered. While information
concerning heating energy is useful, for many of the types of buildings identified the amount of
energy used for cooling could equal or exceed that used for heating. Nonetheless, the information
identified is valuable and shows that there are wide variances in the amount of energy used among
different building types.

1979. In 1979 the Army published the results of a study of facility energy
consumption begun in 1976 (Sliwinski et al, 1979). There were three goals of this study: “(1)
to collect data relating to the flow, demand patterns, and uses of the various forms of energy
consumed on Army installations, (2) to compile a data file for use in later analysis, and (3) to
analyze the collected data to determine how the energy was consumed, identify conservation
measures, and improve energy utilization.”

This study was conducted as a micro scale, type-nonspecific study. Three Army
installations were studied: Fort Belvoir, Virginia; Fort Carson, Colorado; and Fort Hood, Texas.
These posts were chosen for their dissimilar sizes, missions, and geographic locations. The
facilities on each installation were divided into consumer groups based on the Army’s real
property inventory system. Seven major categories were used: troop housing, family housing,
administration and training, medical and dental, community support, storage, and production and
maintenance. A total of 114 buildings were selected for the study. An effort was made to select
similar buildings at each of the three locations in order to assess the effects of climate and
operational variation on energy consumption. Equipment was installed at each facility to monitor

both electricity and heating energy consumption. In addition, the local weather was monitored in
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order include information concerning heating degree days (HDD) and cooling degree days (CDD)
in the analysis of the data. A heating or cooling degree day is defined as the departure of daily
mean temperature from 65 degrees Fahrenheit. If the daily mean temperature is below 65
degrees, then the difference is expressed in heating degree days; if it is higher, then it is expressed
in cooling degree days. Degree days (heating or cooling) may be summed to produce quantities
such as monthly heating/cooling degree days.

The data used in the report were collected between September of 1976 and January of
1978. The results of this study in terms of average annual energy consumption by consumer
group are shown in Table 2-2. In this table, as in the original report, two of the seven
categories are further broken down into subcategories. Troop housing was divided into three
groupings: “old” barracks, which were constructed prior to 1966; “new, nonmodular”
barracks, which were constructed after 1966 but do not conform to the new modular design; and
“new, modular” barracks, which represented the Army’s current design at the time the report was
written. Community facilities were divided into two categories: clubs/commissaries, and
fieldhouses/gymnasiums. This distinction was made for heating energy only, and thus is likely an
effort to take into account the large open spaces in the latter category. The largest consumers of
heating energy, as determined by this study were modular barracks, community facilities,
maintenance facilities, and medical/dental facilities. Maintenance and community facilities were
also found to be among the highest consumer groups in the earlier study of heating energy by the
Army Facilities Engineering Support Agency.

One characteristic of this study which distinguishes it from the previous one is that it

develops a predictive capability. For each category of building, a regression equation was
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Table 2-2
Average Annual Energy Consumption by Consumer Group (Sliwinski et al, 1979)

(Energy/ft/year)
Electric (KWh)

Building Type Heating (MBTU) Air Cond Non-Air Cond
Family Housing 1.27 8.49 6.06
Troop Housing

ol 1.18 N/A 2.37

New, nonmodular .63 7.96 5.55

New, modular 2.59 N/A 5.55
Administration/Training 1.12 12.37
Community Facilities 24.49

Fieldhouses/gyms 1.70

Clubs/Commissaries 1.40
Maintenance 2.08 9.82
Medical/Dental 2.00 15.99
Storage 1.73 5.04
"Cooling supplied by central plant.

developed which could be used to predict energy consumption at other installations using
square footage of each type of building, as well as HDD and CDD. Prediction of energy
consumption at the installation level would require a detailed inventory of the number of square
feet of each type of facility. The accuracy of such a prediction would depend on the similarity of
the installation’s buildings to those used in this study, and the prediction would not account for
energy that is consumed by systems not associated with any particular facility, such as water
pumps and street lights.

1980. The objectives of this study were to “(1) describe how electrical energy is

being used on military installations, (2) describe the major causes for changes in electrical energy

usage, and (3) suggest operational changes and equipment techniques that will reduce electrical
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energy consumption which Facilities Engineers can use to plan and execute effective electrical
conservation programs.” The study was a micro scale, type-specific one (Windingland, 1980).

Two Army installations were used in this study: Fort Carson, Colorado, and Fort Belvoir,
Virginia. The data gathered for this report consisted of two distinct types: consumption data for
twenty buildings on the two installations, collected on both an hourly and a monthly basis; and
electrical feeder consumption, collected on both a daily and monthly basis. The feeder data was
collected for Fort Carson only, and measured the total electrical consumption on the eight feeders
which distribute commercially obtained electricity to the various areas of the installation.

The feeder data were initially collected in order to try to identify the major consumers of
electricity on the installation by area; however, this was not possible due to the wide month-to-
month fluctuations in feeder consumption. The daily consumption figures were used to
determine what portion of the installation’s electrical consumption can be considered “baseline”
and what portion is due to operational activity. This was accomplished by comparing the
consumption on a Sunday (when it can be assumed that most buildings are unoccupied) to
consumption on a Tuesday. Based on this data, the report stated that approximately 70 percent of
an installations electrical consumption is due to baseline activities; the remaining 30 percent is due
to operational activity.

The individual facilities monitored were located at both Fort Carson and Fort Belvoir. For
each building, the monthly electrical consumption, weekday and weekend daily consumption, and
hourly minimum and maximum demands were measured. From this data, the results of the feeder
measurements were confirmed; that is, a major portion of a building’s energy consumption takes

place during unoccupied or nonduty hours. Although the seasonal data were collected in the
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hopes of establishing a trend for higher consumption during the heating or cooling season, there
did not appear to be any significant trends. Some buildings evidenced higher consumption during
the summer months (which is to be expected due to air conditioning equipment), but others had a
higher consumption during the winter, and some buildings evidenced no seasonal trend
whatsoever.

The main conclusion drawn by this study is that the minimum electrical demand of a
facility, which may account for as much as 70 to 75 percent of its total consumption, is not related
to building occupancy. Rather, this portion of electrical demand can be attributed mainly to
heating and cooling system operation. This model did not attempt to develop a predictive
capability; rather, it failed to validate building occupancy as a factor which influences energy
consumption at an Army installation.

1986. This study attempted to correlate the effects of production level and other
measures of level of activity to energy consumption at these facilities (Sliwinski, 1986). This
study was macro scale and type nonspecific, although the scope was limited in that only AMC
installations were considered. It was undertaken because although energy consumption within
AMC declined by 26 percent between 1975 and 1981, the level of production decreased during
the same period as well. It was felt that some means of tying energy consumption to level of
production was necessary in order to accurately measure the effectiveness of energy conservation
measures.

Energy consumption data was gathered for the period 1975 through 1983, as well as data
regarding weather and process parameters at each installation. Multiple regression analysis was

used to develop prediction equations for both the individual installation level and for the entire
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command. It was found that the estimates for the entire command were generally more accurate,
probably because of the averaging effect of having a large number of installations within the
population.

Two distinct groups of installations were noted. For the first group, only heating degree
days seemed to have a significant influence on energy consumption; for the second, heating
degree days and the size of the labor force had influence. The author felt that his model could
enhance evaluation of energy conservation programs by allowing prediction of energy
consumption at an AMC installation, but at least in the case of the first group it appears that the
goal of finding a link between production level and energy consumption at AMC installations was

not achieved.

U.S. Navy

This effort was intended to improve the methods used to evaluate progress toward energy
conservation goals (Buttolph, 1982). It involved data collected from Naval Regional Medical
Centers (NRMCs) and considered the effects of both seasonal weather variations and of
categories of use on total energy consumption. This was a macro scale, type-specific study. It
considers only electricity use, although it continually refers to electrical consumption as energy
consumption as though all energy types have been considered. Also, while this is a macro scale
study because it considers the aggregated energy consumption for each NRMC, these are
somewhat specialized installations and could not be considered to be representative of Navy

installations.
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The data base used consisted of monthly electrical consumption data from twelve NRMCs
located in various climates. The data was collected during fiscal year 1975, which was also the
baseline year for the first mandatory conservation efforts within the DoD.

The study was conducted in two phases. In the first, regression models and time series
analysis were used to develop forecasting models for energy consumption. The regression model
chosen as the best model used heating degree days (HDD), cooling degree days (CDD), and
precipitation as independent variables. Average monthly temperature was also considered as an
independent variable, but was not included in the model for simplicity, and also because it was
strongly correlated with both heating degree days and cooling degree days.

The second phase of this study attempted to forecast energy use as a function of the areas
of different types of functional uses of total floor space. Ten categories were created to account
for the different uses of floor space within the NRMCs: mission (hospital space), personnel living
space, maintenance/industrial, data processing, administrative, commercial, morale and welfare
(community services), morale and welfare (recreation), and storage. Regression was then
performed using all ten categories as independent variables, and the number of categories used in
the model was reduced. The study found that a model using only three of the categories, mission,
storage, and maintenance/industrial would provide satisfactory results. However, it also stated
that the data base used was too small to support a test for all ten categories of use.

The results of this limited study show, first, that climatic conditions strongly influence
electrical consumption at NRMCs, and also that certain types of use category contribute more to
electrical consumption than do others. This corresponds to the conclusions drawn by the Army

studies. Only one of the three use categories used in the three-variable model was identified by
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the Army studies as being a high energy consumer, maintenance/industrial. This author feels that
this may be due to the fact that NRMCs are more specialized facilities, while the facilities
considered by the Army studies are parts of much larger installations. Still, the information
provided by this study is valuable in that it clearly supports a belief that the use of a given amount

of floor space to some extent determines the rate at which it will consume energy.

Defense Logistics Agency

This study’s goal was to develop a methodology to develop energy consumption goals
based on factors which may vary from month to month, rather than the method then in use of
basing consumption goals on the previous year’s consumption. The study was a macro scale,
type-nonspecific one, although it also broke energy consumption down into electric and non-
electric, as well as total energy usage (Defense Logistics Agency, 1988).

Three years of monthly energy consumption data were used for this effort. The factors
considered were developed by surveying all Defense Logistics Agency (DLA) installations which
were accountable for their own energy use to determine what factors the installation managers felt
influenced their energy consumption. These factors were then evaluated using regression, and the
factors which did not have a significant impact were discarded.

The result of the regression analysis was that the models which were developed produced
confidence intervals which were uselessly large, and therefore could not be used in setting energy
consumption goals. However, the models did show that a definite relationship exists between
climatic and workload factors and energy consumption. This somewhat contradicts the findings
of the 1980 CERL study, which found that most of a facility’s energy is consumed during

unoccupied periods. This could be due, however, to the fact that DLA facilities are more likely to
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involve energy-intensive industrial processes. The consumption of these processes may equal or
exceed that of the heating, ventilating, and air conditioning (HVAC) equipment that the CERL
study found accounted for the majority of the baseline energy consumption.

U.S. Air Force

1980.This was one of the earliest facility energy studies published by the Air Force
Institute of Technology (AFIT) (Hatch and Mansfield, 1980). The objective was to examine the
possibility of providing energy self-sufficiency for the five Air Logistics Centers (ALCs). The
ALCs are relatively large, highly industrial facilities where overhauls and major repairs are
performed on aerospace vehicles. In order to determine future requirements for achieving energy
self-sufficiency, the authors developed a prediction model using data from all five ALCs. This
study can be considered to be macro scale since it considers all energy consumed by each ALC,
and type-nonspecific because it aggregates all energy consumed at each ALC regardless of
source.

Monthly energy consumption data were gathered for the period from July 1975 through
September 1979 for each ALC. These figures were then consolidated to produce an overall
energy consumption figure. The energy consumption for the ALCs, measured in MBTU, was
taken to be the dependent variable, and five independent variables were considered: square
footage of floor space; heating degree days; cooling degree days; manmonths worked; and capital
investment. These quantities were also consolidated for all ALCs to correspond to the
consolidated energy figures. The first three independent variables were chosen for obvious
reasons, and had been considered by earlier Army studies. Mandays worked was chosen to try to

incorporate a level of activity indicator for the ALCs, and in this way to account for that portion
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of energy used to support industrial processes. Capital investment was chosen to represent
additional loads added to each ALC, whether in the form of additional space, or of additional
process or industrial equipment.

The result of this analysis was that heating and cooling degree days were found to have
the most significant influence on energy consumption at the five ALCs. The model presented by
the authors uses only these factors to predict energy consumption for the ALCs. The authors
state that the majority of energy consumed by the ALCs is for industrial processes rather than for
heating and cooling, so these results are somewhat surprising; if their statement were true then
manhours could be expected to influence energy consumption if it is a valid indicator of level of
activity. However, the Army’s 1980 study of Fort Belvoir and Fort Carson supports the authors’
claim. As mentioned previously, that study determined that up to 70 percent of an installation’s
energy consumption was not tied to occupancy of its facilities, but instead was a baseline level,
mainly consisting of HVAC loads. While the study of ALC energy consumption may be a special
case since these are highly industrialized installations, that both studies agree strongly supports
heating and cooling degree days as drivers of energy consumption.

1981 (Weck, 1981). This study of installation electrical energy consumption examined

bases from various commands rather than limiting the study to one. It was a macro scale, type
specific study which attempted to develop a multiple linear regression model to forecast electrical
consumption at Air Force bases. The study considered heating and cooling degree days, total
square footage of facilities, and base population as prospective independent variables, and used
data from fifteen bases located in the continental United States. The bases were chosen

specifically for their varying sizes and climates, and also represented three different major
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commands. Monthly consumption data was gathered for the seven years between fiscal year 1975
and 1981.

Although energy consumption figures for military family housing (MFH) are recorded and
reported separately in the DEIS Il system, they were combined with other consumption figures
for this study. The base population figures used for this study consisted of all assigned military
and civilian personnel, Non-Appropriated Fund employees, contractor personnel, and all
dependents residing in MFH.

The results of this analysis were that of the four factors considered, only heating and
cooling degree days were found to be valid for use in a model to predict electrical consumption at
an Air Force Base. Neither base population nor total facility square footage were found to be
valid factors. That total facility square footage was not found to be a useful predictor is probably
due to one of the assumptions that was made for this effort: that all facilities making up the total
square footage of a base consume electricity at equal rates.

1981. Published at the same time as the one discussed previously, this was a study to
develop a forecasting methodology for coal, heating oil, and natural gas consumption for Air
Force bases (Tinsley, 1981). The same four parameters (heating degree days, cooling degree
days, square footage, and base population) were used for this study as for the last one. Data from
eight bases was used, and as in the previous study they were chosen for their differing sizes and
climates. The data was gathered over the same period, from fiscal year 1975 to 1981. Both this
effort and the previous one relied heavily on data from the DEIS Il program for the dependent
variable. The study was a macro scale, type-specific one, because although it considered multiple

energy types, it excluded electricity.
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This study uses multiple linear regression, as well as the more advanced techniques of
moving averages and exponential smoothing, to try to develop a model to predict consumption of
these heating fuels at Air Force bases. The objectives were to first find the most appropriate
method for predicting heating energy consumption, then to identify which of the four parameters
are most important, and finally to develop a model which may be used by energy managers to
predict future consumption.

The study found that multiple linear regression was the most appropriate forecasting
technique, and that the use of all four variables in the prediction model produced the most
practical model and the best results. Both this study and the previous one noted also that there
were relationships among the independent variables, especially heating and cooling degree days.
A high number of heating degree days would indicate a cold climate and thus a likelihood of fewer
cooling degree days. Conversely, a hot climate would likely produce many cooling degree days
and fewer heating degree days. The models developed by these two studies may be of limited use
separately since one considers only heating energy and one considers only electricity, but used
together they may enable fairly accurate predictions. The feasibility of combining the two models
has not been examined.

1983. This effort sought to evaluate the effectiveness of Energy Management and Control
Systems (EMCS) as a conservation measure (Boulware and Williamson, 1983). (For readers
unfamiliar with EMCS, it is a system which automates the operation and control of HVAC
systems and theoretically ensures that they are operated in an energy efficient fashion. They may
consist of centrally located computer equipment, as well as remote sensors and electromechanical

HVAC controls). In order evaluate EMCS'’s effectiveness, it included development of a multiple
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linear regression model for energy consumption. This was a macro scale, type-nonspecific study
which used data from twelve bases (eight with operational EMCSSs) to develop a model to predict
energy consumption. The authors then compared these predictions to actual energy consumption
to determine whether any actual savings were realized.

Data was collected for the period from October 1974 to September 1982. The following
factors were considered as possible drivers of energy consumption: heating degree days, cooling
degree days, population, total square footage, number of EMCS sensor/controller points, number
of buildings controlled by EMCS, and dollar value of energy projects. A dummy variable was
also used to represent the presence or absence of an operational EMCS system. The role of the
dummy variable will be explained in a later chapter.

The result of this study’s multiple linear regression analysis was that five variables were
identified as having a significant influence on energy consumption. They are, in decreasing order
of significance: heating degree days, cooling degree days, population, dollars value of energy
projects, and total square footage. Also, EMCS was found to contribute to energy conservation
efforts, although it appears that as little as one percent savings may be attained. Also, some of the
data seemed to indicate that energy consumption at ALCs may be tied more closely to industrial
processes than to facility energy consumption. The data for McClellan AFB, which is an ALC,
indicated that energy consumption there has risen steadily over the period of the study. Thisis a
contrast with all of the other (non-ALC) bases, whose energy consumption declined.

1985. Another AFIT study, this one sought to evaluate the effectiveness of the then-
current method of measuring energy conservation progress (Morrill, 1985). This was a macro

scale, type-nonspecific study which used data from 77 Air Force bases. Annual energy
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consumption data was gathered for the period from 1980 to 1984. Fifteen independent variables
were selected for multiple linear regression analysis. These are shown in Table 2-3.

This effort differed from previous Air Force efforts in two important ways. First, it
considered total annual consumption rather than the monthly consumption considered by most
previous studies. The advantage of this approach is that it may reduce the impact of seasonal
fluctuations caused by the switch from heating to cooling seasons. The second way that it differs
is that in addition to the actual values of quantities such as heating and cooling degree days, it also
considers the impact of changes in these quantities. It also considers the representativeness of
CDD and HDD values for each installation in the baseline year of 1975, since consumption in that
year was being used for comparison at the time this thesis was written. This was accomplished by
comparing the values with climate data for the installations.

The result of this study’s multiple linear regression analysis is that nine of the fifteen
independent variables were determined to significantly affect energy consumption at an Air Force
Base; these nine variables are identified in Table 2-3. One interesting note is that bases which
belonged to Tactical Air Command (TAC) were found to have more successful energy
conservation programs than other commands’ bases. Overall, the regression model for energy
consumption developed by this thesis only accounted for approximately 25 percent of the
variability in bases’ energy consumption. It also concluded that the current method of measuring
bases’ energy conservation progress, i.e. comparison to a baseline, does not provide a true
indication of energy conservation efforts. There are many independent factors which drive energy
consumption, and a model should be developed to try to include them in energy consumption

projections.
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Table 2-3
Selected Independent Variables (Morill, 1985)

Dependent Viaable Energy Conservation (percent reduction
in MBTU per square foot)

Major Command
Climatic Zone
Base Mission
Cooling Degree Days
Heating Degree Days
Base Population
Candidate Independent Variables Costs of Completed FEtfects
Costs of Completed EMCS Projects
Total Square Footage
Cooling Degree Day Change
Heating Degree Day Change
Base Population Change
Total Square Footage Change (from
baseline)
Baseline Cooling Degree Day Change
Baseline Heating Degree Day Change

*Energy Conservation Investment
Program. This is a means of funding
EMCS and building/HVAC retrofit
projects through the Military Construc-
tion Program.

" Factors found to be significant after
multiple linear regression analysis.

Conclusions
The various studies which have been performed by the various DoD agencies over the last
two decades have been successful in identifying many of the factors which influence energy

consumption at military installations.
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In all studies in which they were considered, climatic factors were found to have an influence on
energy consumption. This result is hardly unexpected, since a large portion of the facility energy
consumed is used to support HVAC equipment. The weather conditions in which an HVAC
system must operate will obviously influence the amount of energy consumed. Further, several of
the studies noted that the three most commonly used measures of an installation’s climate, HDD,
CDD, and mean temperature, are not independent. An installation in a primarily cold weather
climate will have a relatively high value for HDD, and relatively low values for CDD and mean
temperature. For an installation in a hot weather climate, the converse would be true. Although
the energy consumption models produced by different studies used differing combinations of these
variables, the conclusion can be drawn that weather conditions have a significant influence on
facility energy consumption.

The two Army studies which considered energy consumption in various types of facilities
both concluded that there is a significant difference in energy consumption. However, the data set
used for both of these was somewhat limited, consisting of a maximum of three installations. It is
unclear whether the model developed could be applied to other installations.

Two studies of heavily industrialized installations, one by the Army and one by the Air
Force, reached conflicting conclusions regarding the influence of level of industrial activity on
energy consumption at these facilities. The Army study found that at some AMC installations,
level of activity indicators could be included in an energy consumption model. The Air Force
study of ALCs found that it was not a significant influence. Another study by DLA did conclude
that level of activity indicators may have an influence on energy consumption, but was unable to

develop a useful model. It is unclear whether energy at these installations is consumed in a similar
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manner to other, more operations-oriented ones. Itis clear from the 1980 CERL study that the
majority of energy consumed by facilities at operational installations is used to operate HVAC
systems; this same conclusion may not be true for more industrial installations.

Looking at all of the previous work summarized in this chapter, two conclusions can be
drawn. First, multiple linear regression is the most appropriate method for predicting energy
consumption at a military installation. Several other methods were examined, but the authors
concluded that multiple linear regression had the best results. Second, climatic factors must be
included in any energy consumption model. They are the only factors which were included in all
of the models. It is not clear, however, which variables have the most influence.

So, while a definitive model has not yet been developed which can consistently predict
energy consumption at a military installation, many of the factors which influence consumption
have been identified. These factors will provide a starting point for this thesis, so that other
factors may be added to try to create a model which will more accurately predict energy

consumption at an Air Force Base.

30



Ill. Methodology

Introduction

This chapter will present an overview of the process used to determine factors which
influence facility energy consumption at an Air Force base. The chapter will be presented in three
sections. The first will provide a general overview of the steps used to analyze the data, from
definition of the population to the development of the final multiple linear regression model. The
second section will provide a more detailed description of the data collection process, and the
third will describe the statistical tools used to analyze and characterize the data. A small subset of

the set of data analyzed in chapter IV will be used in this section for illustration purposes.

Overview of Methodology

In chapter I, two research objectives were defined. The first was to identify a set of
variables which could be used to predict energy consumption at an Air Force base. The second
was to use those variables to construct one or more models which accomplish this prediction. In
order to accomplish these two objectives, a set of data was collected for a number of members of
the population. Each observation in this data set consisted of a value for the dependent variable,
as well as several candidate independent variables. The choice of candidate independent variables
was guided by the previous research summarized in chapter Il. The candidate variables were
evaluated using the techniques described later in this chapter, and those which are determined to
have low predictive value were discarded. Using some additional statistical techniques, an
attempt was made to group the observations based on characteristics of the bases they represent.

For each group, a multiple linear regression (MLR) model was created. For one such grouping,
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additional information about the bases’ infrastructure was collected through the base civil
engineers’ Work Information Management System (WIMS). Finally, a second MLR model was
developed using this additional information.

Population. The population in this case consists of all active duty Air Force installations
(Reserve installations were excluded) which record energy consumption and report it to the Air
Force Civil Engineering Support Agency (AFCESA), located at Tyndall AFB.

Sample. The sample consisted of all Air Force installations located within the continental
United States (CONUS) and belonging to the five major commands (MAJCOMS) which oversee
the operation of more than one base. A brief description of each MAJCOM follows. These
descriptions are not intended to duplicate the mission statements or descriptions of the
MAJCOMS,; rather, the intent is to provide a brief synopsis of the types of activities at each
MAJCOM'’s bases:

Air Combat Command (ACC): Operates bases from which fighter, attack,

bomber, tanker, and intra-theater airlift aircraft are flown and maintained.

Air Mobility Command (AMC): Operates bases from which inter-theater transport

and tanker aircraft are flown and maintained from both training and operational airlift missions.

Air Force Materiel Command (AFMC): Operates bases which perform functions

related to research, development, design, testing, procurement, and depot level maintenance of
aerospace and related systems.

Air Education and Training Command (AETC): Operates bases which conduct

basic military, technical, and flying training, as well as professional military education.
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Space Command (SPC): Operates bases which launch, monitor, and control space

systems.
Three other commands also operate bases within the CONUS, Special Operations
Command, Air Force District of Washington, and the U.S. Air Force Academy. However, these

MAJCOMS were not considered because each only consists of one base.

Description of Data

The majority of the data used in this thesis was obtained from AFCESA in the form of
reports which detailed each base’s inputs to the DUERS system. These reports were obtained for
all of the bases in the aforementioned commands for the period from October 1990 to September
1994. Although the reports contained a great deal of information regarding costs and quantities
of energy acquired from various sources, three independent variables (HDD, CDD, and SQFT)
were initially used in this thesis. The values of all but one of these variables were reported on a
monthly basis; thus for each base there are a maximum of 48 observations. Categorical variables
denoting the controlling major command and type of mission for each base were used to divide
the data into subgroups, and then data describing two additional independent variables was
obtained for a smaller sample of bases. The three initial independent variables and the dependent
are described below:

Heating Degree Days (HDD): This independent variable represent the sum of all the daily

heating degree days for each month. One heating degree day occurs for each degree of difference
between the mean daily temperature and 65 degrees Fahrenheit. (Note: this variable has a

minimum value of zero. If the mean daily temperature is above 65 degrees Fahrenheit, the value
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of HDD will be zero and the value of Cooling Degree Days, below, will be positive). HDD is

reported on a monthly basis.

Cooling Degree Days (CDD): This variable, also independent, represents the monthly
sum of the differences between the mean daily temperature and 65 degrees Fahrenheit, when the
mean daily temperature is above 65 degrees Fahrenheit. Thus, for a day on which the mean daily
temperature is 70 degrees, the value of CDD would be 5. As is the case for HDD, this variable
can only have nonnegative values and is reported on a monthly basis.

Million British Thermal Units per Square Foot (MBTU/SF): This variable is a measure of

the total energy consumed per square foot of facility floor space, and is the dependent variable for
this thesis. It is reported on an monthly basis. The energy may come from a number of sources;
use of electricity, natural gas, coal, fuel (heating) oil, or purchased steam are common. The
consumed quantity of each product is converted to MBTU using the following relationships, and
the total is divided by the total number of square feet of facility floor space on the installation
(Leigh, 1993):

Electricity: 3.413 MBTU per megawatt hour

Coal (Anthracite): 25.4 MBTU per ton

Coal (Bituminous): 25.58 MBTU per ton

Natural Gas: 1.03 MBTU per 1000 cubic feet

Fuel Oil Distillate: 5.825 MBTU per barrel

Saturated Steam: 1340 MBTU per pound

This thesis is only concerned with the total quantity of energy consumed per square foot of floor

space; no effort will be made to differentiate between energy obtained from different sources.

Square Feet of Facility Floor Space (SF). This is also an independent variable
which represents the total facility floor space at an installation. It is only updated annually, so all

the value of SF will be the same for each month of a given fiscal year. It was assumed that any
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increases or reductions in the amount of facility floor space occurred at the beginning of the year,
and that the space was used for the entire year. There is no differentiation between the various
uses of floor space; all uses are aggregated into this variable. It was assumed that all reported
floor space is energized, even though this is probably not the case.

The following are the categorical variables which were used to evaluate dividing the data
into subgroups:

Presence of an Active Flying Mission (FLY). This is a categorical variable which

identifies bases which support an active flying wing.

Presence of a Depot (DEPOT). This is another categorical variable which

identifies bases which support a depot used for the overhaul of either aircraft or space systems.

Major Command (MAJCOM). This categorical variable identifies the MAJCOM

which operates each base.

Analysis of these factors was used to divide the bases into subgroups for development of
MLR models. Additionally, for some bases in Air Combat Command, information was collected
regarding the bases’ real property. Optimally, this data would have been obtained for all of the
MAJCOMS, but time constraints placed on this research precluded such a comprehensive study.
Air Combat Command was chosen because it is the largest CONUS command, which increased
the likelihood of gathering a sufficient number of responses, and also because it operates bases in
a wide variety of climates. The two additional variables which were added are:

Mean Age of Real Property (RPAGE). The value of this variable was obtained by

use of a computer report program which queried each bases’ real property inventory and

determined total square footage and date constructed for selected real property category codes.
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All Air Force facilities are assigned a category code which identifies the primary use of the facility.
Since category codes are assigned to objects other than buildings, such as roads, sidewalks,
runways, utility systems, and the like, only category codes which identify buildings were selected.
The number of square feet in each facility was used to weight the mean age of facilities by the
following procedure: For each facility, the age was determined using the date the facility was
constructed. The age was then multiplied by the square footage for each facility. The total of
these products (for all facilities) was then divided by the total quantity of facility floor space for
each installation to determine the weighted mean age for the installation. An example of the
spreadsheet used to compute this value is shown at Appendix A. Note that it also computes the

average age of the facilities so that any wide deviation between these two quantities can be noted.

Ratio of Large Maintenance and Storage Facilities (MAINT). This variable

reflects the percentage of the installation’s facilities which are large, open-bay maintenance
facilities. As mentioned in chapter two of this thesis, previous research efforts have identified
these facilities as being greater energy consumers due to their high-bay doors which release heated
or cooled air to the exterior of the building (Botros, 1977). This information was also obtained
by means of a computer report program. It produced a spreadsheet similar to the one used to
generate values for RPAGE, but with the date constructed omitted. Also, only the category
codes associated with particular types of buildings were included. The facility floor area of
maintenance and storage facilities was summed, and divided by the corresponding value of SF
obtained from the DUERS data.

Since the computer report programs which generate values for both RPAGE and MAINT

are only capable of querying the current real property inventory, only the current age and ratio
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were able to be obtained. RPAGE was adjusted for each of the previous years by simply
subtracting the appropriate number of years; however, this is inaccurate because it would not
account for facilities which were demolished between October 1990 and the present. No
adjustments were made to MAINT. The denominator of the ratio, total facility floor area, was
taken from the FY 1994 DUERS report. The author felt that changing the denominator from one
fiscal year to the next would add little value to the effort, since any changes in facility floor space
which would affect the denominator would also have an effect on the numerator. Without access
to previous years’ real property inventories, the changes in the numerator could not be
determined. These two independent variables were added to the group selected for additional

study in an attempt to develop an improved MLR model.

Computer Software

The primary software package used to analyze the data for this thesis was Statistix 4.1.
This is a program which is run on an IBM PC or compatible computer, and provides the ability to
perform all of the statistical techniques which are described in this section (Statistix, 1992). The
advantage of Statistix over minicomputer- or mainframe-based programs is that it is a menu-
driven, user friendly program. In addition to performing statistical analysis, Statistix was used to

enter all of the data observation obtained for this thesis.

Evaluation of Candidate Independent Variables
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Overview. This section will describe the various statistical tools used to evaluate each of
the candidate independent variables, which have already been presented. This section is
concerned with the methodology used to meet the first objective of the research, identifying
factors which could be used to predict energy consumption at an Air Force Base. The evaluation
began by using qualitative techniques to observe the behavior of the dependent variable relative to
changes in each candidate independent variable. Also, relationships among the candidate
independent variables themselves were examined. As the research progressed, the techniques
used switched from qualitative to more quantitative method. Decision rules were formulated in
order to eliminate certain of the candidate independent variables as statistically insignificant for
modeling purposes. For each of these quantitative methods described in this section, the test
statistic and the decision rule which were used will be specified. All of the analysis used in this
thesis will employ a level of significance,arof 0.05. As mentioned at the beginning of this
chapter, a subset of the sample used in chapter IV will be used to illustrate the methods described
in the following sections. This subset consists of 79 monthly observations from seven AMC

bases, and can be found at Appendix A-1.

Descriptive Statistics

Descriptive statistics are methods that are used for the “organization and summarization of
data” (Devore, 1991). There are two general categories of descriptive statistics: pictorial and
tabular, or numerical (Devore, 1991). Both methods were used to examine and present the data
set in this thesis. A brief description of some of the specific techniques used is given below.

Several graphical techniques were used to examine the data points in a qualitative manner.

Performing this type of analysis prior to applying numerical analysis provided two benefits. First,
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the qualitative analysis techniques helped to visualize relationships between the variables, as well
as their distributions. Second, and equally important, these techniques made detection of
erroneous values possible. Since all of the data had to be manually keyed into the computer, this
was an important benefit. The three primary tools for performing qualitative analysis were
histograms, box and whisker plots, Wilk-Shapiro/Rankit plots, and scatter plots. All of these
techniques will be used in the following chapter to present the data and make inferences regarding
the distributions of the variables.

A histogram of the data set is shown at Figure 3-1. At first examination, the data seems to
be somewhat skewed right. However, the sample used for illustration purposes in this chapter is
fairly small, and some other test will be performed to determine whether the data appear to be
normal and the effects of any outliers, or extreme values.

Figure 3-2 is a box and whisker plot of the data. The box and whisker plot orders the data
from smallest to largest observation, and then dividing it into fourths. The horizontal line across
the center of the box represents the sample mean, and each half of the box represents the fourth
above and below the mean. The two vertical lines extending from the box, the whiskers,
represent the upper and lower fourths. Were there any outliers in the data set, they would be
represented by an asterisk for a possible outlier, or a circle for a definite outlier. This plot is
useful because it pictorially represents the center, spread, symmetry, and the presence of outliers

(Devore, 1991).
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Figure 3-1
Example Histogram
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A Wilk-Shapiro/Rankit plot is shown at Figure 3-3. This plot, and the accompanying
Wilk-Shapiro statistic, are used to determine the normality of the data. If the data is normally
distributed, this plot should appear to be linear. The Wilk-Shapiro statistic can assume values
between zero and one, with higher values indicating that the data approximates a normal
distribution. There is know threshold at which the data can be said to definitely approximate a
normal distribution; some subjective judgement must be exercised.

Scatter plots help to visualize the relationship between two variables. The independent
variable is plotted along the horizontal axis, and the dependent variable along the vertical axis.
Scatter plots for three independent variables are given at Figures 3-4, 3-5, and 3-6. In the first the
independent variable is HDD. This plot shows quite clearly that when HDD increases, MBTU
also tends to increase. The second plot, CDD vs. MBTU, seems to show that as CDD increases,
MBTU tends to decrease. However, the trend is not as clear as in the first scatter plot. The third
plot, SQFT vs. MBTU, is not as useful as the first two since the independent variable has the
same value for all monthly observations in a given year. Scatter plots were used in this thesis to
find out which variables were valid candidates for regression modeling.

Tabular methods used include computation of summary statistics such as the sample mean,
sample variance, and the like. These values may be used to make inferences about the population
from which the sample is drawn.

For asample consisting of n observations of a variable X, the sample mean, or x, is

calculated as follows:
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Figure 3-2
Example Box and Whisker Plot
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Figure 3-3
Example Wilk-Shapiro/Rankit Plot
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Figure 3-4
Example Scatter Plot: MBTU vs. HDD
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Figure 3-5
Example Scatter Plot: MBTU vs. CDD
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Figure 3-6
Example Scatter Plot: MBTU vs. SQFT
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The sample mean is used to approximate the population mean, gjven by

Another statistic similar to the sample mean is the sample median. For the same sample as
the above example, the median is obtained by ordering the observations from smallest to largest.
The median is given by either the single middle value if n is odd, or the average of the
two middle values if n is even. The mean and median can be used in conjunction with each other
to determine whether the sample data is skewed. For example, if the mean is less than the median,
this would indicate a negative skew. Likewise, if the mean is greater, a positive skew would be
indicated. For a sample drawn from a symmetric population, the two values would be expected to
be approximately equal.

For the same sample of size n, the sample variancg, isrc@lculated as:

n 2
P= (xi-%
This statistic describes the variability of the sample data. Whsrs®all, this indicates that
most of the observations have values relatively close to the sample mean, while a larger value
indicates that the observations have more variability or spread.
Table 3-1 shows an output of descriptive statistics from Statistix 4.1. Note that this

program shows SD rather thah $D is the standard deviation, which is simply the square root

of the sample variance.
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Table 3-1

STATISTIX 4.1 CH3DATA, 09/13/95,
11:04

DESCRIPTIVE STATISTICS

MBTU CDD HDD SQFT

N 79 79 79 79

MEAN 0.0156 90.380 464.54 3843.5
SD 7.756E-03  148.40 492.89 1060.1
MINIMUM 4.400E-03 0.0000 0.0000 2315.0
MEDIAN 0.0138 7.0000 284.00 3719.0
MAXIMUM 0.0324 537.00 2198.0 5898.0
Correlation

Correlation provides a method for measuring the strength of a linear relation between two
variables. Correlation is a powerful tool. First, it is not affected by a change in units of
measurement, provided the conversion from one unit to another is linear (Devore, 1991). Also, it
allows comparison of the strength of the linear relation of one pair of variables to another pair
(Weck, 1981). If, as is the case for this thesis, more than two variables are to be considered,
correlation analysis must be performed on a pairwise basis.

The quantity used to measure the strength of each pair’s linear relationship is the Pearson
correlation coefficient, gp. The maximum value @fis +1.0, and this value indicates the
strongest possible positive linear relationship between the two variables of concern. Likewise, its
minimum value is -1.0, and this value indicates the strongest possible negative linear relationship.
If there is no linear relationship between the two variables, then r will be zero. For purposes of
this thesis, the relationship will be described as “strong{ ¥ 0.8, “moderate” if 0.5 |p| < 0.8,
and “weak” if p| < 0.5. Ifp = 0, the two variables are said to be uncorrelated. It is important to

note that when the two variables are indepengesi always equal zero. However, the fact
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thatp = 0 does not imply independence. It simply means that a linear relationship between the
two variables does not exist. Two uncorrelated variables could still be dependent, but through a
nonlinear relationship . = 0, the two variables are said to be uncorrelated (Devore, 1991).

The fact that two variables are strongly or moderately correlated does not imply any
causal relationship between them. The high degree of correlation means only that the high or low
values tend to be associated with corresponding high or low values (Devore, 1991). Investigation
and knowledge of the activity which the two variables represent must precede any implications as
to a causal relationship between them.

For each pair of variables for which a valu@ efas determined, the null hypothesis was
that the two variables were uncorrelated. Statistix 4.1 reported both a correlation coefficient and
the significance level for that coefficient. If the significance level was less that 0.05, then the null
hypothesis was rejected, and the two variables were determined to have either a strong, moderate,
or weak linear relationship as appropriate. So, in summary:

Ho: p=0
Ha: p#0.

The test statistic used for the correlation analysis of the candidate independent variables is
the P-value. A P-value is “the smallest level of significance at whigohld be rejected when a
specified test procedure is used on a given data set” (Devore, 1991). Statstnplifies the
use of P-values in correlation analysis by presenting a P-value along with the correlation
coefficient in the correlation matrix.

Table 3-2 shows a correlation matrix created by Statistix 4.1. Note that the results of the

correlation analysis complement the qualitative analysis performed by means of scatter plots. The
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correlation coefficients computed are all statistically significant except for that between CDD and
HDD, since all but that one are less thian Note also that the dependent variable is strongly
correlated with HDD and SQFT, while it is weakly correlated with CDD. Note also that CDD

and HDD are moderately correlated with SQFT, although there is no reason to suspect that there

is a causal relationship between them.

Table 3-2
Example Correlation Matrix
STATISTIX 4.1 CH3DATA, 09/13/95,
13:00

CORRELATIONS (PEARSON)
ZERO INTERCEPT OPTION SELECTED: CORRELATIONS = COSINES

CDD HDD SQFT
HDD 0.0174
P-VALUE 0.8793

SQFT 0.4924 0.6608
0.0000

MBTU 0.2602 0.9046 0.8665
0.0205 0.0000

CASES INCLUDED 79 MISSING CASES 0

Analysis of Variance(Devore, 1991)

Analysis of Variance (ANOVA) is the name for a set of statistical procedures and analysis
techniques used to examine data gathered from two or more populations. The different
populations are identified by the differences in the factor under consideration. The goal of
ANOVA is to determine whether the means of the various populations differ to a significant
extent. Consider the case of a data set consisting of | treatments. (Note: ANOVA is easier
performed if each treatment consists of the same number of observations. However, it is not

necessary and that assumption will not be made in this case. The formulas used to compute these
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statistics are somewhat more complex than the case where the sample sizes for the various
treatments are equal). The null hypothesis in this case is that the means are all equal, and the
alternate hypothesis is that at least one mean is not equal to the others, or:
Ho: i = M2 = ... =14
Ha: at least on@, # Uy

In order to examine the validity of the null and alternate, several quantities are used to
examine the i sample means. These three quantities are known generally as the sums of squares,
and consist of the total sum of squares (SST), the treatment sum of squares (SSTr), and the error
sum of squares (SSE). For a data set of | treatments, each of which congis@ivations,
and with the total number of observations given by

n =%; J, their formulas are given by:

LY
SS'FE E X2 =X 2
j : .
n

i=1|j=1
|

SSTR| )| 1x.2-tx 2
Zu K X
i=1

SSE=SST- SSTr
These are used to calculate the Mean Square for Treatments (MSTr) and the Mean Square for
Error (MSE). These statistics measure respectively the variation among the i sample means, and
the variation over all | samples regardless of treatment. When the null hypothesis is true, the
values of MSTr and MSE should be similar, so the ratio of MSTr to MSE should be close to one.
However, when the alternate hypothesis is true, MSTr should greatly exceed MSE, resulting in a

ratio much greater than one. Thus, the test statistic for ANOVA is given by:
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=MSTr
MSE

f

The value of this statistic is compared with the F distribution, and the null hypothesis is rejected if
f> Foina
whereaq is the desired level of significance for the test.

ANOVA was used extensively in this thesis to evaluate the various categorical variables
which were considered. Each categorical variable was used as a factor, and ANOVA was
performed on the entire data set to determine how to group the observations for MLR modeling.

This technique requires that the user make two assumptions: First, that all of the
treatment distributions are normally distributed, and second, that their variances are egual, or
=0’ = ... =0i°. Supplemental tests were performed on the data in order to verify the validity of
the first assumption, but research found that performing tests to ensure the validity of the second
were not recommended (Devore, 1991).

Comparisons between multiple treatments in this thesis used Tukey’s procedure. This

procedure uses a probability distribution called the Studentized Range distribution to obtain

confidence intervals for comparison of means between two populations | and J. It is given by:

X =X =QaupgpVMSE/Is i —py s X = X +Q,0-yV MSE/J

This procedure is used to group the data into groups whose confidence intervals do not “overlap”.
These will be considered to be significantly different at the level of significawbgch has been

specified (Devore, 1991). Table 3-3 shows the Statistix 4.1 output for a one way ANOVA
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analysis, with the seven bases used as the treatments, and Table 3-4 shows the output from a
Tukey procedure.
The ANOVA output clearly shows that the null hypothesis, thatstire equal, should

be rejected. As with the correlation matrix, Statistix 4.1 calculates a P-value for this procedure,

which can be used to interpret the statistical significance. In this case, P is |€435smthe
results are statistically significant for thhespecified in this thesis.

The Tukey procedure determined that there were three groups whose means were
significantly different att = 0.05. Bases 5 and 6 are in the first group, base 1 is in the second,
and bases 3 and 4 are in the third. The group to which bases 2 and 7 belonged could not be

determined, as they overlapped more than one group.

Development of Model

Overview. In order to satisfy the second research objective stated in chapter |, which was
to construct a model to predict energy consumption at an Air Force base, this thesis will
concentrate on the use of multiple linear regression (MLR). Other research efforts have found
this to be the most appropriate method for forecasting energy consumption (Weck, 1981; Tinsley,
1981; and Morill, 1985).

This section will present a brief description of the MLR technique, a definition of the test
statistic used to determine the predictive ability of the model, and will list the assumptions which
were made in using this technique.

Description of Technigue

A regression model is a means of expressing a statistical relationship in which the

following two conditions are present (Neter et al, 1983):
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1. Atendency of the dependent variable Y to vary with the

independent variable or variables in a systematic fashion.

2. A scattering of observations around the curve of statistical

relationship.
Multiple linear regression, then, is “a statistical method relating the value of a dependent variable
to the influence of two or more independent variables, all acting at some time” (Tinsley, 1981).

A simple linear regression model is expressed as an equation which describes a straight
line which may or may not pass through the origin. As variables are added, the equation describes
a plane, and then a hyperplane. In the case where n independent variables are used, the equation
would describe a hyperplane in n + 1 dimensions, and would be given as:

Yi = Bo + BuXuyi + BaXoi+ ... +BXni + &
Where:

Yi is the response (dependent) variable for the ith trial

Bo, B1, B2, ... Bn are parameters

Xai, Xai, ..., Xqi @re the values of the independent variables for the ith trial

& is a random error term with expected value of zero (Neter et al, 1983).

(The fact that an equation with a large number of independent variables describes an object which

is difficult to visualize is not important).
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Table 3-3
Example Analysis of Variance

STATISTIX 4.1 CH3DATA, 09/13/95,
13:40

ONE-WAY AQOV FOR MBTU BY BASE

SOURCE DF SS MS F P
BETWEEN 6 0.00179 2.990E-04 7.43 0.0000
WITHIN 72  0.00290 4.025E-05

TOTAL 78 0.00469

CHI-SQ DF P

BARTLETT'S TEST OF --cem <cmee cemmee
EQUAL VARIANCES 28.48 6 0.0001
COCHRAN'S Q 0.2756

LARGEST VAR / SMALLEST VAR  50.922

COMPONENT OF VARIANCE FOR BETWEEN GROUPS 2.297E-05
EFFECTIVE CELL SIZE 11.3
SAMPLE GROUP
BASE MEAN SIZE STD DEV

0.0173 12 8.832E-03
0.0100 12 5.116E-03
0.0166 10 6.728E-03
0.0146 12 6.884E-03
0.0215 12 6.565E-03
0.0220 9 6.449E-03
8.692E-03 12 1.238E-03
TOTAL 0.0156 79 6.344E-03

~NOoO O~ WNE
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Table 3-4
Tukey Comparison of Means

STATISTIX 4.1 CH3DATA, 09/13/95,
13:40

TUKEY (HSD) PAIRWISE COMPARISONS OF MEANS OF MBTU BY BASE

HOMOGENEOQOUS
BASE MEAN GROUPS

6 0.0220 |
5 0.0215 |
1 0.0173 11
3 0.0166 1|1
4 0.0146 1|1
2 0.0100 ..I
7

8.692E-03 .... 1

THERE ARE 3 GROUPS IN WHICH THE MEANS ARE
NOT SIGNIFICANTLY DIFFERENT FROM ONE ANOTHER.

CRITICAL Q VALUE 4.289 REJECTION LEVEL 0.050
STANDARD ERRORS AND CRITICAL VALUES OF DIFFERENCES
VARY BETWEEN COMPARISONS BECAUSE OF UNEQUAL SAMPLE SIZES.

The goal of the analysis described in the previous section was to determine which of the
candidate independent variables would be included in the model. Once that was done, the goal of
the subsequent model development was to determine the values of the model parameters, and to
assess the model’s predictive ability.

Many of the statistics which were described in the ANOVA section will also be used to
determine values for the parameters. SST and SSE are calculated for the model by the same
techniques used in ANOVA. An additional statistic is used to account for the difference between
these two sums of squares, the regression sum of squares, or SSR. this quantity is given by the
formula:

SSR == (Y, -Y)?
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where each Ms a value of the dependent variable predicted by the model, and Y is the mean of
these predictions. SSR measures the variation of the predictions from the mean, while SSE
measures the variation of the predictions from the regression line (for the case of one independent
variable) or the regression plane (for more than one independent variable). When constructing a
model, the goal is to define the regression line (or plane) such that all of the points fall as close to
it as possible. If the fit were perfect, SSE would equal zero. The primary tool for measuring a
model’s effectiveness is the coefficient of determinatfonitiis given by the formula:
r’=1- SSE/SSTO,

with 0< < 1. Large values of indicate a good fit, while small ones indicate a poor one. This
statistic was used extensively in this thesis to quickly evaluate the various models which were
constructed.
Test Statistic

The test statistic used to accept or reject regression models for this thesis was the F
statistic. The value of F for a given model is calculated using some of the statistics described
above. Also, the number of observations upon which the model is based, n, is used. First, the

regression mean square, MSR, and the mean square for error, MSE are calculated:

s
MSR="Msr=>SRessr
1

i
MSF;MSE': SSE
n n-2

The value of the test statistic was then calculated for each model by:
f = MSR/MSE

and the value compared with the value of the F statistic, and the model is accepted if:
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f > Fy a0t

Assumptions

This section describes assumptions which were made specific to the application of the
linear regression model to the data set. Each assumption is listed along with methods used to
verify its validity.

The first assumption that will be made is that the activity to which the regression model is
being fit is linear. The linear regression model will not be appropriate if the independent
variable(s) and the dependent variable are not linearly related. As stated earlier, previous research
has indicated that this model is indeed appropriate for modeling energy consumption. The validity
of this assumption will be verified qualitatively by means of scatter plots, and quantitatively by
means of the correlation coefficients.

Another assumption is that the error terms in the regression ptale constant
variance. When this condition is true, it is said that the observations are homoscedastic, while in
the case of unequal variances they are said to be heteroscedastic. Residual plots will be used to
verify that the data is homoscedastic, or nearly so.

A related assumption is that the error terms are normally distributed. Small departures
from normality will not greatly affect the application of the linear regression model. However,
large departures will render the model useless. The primary means for verifying the normality will
be by means of Wilk-Shapiro plots of the residuals. This test will be used subjectively in

conjunction with the other information to determine aptness of the model (Neter et al, 1983).

Example
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An example of the type of regression analysis performed in chapter IV is given below for
the data subset used previously in this chapter. Table 3-5 shows the output from a Statistix 4.1
regression model. In this case, HDD, CDD, and SQFT were chosen as the independent variables
based on the results of the correlation analysis performed earlier in this chapter.

The column labeled “COEFFICIENT” represents the valueBdoB1, ...n. As with
the other Statistix 4.1 products, this table provides a P-value for each of these coefficients. The
R-squared value of 0.8045 is closer to one than to zero, which indicates that the regression model
is probably appropriate in this case.

Statistix 4.1 provides a valuable tool for checking the validity of the assumption that the
error functions are normally distributed. This is a Wilk-Shapiro/Rankit plot of standardized
residuals, shown at Figure 3-7. This plot, and the accompany statistic, are interpreted in the same
way as earlier in this chapter. Note that the high value (0.9564) for the Wilk-Shapiro statistic

indicates that the assumption that the error functions are normally distributed was probably valid.
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Table 3-5
Example Regression Analysis

STATISTIX 4.1 CH3DATA, 09/13/95,
14:09

UNWEIGHTED LEAST SQUARES LINEAR REGRESSION OF MBTU

PREDICTOR

VARIABLES COEFFICIENT STD ERROR STUDENT'ST P VIF
CONSTANT 0.00892 0.00167 5.35 0.0000

HDD 1.340E-05 9.658E-07 13.88 0.0000 14

CDD -4.033E-06 3.212E-06 -1.26 0.2132 14

SQFT 2.021E-07 3.745E-07 0.54 0.5910 1.0

R-SQUARED 0.8045 RESIDUAL MEAN SQUARE (MSE) 1.223E-05
ADJUSTED R-SQUARED 0.7967  STANDARD ERROR OF ESTIMATE 0.00350

SOURCE DF SS MS F P

REGRESSION 3 0.00377 0.00126 102.87 0.0000
RESIDUAL 75 9.173E-04 1.223E-05
TOTAL 78 0.00469

CASES INCLUDED 79 MISSING CASES 0
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Figure 3-7
Example Plot of Standardized Residuals versus Fitted Values

61



Figure 3-8
Example Wilk-Shapiro/Rankit Plot of Standardized Residuals
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Results

Introduction

This chapter will present the results of the statistical procedures described in the previous
chapter on the data collected for this thesis. First, the results obtained for the entire data set will
be presented and discussed. Next, ANOVA will be used to examine prospective ways of dividing
the data set into smaller groups for regression modeling. The same statistical procedures will be
performed on these groups, and the results compared with those obtained earlier for the entire
data set. Finally, the additional data obtained for selected ACC bases will be added to see if an

improved model results.

Analysis of Entire Data Set

The first step in the analysis of data for this thesis was to evaluate the set of data for all
CONUS bases, select prospective independent variables, assess the data’s aptness for the linear
regression model, and construct a linear regression model for energy consumption. The data set
initially consisted of 3,936 observations for each variable. Some observations were obviously
erroneous. Some, for example had values of zero for both CDD and HDD. This would indicate
that the mean daily temperature was 65 degrees Fahrenheit every day of that month. Other
observations had a value of zero for MBTU, which would indicate that no energy was consumed
by the installation during that month. If either of these two conditions were met, the observation
was discarded. Also discarded were observations from the following MAJCOMs because each
only controls one base: U.S. Air Force Academy, Air Force District of Washington, and Special

Operations Command.
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The histogram of MBTU, Figure 4-1, shows a marked skew right, with many apparent
outliers. Figure 4-2, the box and whiskers plot, confirms this impression. A Wilk-Shapiro/Rankit
plot (Figure 4-3) was then performed to evaluate the normality of the MBTU data. The value of
the Wilk-Shapiro statistic, 0.5629, indicates that the data are not normally distributed.

Scatter plots were constructed (Figures 4-4 and 4-5) of MBTU versus HDD and CDD.

Both of these seem to display some degree of linear tendency, although the graph of CDD versus
MBTU appears to have more of a constant slope. both graphs appear to have a large number of
outliers above the apparent regression line. Also, there are a number of points which have a high
positive value for MBTU while the independent variable is equal to zero. These values occur
during the seasons of most severe temperatures, summer and winter. Energy consumption during
these seasons tends to be the highest due to heating and cooling loads. However, during the
season (winter) when HDD is expected to have its highest values, CDD can be expected to have
its lowest, and vice versa. These values would make the fitting of a regression model more
difficult, since the value of the dependent variable would vary widely at a constant value of the
independent variable. In order to try to mitigate this effect, a new variable, CHDD, was created
where, for each monthly observation:

CHDD = CDD + HDD.
This new variable was intended to eliminate the cases where CDD or HDD is zero during
the extreme temperature seasons by constructing a variable which would treat high or low
temperatures generically as they deviated from the 65 degree daily mean. The scatter plot of

CHDD versus MBTU is shown at Figure 4-6. Although there still appear to be a great number
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Figure 4-1
Histogram of MBTU (Entire Data Set)
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Figure 4-2
Box and Whiskers Plot of MBTU (Entire Data Set)
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Figure 4-3
Wilk-Shapiro/Rankit Plot of MBTU (Entire Data Set)
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Figure 4-4
Scatter Plot of MBTU vs HDD (Entire Data Set)
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Figure 4-5
Scatter Plot of MBTU vs. CDD (Entire Data Set)

69



Figure 4-6
Scatter Plot of MBTU vs. CHDD (Entire Data Set)

70



Figure 4-7
Scatter Plot of MBTU vs. SQFT (Entire Data Set)
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of outliers above the apparent regression line, this graph shows the most prominent appearance of
linear behavior of the three temperature-related variables.

A scatter plot was also constructed of SQFT versus MBTU (Figure 4-7). This plot does
not show an easily visible linear relationship since the value of SQFT remains constant for each
base over each of the four fiscal years. Thus, for each discrete value of SQFT there will be twelve
different values of MBTU. The graph does not show any obvious evidence of linear behavior.

The next step in assessing the potential for each of these variables is to perform a
correlation analysis. Although as mentioned above, some of the variables showed more promise
than others, all were included in this analysis. (The variables AGE and MAINT were not included
because this data was obtained for only a small number of bases. They are discussed in the
section entitled “ACC bases with Supplemental Data”). The results are given in Table 4-1.

The table shows that all of the independent values were positively correlated with MBTU; the
strongest correlation was with CHDD, followed by HDD, SQFT, and CDD. All of these were
moderately correlated with MBTU, with the exception of CDD which was weakly correlated.

The P-values shown for these correlation coefficients (all were less than 0.0001) show that these
results are statistically significantat= 0.05.

The next step will be to attempt to incorporate the moderately correlated variables in a
linear regression model. The following variables will be included: CHDD and SQFT. HDD is
also moderately correlated with MBTU; however, it has a high degree of correlation with CHDD,
and therefore should not be included. CDD will be omitted because it is only weakly correlated

with MBTU. The results of the regression analysis using these variables is shown in Table 4-2.
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Table 4-1
Correlation Matrix (Entire Data Set)

STATISTIX 4.1 , 09/18/95, 9:01

CORRELATIONS (PEARSON)
ZERO INTERCEPT OPTION SELECTED: CORRELATIONS = COSINES

HDD CDD CHDD  SQFT
CDD 0.0223
P-VALUE 0.1955

CHDD 0.8998 0.4563
0.0000 0.0000

SQFT 0.5094 0.4763 0.6612
0.0000 0.0000 0.0000

MBTU 0.6780 0.3496 0.7561 0.5765
0.0000 0.0000 0.0000 0.0000

CASES INCLUDED 3365 MISSING CASES 0

The P-values returned by Statistix 4.1 show that these coefficients are statistically signdicant at

= 0.05.

The R value obtained by using CHDD and SQFT as the independent variables in a

regression model was 0.1265, which does not indicate a good fit. Although the P-values indicate

that the results of this analysis are statistically significant, this model could not be used to predict

energy consumption. One interesting note is that the coefficient for SQFT is negative, which

would indicate that larger installations generally use less energy per square foot than smaller ones.

In order to determine whether the linear regression model was appropriate, several tests

were run on this regression model in order to check for aptness. Recalling the assumptions

necessary for the use of the regression model (listed in chapter Ill), the first test that was

Table 4-2
Regression Analysis Table (Entire Data Set)
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STATISTIX 4.1 , 09/18/95, 13:40
UNWEIGHTED LEAST SQUARES LINEAR REGRESSION OF MBTU

PREDICTOR

VARIABLES COEFFICIENT STD ERROR STUDENT'ST P VIF
CONSTANT 0.00956 4.919E-04 19.44 0.0000

CHDD 1.530E-05 7.197E-07 21.26 0.0000 1.0

SQFT -2.896E-07 6.689E-08 -4.33 0.0000 1.0

R-SQUARED 0.1265 RESIDUAL MEAN SQUARE (MSE) 1.535E-04
ADJUSTED R-SQUARED 0.1260 STANDARD ERROR OF ESTIMATE 0.01239

SOURCE DF SS MS F P

REGRESSION 2 0.07319 0.03659 238.41 0.0000
RESIDUAL 3292 0.50529 1.535E-04
TOTAL 3294 0.57848

CASES INCLUDED 3295 MISSING CASES 0

performed was the plot of standardized residuals versus fitted values. If regression analysis is
appropriate, all of the values should fall in a symmetrical band above and below zero. In this case
(Figure 4-8), the graphical presentation seems to show that the error ¢gnwvese equal.

Another test, the Wilk-Shapiro/Rankit plot, was performed to determine whether the error
termsg; were normally distributed. The results of this test are given in Figure 4-9. The Wilk-
Shapiro statistic value of 0.4856 indicates strongly that the error terms are not normally
distributed.

So, constructing a model using the results of the entire data set is not practical because the
data do not meet the assumptions necessary to apply the linear regression
model. The next step performed in this thesis was to use ANOVA analysis to evaluate
prospective means of dividing the data into subgroups. The first categorical variable to be
evaluated was CMD, which represents the MAJCOM controlling each base. The results of this

ANOVA are shown in Table 4-3. Table 4-4 shows the results of a Tukey test to determine
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whether any of the Major Commands exhibit similar means for energy consumption. The results
show that two commands, AFMC and SPC, had means significantly higher than the others. AMC
and AETC were lower, but their means were significantly different from each other. ACC’s mean
was not significantly different from either AMC or AETC. However, this test shows that

grouping the data by Major Command would be a statistically valid technique Flying versus non-
flying bases were also evaluated using the ANOVA technique. The results of this analysis are
shown in Tables 4-5 and 4-6. These tables show that the means of flying bases are significantly
different from those of nonflying bases.

Another categorical variable which was evaluated for possible use in grouping the bases
was DEPOT, which reflected whether a base supported a depot used for overhaul of aircraft or
missile systems. The results of this analysis are given in Table 4-7. Since the P-value is greater
than 0.05, there was no significant difference between the means of the two groups, so this
variable was discarded as a possible grouping variable.

Table 4-8 shows the ANOVA results for the final categorical variable, FY. There
is no significant difference between the mean values of MBTU for each fiscal year. In fact, the

mean actually increased each year from FY 91 to FY 94.
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Figure 4-8
Plot of Standardized Residuals vs Fitted Values (Entire Data Set)
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Figure 4-9
Wilk-Shapiro Plot of Standardized Residuals (Entire Data Set)
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Table 4-3
ANOVA (MBTU by Major Command)

STATISTIX 4.1 , 09/18/95, 13:42
ONE-WAY AQV FOR MBTU BY CMD

SOURCE DF SS MS F P
BETWEEN 4 0.04298 0.01074 66.01 0.0000
WITHIN 3290 0.53550 1.628E-04

TOTAL 3294 0.57848

CHI-SQ DF P
BARTLETT'S TEST OF ------ -emeem —oeee-
EQUAL VARIANCES 1813.92 4 0.0000

COCHRAN'S Q 0.5220
LARGEST VAR / SMALLEST VAR  12.141

COMPONENT OF VARIANCE FOR BETWEEN GROUPS 1.652E-05

EFFECTIVE CELL SIZE 640.7
SAMPLE GROUP
CMD MEAN SIZE STD DEV
ACC 0.0129 957 6.522E-03
AETC 0.0122 799 7.452E-03
AFMC 0.0215 617 0.0227
AMC 0.0144 624 8.027E-03
SPC 0.0197 298 0.0176

TOTAL 0.0152 3295 0.0128

CASES INCLUDED 3295 MISSING CASES 0

Table 4-4
Tukey Comparison of Means (MBTU by Major Command)

STATISTIX 4.1 , 09/18/95, 13:42
TUKEY (HSD) PAIRWISE COMPARISONS OF MEANS OF MBTU BY CMD
HOMOGENEOQOUS

CMD MEAN GROUPS

AFMC 0.0215 |

SPC 0.0197 |
AMC 0.0144 .1
ACC 0.0129 .. 11

AETC 0.0122 ... 1

THERE ARE 3 GROUPS IN WHICH THE MEANS ARE

NOT SIGNIFICANTLY DIFFERENT FROM ONE ANOTHER.
CRITICAL Q VALUE 3.857 REJECTION LEVEL 0.050

STANDARD ERRORS AND CRITICAL VALUES OF DIFFERENCES
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VARY BETWEEN COMPARISONS BECAUSE OF UNEQUAL SAMPLE SIZES

Table 4-5
ANOVA Table (MBTU by Flying/Nonflying Mission)

STATISTIX 4.1 , 09/18/95, 14:05
ONE-WAY AQV FOR MBTU BY FLY

SOURCE DF SS MS F P
BETWEEN 1 0.02645 0.02645 157.78 0.0000
WITHIN 3293 0.55203 1.676E-04

TOTAL 3294 0.57848

CHI-SQ DF P
BARTLETT'S TEST OF ------ -emeem —oeee-
EQUAL VARIANCES 1635.35 1 0.0000

COCHRAN'S Q 0.8859
LARGEST VAR / SMALLEST VAR  7.7617

COMPONENT OF VARIANCE FOR BETWEEN GROUPS 1.760E-05
EFFECTIVE CELL SIZE 1493.6

SAMPLE GROUP
FLY MEAN SIZE STD DEV

N 0.0191 1144 0.0197
Y 0.0132 2151 7.077E-03
TOTAL 0.0152 3295 0.0129

CASES INCLUDED 3295 MISSING CASES 0

Table 4-6
Tukey Comparison of Means (MBTU by Flying/Nonflying Mission)

STATISTIX 4.1 , 09/18/95, 14:04

TUKEY (HSD) PAIRWISE COMPARISONS OF MEANS OF MBTU BY FLY

HOMOGENEOQOUS
FLY MEAN GROUPS
N 0.0191 |
Y 0.0132 .1

ALL 2 MEANS ARE SIGNIFICANTLY DIFFERENT FROM ONE ANOTHER.

CRITICAL Q VALUE 2.772 REJECTION LEVEL 0.050
STANDARD ERRORS AND CRITICAL VALUES OF DIFFERENCES
VARY BETWEEN COMPARISONS BECAUSE OF UNEQUAL SAMPLE SIZES.
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Table 4-7
ANOVA Table (MBTU by Presence of Depot)

STATISTIX 4.1 , 09/18/95, 14:14
ONE-WAY AQOV FOR MBTU BY DEPOT

SOURCE DF SS MS F P
BETWEEN 1 5.055E-05 5.055E-05 0.29 0.5917
WITHIN 3293 0.57843 1.757E-04

TOTAL 3294 0.57848

CHI-SQ DF P
BARTLETT'S TEST OF ------ -emeem —oeee-
EQUAL VARIANCES 17.83 1 0.0000

COCHRAN'S Q 0.5979
LARGEST VAR / SMALLEST VAR  1.4872

COMPONENT OF VARIANCE FOR BETWEEN GROUPS -3.086E-07
EFFECTIVE CELL SIZE 405.4

SAMPLE GROUP
DEPOT MEAN SIZE STD DEV

N 0.0153 3078 0.0130
Y 0.0148 217 0.0159
TOTAL 0.0152 3295 0.0133

CASES INCLUDED 3295 MISSING CASES 0
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Table 4-8
ANOVA Table (MBTU by Fiscal Year)

STATISTIX 4.1 , 09/28/95,
9:32

ONE-WAY AQOV FOR MBTU BY FY

SOURCE DF SS MS F P
BETWEEN 3 8.791E-04 2.930E-04 1.67 0.1695
WITHIN 3291 0.57760 1.755E-04

TOTAL 3294 0.57848

CHI-SQ DF P
BARTLETT'S TEST OF ------ -emeee —oeee-
EQUAL VARIANCES 31249 3 0.0000

COCHRAN'S Q 0.4372
LARGEST VAR / SMALLEST VAR  3.3491

COMPONENT OF VARIANCE FOR BETWEEN GROUPS 1.428E-07
EFFECTIVE CELL SIZE 823.3

SAMPLE GROUP
FY MEAN SIZE STD DEV

91 0.0146 817 9.626E-03

92 0.0149 873 0.0119

93 0.0155 820 0.0129

94 0.0159 785 0.0176
TOTAL 0.0152 3295 0.0132

CASES INCLUDED 3295 MISSING CASES 0

Analysis of Bases by Major Command

The following results were obtained by dividing the sample into the three groups
mentioned above. Since ACC could be grouped with either AMC or AETC, both of these

groupings will be tried; each of these three commands will also be examined alone.

SPC and AFMC. The graphical analysis of the data for these commands is contained in

Appendix D. Both the histogram and the box and whiskers graph show the presence of a large

number of outliers. The Wilk-Shapiro statistic’s value of 0.5668 suggests that the data is not

normally distributed. The three scatter plots of MBTU versus CDD, HDD, and CHDD all show
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evidence of a linear trend among most of the observations; however, there seem to me a fairly
significant number of points for whichralatively high value of MBTU was observed at a

relatively low value of the independent variable. The scatter plot of MBTU versus SQFT shows
no clearly discernible linear trend.

Table 4-9 shows the results of the correlation analysis of the data for the AFMC and SPC
bases. HDD and CHDD are moderately correlated with MBTU; CDD and SQFT are weakly
correlated. All of these correlation coefficients are statistically significant &.05. CHDD
and SQFT were then used to construct a linear regression model; the results are given in Table 4-
10. This model has an even lowér ®0959, than the one constructed for all CONUS bases,
and would probably not be useful for predicting energy consumption. Figure D-9 is the plot

Table 4-9
Correlation Matrix (AFMC and SPC Bases)

STATISTIX 4.1 , 09/20/95,
9:40

CORRELATIONS (PEARSON)
ZERO INTERCEPT OPTION SELECTED: CORRELATIONS = COSINES

HDD CDD CHDD  SQFT
CDD 0.0229
P-VALUE 0.4889

CHDD 0.9035 0.4491
0.0000 0.0000

SQFT 0.4893 0.4985 0.6510
0.0000 0.0000 0.0000

MBTU 0.5881 0.3482 0.6749 0.4544
0.0000 0.0000 0.0000 0.0000

CASES INCLUDED 915 MISSING CASES 0
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Table 4-10
Regression Analysis Table (AFMC and SPC Bases)

STATISTIX 4.1 , 09/20/95, 9:49
UNWEIGHTED LEAST SQUARES LINEAR REGRESSION OF MBTU

PREDICTOR

VARIABLES COEFFICIENT STD ERROR STUDENT'ST P VIF
CONSTANT 0.01987 0.00152 13.04 0.0000

CHDD 1.603E-05 2.390E-06 6.71 0.0000 1.0

SQFT -0.335E-07 1.345E-07 -6.94 0.0000 1.0

R-SQUARED 0.0959 RESIDUAL MEAN SQUARE (MSE) 4.075E-04
ADJUSTED R-SQUARED 0.0939 STANDARD ERROR OF ESTIMATE 0.02019

SOURCE DF SS MS F P

REGRESSION 2 0.03942 0.01971