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Waste reduction; a process that reduces the production rate of waste that must be

disposed of by a combination of source reduction, recycling, improved management, and
treatment; is an effective way for hazardous waste generators to reduce both the amount
of waste that they must dispose of and the amount of money that they spend on
hazardous waste disposal. Therefore, since the United States armed forces are major
generators of hazardous waste, it is very important that they practice waste reduction.
But, since the performance of waste reduction studies at some of the relatively small Air
Force bases cost from $65,000 to $112,000 per study, data on past waste reduction
activities must be developed into a form that shows waste generators that the rcturn
resulting from a waste reduction program is well worth the cost of setiing it up. This
paper describes the collection of data from completed waste rcduction studies at 12
United States Air Force Bases, the trends found from analysis of these data, and the
development of a mathematical model that can be used to predict the results (potentiai
annual waste reduction, potential annual cost savings, required capital investment, and
potential payback period) of performing a waste reduction study at an Air Force base
at which no full scale waste reduction program has previously been implemented. The
paper also includes a test case example to validate the mathematical model and an
example which estimates the amount of potential annual waste reduction and cost savings
that the United States could realize by performing waste reduction studies at all United

States Air Force bases.
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INTRODUCTION

1.1. Background Information
The United States armed forces are major generators of hazardous waste. In fact,
the Air Force, Army and Navy collectively generated over 400,000 tons of hazardous
waste in 1986.[1] Although the regulatory requirements to develop and use better
disposal techniques have made hazardous waste disposal a safer operation, they have not
eliminated the possibility of a future release of the hazardous waste or made it possible
to safely reclaim the land contaminated by the hazardous waste buried in it. The best
way to avoid future problems and preserve our limited supply of usable land is to
practice waste minimization, which is any activity that reduces "hazardous waste that is
generated or subsequently treated, stored or disposed of."[2] The Pollution Prevention
Act of 1990 establishes the following hierarchy:
...pollution is to be prevented or reduced at the source whenever feasible poliution
that cannot be prevented should be recycled in an environmentally safe manner
whenever feasible; pollution that cannot be prevented or recycled should be treated
in an environmentally safe manner whenever feasible; and disposal or other release
into the environment should be employed only as a last resort and should be
conducted in an environmentally safe manner.[3,4]
The first two parts of this hierarchy, source reduction and recycling, are known as waste

minimization.
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In the mid-1980’s, the Department of Defense (DoD) set a goal to reduce the
amount of hazardous waste disposed of by 50% by the end of year 1992. The DoD
specified waste minimization and treatment as the means by which to accomplish this
reduction. Throughout this paper, the reduction of waste to be disposed of by a
combination of source reduction, recycling, improved management, and treatment will be

referred to as waste reduction.

1.2. Problem Definition

Waste reduction should appeal to generators because, due to the ever increasing
cost of improved treatment and disposal technologies (which has increased "as much as
300 percent over the past decade due to the ban on land disposal of hazardous waste,
minimum technology requirements for hazardous waste units, and limited treatment and
disposal capacity"[5]), reducing the amount of waste they must dispose of resuits in an
appreciable reduction in their operating cost. In addition to financial savings, less
tangible benefits to generators include: 1) compliance with federal regulations 2)
reduction in potential liability 3) protection of public and worker health and safety and
4) protection of the environment.[2,6] But, the set-up of an effective waste reduction
program requires the guidance of someone experienced in waste reduction. Therefore,
a generator must either hire personnel or contract consultants to perform a waste
reduction study, make recommendations, and train personnel to implement the
recommendations. Either option will be expensive. For example, the performance of
waste reduction studies by consulting firms at some of the relatively small Air Force

bases costs approximately $65,000 to $112,000 (See Table 3.1).[7] Therefore, because
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legislation sets no requirements on the effectiveness of a waste minimization program
and the DoD’s 50% reduction goal is not mandatory, some incentive is needed to

encourage waste reduction efforts at the base level.

13. Goal

To encourage generators to invest in the resources needed to develop a waste
reduction plan, data on past waste reduction activities must be presented in a form that
shows generators that the return from a waste reduction program is worth the cost of
expert advice. The goal of this paper is to collect data from available waste reduction
studies and synthesize it into a meaningful form. Because a large volume of data must
be collected, the data will be entered into a computer database, and computer software
such as Dbase or Foxbase will be used to allow relatively quick collection of specific
portions of the data for analysis. These data portions will then be analyzed using
graphical and statistical methods to identify the existence or the lack of two types of
trends. First, commonalities on which processes produce the most waste, offer the most
potential annual waste reduction and cost savings, and require the most capital
investment to achieve a waste reduction will be analyzed. Second, mathematical
relationships between parameters such as annual waste production and potential annual
waste reduction will be analyzed and evaluated to determine whether or not various
waste reduction parameters, such as annual waste reduction and cost savings, can be
predicted for similar generators. The scope of this project will be limited to United
States Air Force installations under the following commands: 1) Strategic Air Command

(SAC) 2) Air Training Command (ATC) and 3) Military Airlift Command (MAC).




2.1. Definitions

A waste reduction guide published in 1989 by the Office of Defense Waste and
Transportation Management defines waste reduction as "waste minimization plus
treatment to reduce either the volume or toxicity of waste requiring disposal."[8]
Although this definition will be used throughout this paper, it should be noted that a
1986 Office of Technology Assessment publication defines waste reduction to be
synonymous with source reduction.[9]

Source reduction, which is the preferred approach to waste minimization, is "any
activity that reduces or eliminates the generation of hazardous waste at the source,
usually within a process."[2] The five approaches to source reduction are: 1) the reuse
of potential waste within existing operations, 2) changes in the basic technology and
equipment of production, 3) better plant management or housekeeping, 4) changes in
raw materials, and 5) changes in design, composition, or specifications of end
products.[4,9,10]

Recycling, which is the waste minimization approach that should be used when all
source reduction possibilities have been exhausted, is the use, reuse, or reclamation of
waste material. "Use and/or reuse involves the return of a waste material either to the
originating process as a substitute for an input material, or to another process as an

input material...Reclamation is the recovery of a material from a wastestream."[11]
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Treatment is any process that reduces the volume, toxicity, or mobility of a waste
prior to storage or disposal.[8] It includes the destruction, detoxification, and
neutralization of wastes into less harmful substances.[2] Some of the most common
treatments used in a waste reduction program are the incineration of used oil for energy

recovery (volume reduction) and the neutralization of battery acid (toxicity reduction).

2.2. Establishment of a Waste Reduction Program

According to EPA’s Waste Minimization Opportunity Assessment Manual the

establishment of a waste reduction program involves four major phases: planning and
organization, assessment, feasibility analysis, and implementation.[2,4]

Although the planning and organizational phase requires the least amount of
technical ability, it is the most crucial phase since the next three phases will not exist or
succeed without its success. It includes getting management commitment, setting goals,
and organizing the program task force.

The assessment phase builds the foundation of the entire waste reduction program.
It includes the collection of data, prioritization and selection of assessment targets,
selection of people for assessment teams, review of data énd inspection of site,
generation of waste reduction options, and screening and selection of options for further
study. Data collection provides detailed information on waste streams (types and
amounts of raw materials used, types and amounts of wastes generated, operations
producing wastes...). In addition to providing the basis for the development of waste
reduction options, this data allows the prioritization of waste streams and operations to

be assessed in the event that time or money limitations prevent the assessment of all
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waste streams. The program task force is then divided into teams that each concentrate
on a particular waste stream or operation. After studying the written descriptions of the
facility’s operations, the task force visits the facility to verify documentation and collect
any additional information needed to generate waste reduction options. Team members
can then apply previous experience, training, and technical literature to generate waste
reduction options based. These options are then studied to identify the ones that offer
the best waste and cost reduction potential. This screening process rates options by
considering characteristics such as ease of implementation and preferability according to
the order of the pollution prevention hierarchy.

Options that pass screening then enter the feasibility analysis phase. This phase
includes technical and economical evaluation and selection of options for implementation.
The technical evaluation involves consideration of worker safety, product quality, space
availability, compatibility with present operating procedures, utility availability, production
interruption, special operating skill requirements, service acceptability, and creation of
other environmental problems. If the option does not require a large financial or time
investment, the option can simply be temporarily implemented to evaluate the effects
described above.  Otherwise, careful study must be given the option before
implementation. The economic evaluation involves the calculation of such parameters
as payback period, return on investment, and net present value. After these evaluations
are completed, the best option for each waste stream is chosen and recommended.

The implementation phase involves four final steps: justification of projects and
obtainment of funds, installation of equipment, implementation of processes, and

evaluation of project performance. Some recommendations may not be implemented due
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to the failure to obtain needed funds. Successful implementation requires that personnel
be properly trained (i.e. to perform new processes or operate new equipment). Finally,
the success of the various implemented recommendations should be evaluated in order
to decide which options will be most successful for future waste reduction projects.
These four steps can be more easily accomplished through the use of several forms
developed by the Environmental Protection Agency (EPA) and illustrated in the Waste

Minimization Opportunity Assessment Manual.[2,4]

2.3. Air Force Waste Reduction Studies

The Hazardous Waste Remedial Actions Program (HAZWRAP) possesses a number
of documents that report on waste reduction studies performed at military bases. A
portion of these documents, referred to as waste minimization reports, report on waste
reduction studies at Air Force bases. Because recent environmental legislation has
redefined many regulatory terms (as described previously), the contents of these reports
would presently be more correctly reflected by the term waste reduction. Various
consulting firms performed the studies and wrote the reports. Although this has resulted
in slightly varying report formats, the contents of the reports are basically the same.
These reports contain five major types of information: 1) a description of the regulatory
need for waste reduction, 2) a description of the establishment of the waste reduction
program, 3) a description of the installation under study, 4) an overview of waste
reduction techniques, and 5) a presentation of findings.

The description of the regulatory need for waste reduction concentrates on relative

sections of the Resource Conservation and Recovery Act and Amendments (RCRA); the
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Clean Water Act (CWA), the Water Quality Act (WQA); the Comprehensive
Environmental Response, and Compensation, and Liability Act and Amendments
(CERCLA); and proposed legislation that is not yet law. This documentation thoroughly
reviews the legislation that encourages the performance of waste reduction. Because this
legislation is very dynamic, much of this information is now outdated in the earlier
reports. It is an important section, though, because differences in regulatory status may
explain differences in types of recommendations made with respect to time.

The steps taken to establish the base’s waste reduction program are both summarized
and described in detail. Although the steps are not specifically arranged according to
the four phases described in Section 2 of this chapter, they obviously follow the basic
concepts described there.

The planning and organization phase involves the development of a project work
plan which describes the objectives, procedures, schedule, deliverables, and participants
to be included in the program.

The assessment phase is different from the description in Section 2.2 in that, because
the entire base is studied for waste reduction, the prioritization of operations or waste
streams to be assessed is not performed and there is no mention of the establishment
of teams to evaluate specified processes. Data collected includes the study of the
Installation Restoration Program (IRP) Phase I Reports (which report on the conduct
of "inventories which would identify and assess past disposal practices and sites"), the
Used Solvent Elimination Program Plans, available waste stream characterization
documentation, spill plans, and base maps. The collection of this data could include the

review of as many as 29 documents, the interview of as many as 11 personnel, and the
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investigation of as many as 11 waste generation areas. While some of this data can be
collected prior to seeing a base, much of it will be collected during the initial site visit.
Following this visit, the team will generate a number a waste reduction options (usually
several options for each waste stream).

At this point, the team will perform a market analysis to find out what technologies,
systems, and services are available to the base. With this information, they perform a
simple feasibility analysis on the options. After a follow-up visit (necessary to conclude
the feasibility analysis), the team submits, revises, and resubmits a report containing the
waste reduction recommendations.

Although the actual implementation of the recommendations is the responsibility of
base personnel, the team will provide guidelines and training to help ensure successful
implementation. The guidelines are. presented in a written document containing
directions on how to implement, manage, and evaluate the waste reduction program.
It also contains directions on how to establish a waste reduction program (as described
above).

The description of the base under study includes physical, historical, and functional
information. The physical information includes the specification of the base location,
size, and boundaries. The historical information includes the dates of major construction
and a chronological listing of the types of missions carried out at that base. The
functional information describes the types of aircraft used at that base, how it is used
and what maintenance is performed on it. Also included is a description of the use of
and maintenance on support equipment (such as vehicles and aerospace ground

equipment).
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The overview of waste reduction techniques includes definitions and descriptions of
source reduction, recycling, and direct waste treatment and the hierarchy that should
be followed in applying these technologies. Because of the dynamic nature of legislation
concerning environmental protection, many of the definitions and descriptions in these
reports are dependent on the date on which the report was written.

The bulk of this report contains the presentation of the waste reduction team’s
findings. Initially, the report stresses the importance of both institutional and technical
approaches to a waste reduction program. Institutional recommendations include the
involvement of all levels of management (from top management to shop technicians), the
development of a waste tracking and reporting system, the creation of program
evaluation criteria, and the demand of periodic and frequent status reporting. Also
described are potential institutional obstacles and suggested institutional incentives that
will help overcome such obstacles. The rest of this presentation describes the technical
approaches suggested by the team. Groupings of similar processes performed at various
locations on the base (referred to as shops) are described in separate sections. Each
section contains a description of the processes performed in that shop, the types and
amounts of waste generated by each process, and, for each type of waste, an analysis of
the possible waste reduction options, a recommendation of the option judged to be the
best (based on a number of considerations), and an estimation of the amounts of waste
reduction and cost savings that would result from the successful implementation of this
recommendation. If the recommendation requires some capital investment, the amount
of the investment is estimated and the reader is referred to an appendix which contains

a detailed economic analysis of the investment. At the end (and sometimes at the
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beginning) of the report, there is a summary table which contains, for each process, the
recommendations made, the potential waste reduction and potential cost savings resulting
from the implementation of that each recommendation, the required investment and
estimated payback period, and a brief note describing the other benefits related to the
implementation of the recommendation. Although the processes and waste streams
found at the Air Force bases are often very similar, the recommendations made for these
similar waste streams vary because of variations in state laws, local market availability,
weather conditions, personnel preferences, existing base capabilities, and the personal

preferences of the waste reduction team.[12-23]

2.4. Financial Studies

Although many financial studies associated with waste reduction are probably
available, the two discussed here describe methodologies to 1) predict the savings
associated with the implementation of a waste reduction option and 2) prioritize waste

minimization options in order to optimize the benefit obtained on an investment.

24.1. Benefit Assessment Methodology: A draft copy of the Environmental

Protection Agency’s Pollution Prevention Benefits Manual describes a methodology for

summarizing the benefits expected from a waste reduction program. The methodology
calculates savings by comparing the current costs with the estimated cost after
implementing each waste reduction recommendation. The costs are separated into four
tiers, according to the source of the cost. Tier 0 includes usual costs such as labor,

equipment, raw materials, disposal, and energy costs. The manual refers the reader to
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the Waste Minimization Opportunity Assessment Manual for guidance on waste reduction
assessment. It then provides a worksheet and instructions for calculating the difference
between the current and post-reduction costs. This difference is the savings referred to
in the reports described in the previous section. Tier 1 includes hidden costs such as
monitoring/testing, training, inspection, and other regulatory costs. This cost is not as
obvious to generators as the costs in Tier 0 because they are often charged to overhead
rather than to the departments actually producing the wastes. The first step in
estimating these costs requires the completion of a questionnaire to determine the
regulatory status of the facility (both currently and after reduction). This questionnaire
includes consideration of RCRA, CERCLA, SARA (Superfund Amendments
Reauthorization Act), CAA, CWA, and OSHA (Occupational Safety and Health Act).
Once regulatory status is established, hidden expenses and capital costs required to
comply with each of the regulations considered in the questionnaire can be estimated for
both current and post-reduction operations using tables supplied in the manual. The
costs associated with each of the regulations are summed for each of the 18 categories
listed in the worksheet. These values are then entered into the worksheet and set aside
for later use. Tier 2 includes potential liability costs which consider the fines and
penalties associated with non-compliance and other liabilities referred to as future
liabilities. The estimation of the potential cost of penalties and fines involves the
identification of all regulations and requirements for which the facility could be fined for
non-compliance and the use of both statistics on recorded penalties and fines (given in
the manual) and data on the facility’s record for penalties and fines. Estimation of

future liability involves the identification of all activities to which future liability can
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attach and the prediction of expected liability using 1) data on claims, awards and
settlements in known liability cases; 2) estimates of the year in which the liability might
be incurred; and 3) estimates of the percentage of the liability that the facility would
have to pay (in case other facilities might have to share the responsibility for future
problems). Liabilities associated with treatment or storage in tanks, transportation,
disposal in landfills, and any other possible sources of liability are then entered into a
worksheet and saved for future use. Tier 3 involves the qualification and quantification
of less tangible benefits. The first step is to decide weather or not the reduction action
will strengthen consumer acceptance, employee/union relations, and/or the corporate
image. The second step is to translate these changes into a dollar amount. Again, these
estimates are entered into a worksheet and saved for later use. The evaluation of these
three tiers in the waste reduction reports discussed above will be discussed later.

The data in these worksheets can then be used to calculate three financial indicators;
the net present value, the internal rate of return, and the annualized cost savings. The
net present value is the present value of the annualized cost savings over the project
lifetime. The internal rate of return is the expected long-term return on an investment
in a waste reduction program. The annualized cost savings is the equal amounts of
dollar savings (or losses) expected every year over the lifetime of the project. To
evaluate the economic feasibility of the project, these three indicators are compared to

the financial criteria given in the manual.[24]

242 Optimization Methodology: In a publication on waste reduction project

evaluation by Sandia National Laboratory, a methodology is developed to evaluate and
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prioritize waste minimization proposals. This methodology is needed by the Department
of Energy to apply to the number of DOE facilities around the country needing funds
to implement proposed waste minimization activities. The methodology evaluates
proposed activities on the basis of 5 major criteria: 1) economic feasibility, 2) effects on
environmental, safety, and health issues, 3) effect on operational issues, 4) effect on
intangibles, and 5) technical risk. Each of these criteria are further broken down into
3 or 4 more detailed levels. Each criteria level contains questions with 5 possible
answers which are assigned an integral value from 1 to 5 (1 for little or no benefit, 5
for the most benefit possible). The methodology consists of a total of 50 questions. A
complex system of weighting factors is developed to make the methodology sensitive to
the relative importance of various criteria. The proposed activity obtains a final score
when all 50 questions for a proposed activity are answered and the system of weighting
and summing is applied to the numerals representing each answer. This methodology
is applied to all proposed activities so that, in the end, each proposal has a numerical
score that reflects the amount of benefit associated with its implementation. A linear
programming technique is then used to compare the waste minimization budget with the
costs and scores of the proposed activities to choose the group of proposed activities
that should be funded in order to achieve the most benefit with the funds available.
(Note, this does not mean that the activities chosen are necessarily those with the
highest individual scores.) Finally, the choices are reviewed by waste minimization

experts to verify that the methodology has not produced erroneous results.[25]



2.5. Need for Additional Work

The financial models and assessment guidelines described above can be very helpful
to an environmental engineer or consulting firm who has been hired to perform a waste
reduction study at a facility. But, since the Air Force waste reduction studies described
above each cost approximately $65,000 to $112,000, there is a need for information that
can show Air Force officials whether or not the benefits of a waste reduction program
justify the cost of expert advice. Although this type of information is available in the
waste reduction reports, it is not in a form that can either be readily translated into a
measure of benefit or applied to a base with a different mission or size. Therefore, it
would be very helpful to collect the information from the reports, analyze it, and
transform it into a form that can be easily understood and quickly applied to various
bases. Consultants have currently completed only 20 to 25 waste reduction studies at
US. Air Force bases for HAZWRAP and the U.S. Air Force currently consists
approximately 100 Air Force bases and stations.[26] Therefore, the availability of
information could help to accomplish waste reduction at the remaining Air Force bases

is very desirable.




DATA COLLECTION

The waste information that an Air Force base has available from waste management
records is the amount of annual waste production and the disposal cost for each type
of hazardous waste. The estimated results that Air Force officials are most interested
in are 1) the potential annual reduction in waste that must be disposed of, 2) the annual
cost savings associated with this reduction, 3) the amount of capital investment required
to implement the waste reduction program, and 4) the payback period that would result
from the estimated annual savings and the capital investment. This information need to
be collected from past waste reduction activities to present to generators to help them
decide whether or not the cost of hiring waste reduction experts is justified by the
results. The annual waste production and disposal cost data must be collected in order
to look for correlations between this known information and the 4 waste reduction
results listed above. Much of this information is available in the HAZWRAP waste
reduction reports described in the Literature Review. Table 3.1 contains information on
the 12 Air Force bases whose waste reduction reports were used for data collection.
These 12 reports are the only waste reduction reports that were available at the time
that the data collection was performed. A report that has been completed since the data
collection was performed was used as a source of data for use in the test case. Other
reports are presently being written. The command (in Table 3.1) that the base belongs

to describes the mission of that base, which, to some extent,



Table 3.1. Air Force bases used for data collection.

COST OF DATE OF

COMMAND BASE STUDY! STUDY? CONSULTANT®
Strategic Air Barksdale $111,679 Jan. 1990 1
Command Beale $89,447 Oct. 1989 2
Carswell $96,000 Oct. 1989 3
Castle $94,040 Jan. 1990 2
K.I1.Sawyer $65,517 Sep. 1989 2
Loring $73,000 Apr. 1989 4
Plattsburgh $68,653 Feb. 1989 2
Air Training Keesler $100,000 Dec. 1988 2
Command Lowry $100,000  Dec. 1988 1&2
Randolph $100,000  Dec. 1988 1&2
Military Airlift Charleston $91,400 Jul. 1989 2
Command Hurlburt $87,500 Sep. 1990 2

' Cost estimates for all SAC bases except Carswell [7]. Cost estimate for Carswell
[27]). Cost estimates for the 3 ATC bases are estimates. More exact figures for
three bases were not available.[28] Cost estimates for MAC bases [26].

2 [12-23]
firm that performed the study and wrote the report. Each number (1 through 4) refers
to a different consulting firm.

As described in the Literature Review, these reports are divided into sections by
groupings of related processes (generally known as shops). For example, the shop
referred to as Vehicle Maintenance at most Air Force bases performs both automotive
body maintenance (such as painting) and engine maintenance (such as oil and antifreeze
changes). Each of these sections begins with a description of the processes performed
at the shop and continues with sub-sections describing waste generation, waste reduction

options, and waste reduction recommendations.

Annual waste production data were collected from the waste generation sub-dictates
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the processes performed there. The consultant column refers to the consulting section.
These data were recorded in either gallons or pounds per year, depending on how the
writers recorded it in the reports, for each type of waste produced by that shop. Since
most wastes are liquids, most waste production data are given in gallons per year. The
reports list the production of most solid hazardous wastes, such as filters or aerosol
cans, in units of pounds, though.

Estimates on potential annual waste reduction and the resulting cost savings are
made in either the options or the recommendations sub-section, but most often in the
recommendations sub-section. The recommendations sub-section analyzes the options,
recommends the best one, and evaluates the potential annual waste reduction and the
resulting cost savings for that recommendation. The potential annual waste reduction
was recorded in either gallons or pounds per year (depending on which units its
corresponding production rate was recorded in) and cost savings was recorded in dollars
per year.

In order to minimize the investment required to implement a waste reduction
program, most recommendations involve process or material changes or the reuse of a
potential waste. Occasionally, though, an equipment change is necessary to significantly
reduce waste production rates. If a recommendation involves an equipment purchase,
the estimated cost of that equipment is often presented in either the options or
recommendations sub-section. In those cases in which the recommendation obviously
requires an investment but no estimate was given, the estimated cost was obtained by
contacting the writers of the report, who were consistently able to provide the

information.
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Once annual cost savings and capital investment data were collected, payback periods
could be calculated. Although this information is sometimes available in the reports, its
calculation is not always performed in a consistent manner. Therefore, the payback

period was initially calculated for data collection as:

Payback Period = _Capital Investment 3-1)
Annual Cost Savings

However, the performance of a more complex economic analysis, which is specified in

the Naval Facilities Engineering Command Economic_Analysis Handbook, produced
payback periods that were, in some cases, considerably larger than those produced by the
use of equation 3-1. Therefore, all of the payback periods were re-calculated according
to the following procedure (which is that procedure specified in the Naval Facilities

Engineering Command Economic Analysis Handbook). The Handbook defines a savings

to investment ratio (SIR) as:

SIR = __NPV (savings) (3-2)
NPV (investment)

where the NPV (savings) is the net present value of the annual cost savings and the
NPV (investment) is the net present value of the capital investment (which in this case
will be simply the initial capital investment since later predicted investments were
considered as operating costs and subtracted from the savings). The NPV (savings) is

calculated as:

NPV (savings) = annual savings * uniform series discount factor (3-3)




20

This equation can only be used when the annual cost savings is uniform and the savings
begins at approximately the same time that the investment is made. Since the payback
period is the time required for the NPV (savings) to equal the NPV (investment), the
uniform series discount factor (USDF) corresponds to the payback period when the SIR
= 1 (see equation 3-2). Therefore, the following equation can be used to solve for the
uniform series discount factor:

USDF = _NPV (investment) (3-4)
annual cost savings

This USDF value can then be compared to a table in an appendix to find the
corresponding payback period.[29] Since the USDF never corresponded exactly to an
even year, linear interpolation was used to find a more exact estimate of the payback

period. The following is an example of this procedure.

Exampie 1: The first database entry (see Appendix A), which is for Loring Air
Force Base, provides an annual cost savings of $30182/yr and requires a capital
investment of $65955. Using equation 3-1, the payback period for this
recommendation is 2.185 years. Using equation 3-4, the USDF = 2.185. From
Appendix C in the Economic Analysis Handbook, USDF for 2 year and 3 year
payback periods are 1.736 and 2.487, respectively. Linear interpolation can be used

as follows to solve for a more exact estimate of the payback period:
payback period = 2 yrs + 1 yr * (2.185-1.736)/(2.487-1.736) (3-5)

This calculation results in a payback period of 2.598 years (about 16% different

from the 2.185 years that resulted from the simple analysis).
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The largest difference that the change in the payback period calculation made was from
the simple method result of 8.54 years to the complex method result of 20.23 years (for
Castle Air Force Base.)

At the end of most of the reports is a table that summarizes all of the information
described above. Occasionally, entries in this table were found to be in conflict with
corresponding information presented elsewhere in the text. These conflicts were results
of writers correcting data in one place and failing to correct it throughout the report.
Again, the report writers had to be contacted to resolve these conflicts.

Writers also had to be contacted to resolve questions about technical orders (TO’s).
TO’s are military orders that specify that a process be carried out in a particular way or
using a particular material. These TO’s may prevent the implementation of an option
calling for a procedural change or material substitution. In some cases, review of the
option resulted in the conclusion that quality control would not be compromised by the
implementation of it. In such cases, the TO’s were in the process of being changed to
accommodate the implementation of the waste reduction option. In other cases, review
of the option led to the conclusion that, in order to preserve the quality control of the
operation, the TO could not be changed and, therefore, the option could not be
implemented.[28] The report writers revealed which TO’s could (and would) be changed
and those that could not.

In order to analyze the data, annual waste production and reduction data needed
to be in a uniform set of units. As mentioned above, the majority of this data was
collected in units of gal/yr and only a few pieces of this data were collected in units of

pounds/yr. In fact, only 13 types of waste were recorded in pounds/year. Therefore, to
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minimize the work and the error introduced by using conversion factors, an effort was
made to convert those data collected in pounds/yr into units of galfyr. To get a uniform
set of units, factors to convert from pounds to gallons for each type of data were
searched for from the waste reduction reports, the report writers, and other technical
handbooks. These factors were found for 8 waste streams (see Table 3.2).

Table 3.3 shows the 5 waste streams for which no conversion factors were found.
Data for these waste streams were excluded from analysis. While this exclusion
introduced some error into the analysis, the error is minimum since the number of waste
streams excluded is small.

It should be noted that many of these conversion factors are rough estimates and
may introduce some error into the data collection, but the error introduced by the
conversion factor will be much less than the error introduced by excluding the data from
analysis completely.

During analysis of cost savings data, it was found that waste disposal costs were
needed to account for variations in cost savings values among bases. Although much of
this information was included in the waste reduction reports, a great deal of it was not.
These missing data could have been provided by the consultants that wrote the reports
if it had been requested while the report was being written. The consultants did not
retain this data after submission of the final report, though. Therefore, when the waste
disposal cost was not available for a waste stream, it was estimated from waste disposal
costs for similar waste streams at that base or at another base whose known disposal
costs were similar to those for the base for which data was being collected. Notes

corresponding to the data listed in Appendix A identify those waste disposal costs that
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Table 3.2. Approximate unit conversion factors.

WASTE STREAM CONVERSION FACTOR
Aerosol Cans 100 cans = 55 gal'
Abrasive Waste 325 Ibs = 100 gal’
Absorbent 200 Ibs = 55 gal'
Batteries (lead) 1 casing = 1 gal’

or 30ibs =1 gal’
Filters 294 lbs = 1 gal
Mercury 113 Ibs =1 gal’
Refrigerant 11.1 Ibs = 1 gal®
Shop Rags 1b  =1gal

Approximation [15]

?  Found by comparing disposal costs at Beale ($1.00/lb) and Charleston (§3.25/gal)
and assuming that the disposal costs should be equivalent if the units are
equivalent. Because units vary from base to base, though, some error was probably
introduced by this assumption.[13,22]

Approximation [30]

Also found by assuming disposal costs ($/Ib and $/gal) at different bases were
equivalent. More error might also have been introduced by assuming that all
filters are made of the same material (equal densities). [12,19]

%7 [31), [32], [12], respectively

Table 3.3. Wastes for which no conversion factors were found.

WASTE PRODUCTION REDUCTION SAVINGS
STREAM BASE (LB/YR) (LB/YR) (3/YR)
Asbestos Loring 10806 0 4332
Freon Gas

Tanks Castle 200 0 0
Pads/Oil Loring 1735 1735 800
Sodium

Hydroxide Loring 800 800 320
Superoxide

Cartridges Keesler 420 340 700




were estimated and where the estimate was obtained.

The data were not changed to account for the date on which the report was finalized
because the finalization dates range only from December of 1988 to September of 1990
(see Table 3.1). Therefore it was assumed that the economic changes over such a
relatively short period of time would have little effect on the data.

The information described above was entered into a computer database of 552
records. Each of these records contains the following information:

a. Name of Air Force Command

b. Name of base

¢. Name of shop (process)

d. Name of waste produced

e. Volume of waste produced annually (usually for a liquid)

f. Potential annual volume reduction

g. Weight of waste produced annually (usually for a solid)

h. Potential annual weight reduction

i. Annual cost savings associated with the reduction

J- Recommendation capable of producing the stated reduction
k. Memo describing this recommendation in some detail

l. Amount of investment required to implement recommendation
m. Payback period (years)

n. Disposal cost per gallon (or pound) of waste

A complete listing of this database is presented in Appendix A.




DATA ANALYSIS

4.1. Trends in Waste Stream Data

As the data were collected, some general trends about some of the waste reduction
parameters of interest became apparent. Figure 4.1 illustrates the percentage of waste
that a particular process contributes to the base’s total annual waste production. The
center group of columns shows how the waste production is distributed for the 12 bases
in this study and the last column contains the average distribution of waste production
for the 12 bases. As the figure shows, the waste production distribution varies a great
deal from base to base. However, some general conclusions can be made from study of
this information. First, the final column identifies those shops which most commonly
produce hazardous waste. For example, those shops that produce waste at least 75%
of the bases in the study (at least 9 out of 12) are the AGE (aerospace ground
equipment), auto hobby, corrosion control, jet engine, NDI (non-destructive inspection),
vehicle maintenance, and wheel and tire shops. The second column from the right
identifies the largest waste producers, which are the corrosion control, fuels management,
and vehicle maintenance shops, as those shops that produce the largest percentage of
the waste for all 12 bases combined. Note, however, that, although the fuels
maintenance shop is one of the largest waste producers, it is not one of the most
common waste producers. Second, the chart shows that many bases have unique or

evenexclusive processes that are major waste producers (e.g. liquid fuels maintenance).
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The data for the corrosion control shop is the sum of the data from the corrosion
control and metals cleaning and treatment shops, the Lear Siegler, Incorporated (LSI)
operations, and hanger 48 painting operations (which is how the shops are listed in
Appendix A) because, although the operations are not carried out in one location, they
all perform corrosion control operations.

Figure 4.2 illustrates the percentages of potential annual waste reduction that
processes contribute to the base’s total potential annual waste reduction. This figure
illustrates trends similar to those described for the annual waste production distribution.
A quick comparison of the last 2 columns in Figures 4.1 and 4.2 shows that the
percentage of contribution and the number of bases for which that process contributes
is about the same for both annual waste production and potential annual waste
reduction. This implies that, not only are most waste streams reducible, but also that
the amount of potential annual waste reduction is proportional to the amount of annual
waste production.

Figure 4.3 contains the percentage that the waste produced by each process can be
reduced (reduction/production). Although the individual base percentages vary all the
way from 0% to 100%, the average percentage of reduction for a process (from the last
column) ranges from about 40% to 100%. NA (not applicable) is inserted where there
is no waste production and, therefore, no reduction is possible. The last column in
Figure 4.3 confirms the previous implication that, in general, most waste streams are
reducible. The proportionality between percentage contributions to annual waste
production and potential annual waste reduction by a process is explained by the high

percentages in the last column.
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Figure 4.4 presents percentages of contribution to total potential annual cost savings.
Again, the corrosion control, fuels management, and vehicle maintenance shops are the
dominant contributors. The major difference between this data and the data in Figures
4.1 and 4.2 is the appearance of some large percentages in the "ALL OTHER" category
at Loring and Barksdale. These large percentages are due to unique processed carried
out at these bases.

Finally, Figure 4.5 shows the percentage of contribution of each process to the total
capital investment required for the implementation of a waste reduction program. The
amount of capital investment listed in this figure does not include the cost of contracting
a consulting firm or hiring an environmental specialist to perform the waste reduction
study. The most obvious point of interest in this figure is that, on average, almost 80%
of the investment is required by the corrosion control shop. Individual base investment
percentages for the corrosion control shop vary from 0% to 100%, though. Because
these percentages contrast the trend in the previous figures in which the corrosion
control shop has a high percentage (but not as high as 80%) and all bases had some
percentage for the corrosion control shop (none had a zero percentage). Figure 4.6
compares investment data to production and savings data for the corrosion control shop
by itself, for the corrosion control shop and the vehicle maintenance shop combined
(since those two shops most consistently contribute to the investment), and for the base
as a whole. The figure also contains information on the contractor thatperformed the
study. At the bottom of the figure is a row labelled ’r-value.’. Robert S. Witte’s
statistics textbook describes the correlation coefficient, commonly known as the r-value,

as a value that:
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“can equal any value between +1.00 and -1.00. The sign of r indicates the type
of linear relationship, whether positive or negative, whereas the value of r, without
regard to sign, indicates the strength of the linear relationship...A value of r in
thedirection of +1.00 or -1.00 indicates a strong (highly regular) relationship, and
a value of r in the neighborhood of 0 indicates a weak (relatively irregular)
relationship."[33]

In fact, according to the Engineer in Training Review Manual (sixth edition), a good line

fit is indicated by a correlation coefficient greater than 0.85.[34] Each correlation
coefficient listed was obtained by performing a linear least squares regression on the two
columns of data above it with the investment data always being used as the dependent
variable. (For example, the first value, 0.498, is the correlation coefficient obtained by
performing a linear least squares regression of capital investment required for the
corrosion control shop on the annual waste production from the corrosion control shop.)
These comparisons were performed to search for a correlation between capital
investment and some other parameter (production and savings). Since the highest value
listed, 0.621, is less than the 0.85 required for the regression to be considered a good
fit, it can be concluded that the correlation between required capital investment and
annual waste production or potential annual cost savings for any of the three groupings
shown in the figure is poor. The figure also shows that there is no correlation between
the size of the capital investment required and the consultant that performed the study.

The large values for potential annual cost savings for the corrosion control shop
correspond to large rates of waste production but not with large values of capital

investment because the large production rates are caused by a waste stream that consists
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of large volumes of contaminated water. Water (contaminated by paint, solvent, or
stripper) can usually be reduced by a material substitution or a process change (requiring
no investment). Therefore, it might be assumed that the amount of the capital
investment would depend on the waste stream characteristics (the type of waste and how
it is produced). However, Figure 4.7 shows two waste streams (stripper and methyl ethyl
ketone, MEK) that occur under similar circumstances (both are produced by corrosion
control operations) for the 12 bases and lists the waste production rate, the capital
investment required to reduce the waste, and the type of recommendation made. For
those bases that do not have this waste stream, NA (not applicable) is entered. This
figure shows that, even for similar wastes produced by similar operations, the type of
recommendation made and the amount of investment required varies a great deal.
Comparison of stripper information for Castle and Hurlburt AFB’s also shows that the
type of recommendation made and the amount of capital investment required is not
consistent for a given consulting firm. Carswell is a unique situation in that the
recommendation at that base was to implement a base-wide recycling program for all
spent strippers and solvents. The cost of the recycling equipment was distributed among
all of the processes in proportion to the percentage of total production of that waste
that the process contributes. The recommendation to filter the methyl ethyl ketone
(MEK) at Castle AFB requires no investment because the filtration unit purchased to
reduce another waste stream can be used. Other recommendations to filter the waste
require varying amounts of capital investment because (according to the number of
stripper or solvent vats used in the process) more than one filtration unit may have to

be purchased. The cost of the filtration unit for the stripper at Hulburt was assumed
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to be approximately equal to that at Barksdale (since the recommendation is the same
and the waste production rate is approximately equal). Since different recommendations
and investments were suggested for such seemingly similar waste streams, some of the
consultants that performed many of the studies used in this analysis were consulted for
additional explanation. Discussion with these waste reduction engineers resulted in the
conclusion that the following 4 factors were the major causes of variations in capital
investments at various bases. First, the amount of waste reduction already performed
at the base affects the recommendations required to get further reduction. For example,
if many of the material substitutions and process changes have already been
implemented, more complicated equipment and technology changes may be required to
achieve an additional high percentage of reduction. Second, the equipment already
available at the base affects the amount of equipment that must be purchased. For
example, many bases use a contractor to service their solvent (parts washing) vats.
These contractors usually supply solvent vats and solvent, and then they remove the
spent solvent for recycling and replace it with fresh solvent at predetermined intervals.
Even though the contractor handles the solvent, the base is still responsible for any
liability associated with the waste solvent. Recommendations are often made to reduce
this waste stream by either material substitution, vat filtration, or burning of the waste
solvent for energy recovery. To accomplish this, the contractor service must be
discontinued and the Air Force base must purchase their own parts washing vats. Third,
the mission performed at a particular base may affect the capital investment required.
Different bases maintain different types of aircraft. In some cases, the preservation of

the integrity of quality control requires that maintenance be performed according to
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strict technical specifications. These specifications may make the implementation of
simple waste reduction options such as material substitution or process change
impossible. The alternative option may require the purchase of new equipment. Fourth,
the firm or person designing the waste reduction program may affect the amount of
capital investment required. As in any engineering design, different people evaluate the
pros and cons of various options differently. These differences in evaluations result in
differences in recommendations and, therefore, differences in capital investments.[30,35]

The observations on Figures 4.1 through 4.5 lead to the conclusion that, although
the general trends found in the last column of each figure give a good indication of the
most common process/waste reduction relationships, exceptions to these trends occur

frequently and should be expected.

42. Introduction to Mathematical Model Development

As described in section 2.2 of this paper, the first of 4 phases involved in the

estimation of a waste reduction program, planning and organization, begins with getting
management commitment. The goal of this study, described in section 1.3, is basically
to find a way to get management commitment (from Air Force base officials) by
estimating the results of performing a waste reduction study at a given base. Although
the information described above could be very useful to someone designing a waste
reduction program, more condensed information is needed to present to base officials
(who are interested in overall results rather than details). Therefore, the detailed data
described above was summed for entire bases (consisting of 12 data points) and analyzed

using statistical and graphical methods. Table 4.1 displays the data for these 12 bases.
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Since the units for annual waste production, potential annual waste reduction, and
average waste disposal cost for the wastes listed in Table 3.3 are not the same as the
units used in Table 4.1, the values for these 3 parameters for the wastes listed in Table
3.3 had to be excluded from the totals listed in Table 4.1. Although the units for
potential annual cost savings, capital investments, and payback periods for the wastes
listed in Table 3.3 are consistent with the units used in Table 4.1, the values for the
latter 3 parameters for those waste streams listed in Table 3.3 also had to be excluded
from the totals listed in Table 4.1 so that the analysis of correlation between various
parameters would not be affected by the exclusion of some of the data and the inclusion
of corresponding data. Table 3.3 shows that only 5 waste streams had to be excluded.
Their exclusion is justified because all 5 of the excluded waste streams are unique to
only one base and only one process. Therefore, they are not truly representative of
waste production, and therefore waste reduction, characteristics at Air Force bases. In
addition, two of the wastes, asbestos and sodium hydroxide at Loring Air Force Base,
were one time occurrences that are not products of normal base operations. As above,
values for capital investment do not include the cost of contracting a consulting firm or
hiring an environmental specialist to perform the waste reduction study.

The data in Table 4.1 has been used in the analyses described below. The result
of the study, a mathematical model, uses the input of only two parameters, annual waste
production (gal/yr) and average waste disposal cost ($/gal), in order to estimate potential
annual waste reduction (gal/yr), annual cost savings ($/yr), capital investment (§), and
payback period (yrs). Although additional input parameters such as feedstock costs

might make the results more accurate, their collection would result in a much larger time



Table 4.1. Summary of waste reduction data collected as sums for each
of the twelve bases in the study. [12-23]

0] an am av) ™ v
AVG.
PRODUCTION/ CAPITAL PAYBACK DISP.
BASE REDUCTION SAVINGS INVEST. PERIOD COST
NAME (GAL/YR) ($/YR) ) (YRS) ($/GAL)
LORING 65734/
60377 106670 73530 0.76 0.6504
K.LSAWYER 121157/
105046 514915 11950 0.03 42558
PLATTSBURGH 81300/
62124 311698 4550 0.02 55313
BARKSDALE 40732/
9789 54157 21277 0.43 1.1878
BEALE 122128/
107491 300805 13444 0.05 2.6504
CARSWELL 32561/
29500 286306 30000 0.12 9.6130
CASTLE 42662/
30581 112799 31889 031 33264
LOWRY 15679/
4418 44918 54751 137 0.7542
RANDOLPH 86188/
52684 497529 156676 035 9.0609
KEESLER 49154/
43106 99785 37200 041 1.2428
CHARLESTON 55723/
48238 243934 2800 0.01 4.9540
HURLBURT 24648/
12920 25941 28245 121 1.6727
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investment, destroying the simplicity which is one of the project goals. The development

of the relationships capable of making these predictions is described below.

4.2.1. Potential Annual Waste Reduction Prediction: The equation for predicting
the potential annual waste reduction was developed by plotting annual waste production
vs. annual waste reduction for the 12 bases (column I of Table 4.1) and performing a
linear least squares fit to obtain the equation of the line that best fits the data by
minimizing the sum of the residuals squared. (A residual is the difference between the
predicted value of the dependent variable and the actual value of the dependent variable
for a given value of the independent variable.)[36] This statistical analysis produces the
equation of a line of the form:

PAWR = C, + C, * AWP (4-1)
where AWP (annual waste production, galfyr) is the total volume of hazardous waste
that a given base disposes of annually, PAWR (potential annual waste reduction, gal/yr)
is the amount by which the given annual production can be reduced by implementing a
waste reduction program, C, is the y-intercept of the line, and C, is the slope of the line.
Known values for annual waste production and potential annual waste reduction were
entered into a computer program (STATGRAPHICS) and the program solved for the

values of C, and C,. This operation produced the following equation:

PAWR = -9473 + 0.9218 * AWP 4-2)

After collecting annual waste production data, a base could use this easily solved

equation to estimate potential annual waste reduction that would result from the
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performance of a waste reduction study. The regression line and the raw data are
shown in Figure 4.8. STATGRAPHICS calculated a correlation coefficient (r) of 0.962
for this line fit. As stated previously, a correlation coefficient near 1.00 (above 0.85) is
considered a significant correlation. STATGRAPHICS also calculated standard errors
on the values of C, and C, of + 5,814 and + 0.0830, respectively, and the standard
error on the estimate (which in this case is potential annual waste reduction) of
+ 9,653 galyr. The dashed lines in Figure 4.8 represent the 95% confidence limits.
These bands are produced by a frequency analysis (done internally by STATGRAPHICS)
and mean that as future data points are plotted on the graph, 95 out of 100 of the data
points should fall between the 95% confidence limits.[36] Figure 4.8 shows that the
95% confidence bands are closest together at the average production rate of 61,472
gal/yr and gradually spread further apart on each side of this value. At the average
production rate of 61,472 galfyr, the confidence bands are closer together than the
standard error on the potential annual waste reduction estimate of + 9,653 gal/yr and
slightly farther apart than the sample standard deviation near the edges of the graph (as
production rates approach 0 and 150,000 gal/yr). Therefore, although + 9,653 galfyr can
be used as the standard error on the potential annual waste reduction estimate (gal/yr),
use of the confidence bands on the graph provides a better estimate of the amount of
error an estimate will contain depending on where the estimate occurs on the regression
line. (Plotting the sample standard deviation on the graph would produce two straight
lines, one on each side of the regression line, that are 9,653 galfyr different from the y-
value for any given x-value. If additional data points were then plotted on the graph,

more points would fall outside of the deviation bands near the edges of the graph than
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Figure 4.8. Linear regression of potential annual waste reduction on annual waste
production. PAWR = -9473 + 0.9218 * AWP, r = 0.962.
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near the average.) The fact that the regression line intersects the x-axis at approximately
10,000 gal/yr rather than passing through the origin may imply that a minimum annual

waste production rate of 10,000 gal/yr is necessary to realize a cost significant reduction.

4.22. Potential Annual Cost Savings Prediction: The potential annual cost savings
resulting from a waste reduction study are caused by several contributing factors. Almost
all waste reduction actions lower (or eliminate) the cost of waste disposal. Costs
associated with raw material or equipment purchase change only for some waste
reduction activities, and, when they do change, they may increase as well as decrease.
Therefore, the change in the costs for purchase of raw materials and operating
equipment can be assumed to have little affect on the base’s overall cost savings (since
1) the increases and the decreases will significantly compensate for each other and 2)
the cost change for either of these categories is very small compared to the change in
the disposal cost). These 3 types of costs all fall under the Tier 0 category described
in section 2.4.1 (labor, equipment, raw materials, disposal, and energy costs).

The type of waste being disposed of determines, to a large extent, the magnitude
of the disposal cost. Therefore, two bases with the same waste production rate may
have very different disposal costs because the wastes that they produce are different.
The calculation of an average waste disposal cost for a base ($/gal) would illustrate how
much, on average, a base pays to dispose of a gallon of waste. The average waste
disposal costs for the bases in the study were calculated as follows:

Z(DC*AWP)

AWDC = (4-3)
AWP,
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where i represents individual waste streams, AWP; is annual waste production of the ith
waste stream in galfyr, and DC, is disposal cost per gallon of the ith waste stream in
$/gal. As shown in Table 4.1, the average waste disposal cost for the twelve bases studied
varied from $0.65/gallon to $9.61/galloh. Although variation in the types of waste that
a base disposes of is partially responsible for the rather large variation in average
disposal costs, another factor is also partially responsible. The waste disposal agreement
made between the generator (the Air Force base) disposer (in this case the Defense
Redistribution Marketing Office, DRMO, who handles most of the hazardous waste
produced by Air Force bases) varies depending on the disposal facilities available and
the date on which the contract was agreed upon (since disposal cost are rising so
quickly). In addition to the these two factors, the assumptions made in the waste
reduction reports affect the amount used for disposal cost in the reports. The factors
mentioned above affect the actual disposal cost but, in the reports, many writers add
to the actual disposal cost an additional cost to account for the labor and handling costs
encountered before sending the waste to a disposer. All of these factors combine to
cause the large variation in average waste disposal costs seen in Table 4.1. So, assuming
that the operating cost a base encounters for producing a hazardous waste is mostly due
to waste disposal, the operating cost ($/yr) can be calculated by multiplying annual waste
production (gal/yr) times the average waste disposal cost ($/gal). It follows that the
potential annual cost savings can be calculated as:
PACS = PAWR * AWDC (4-9)

where PACS is the potential annual cost savings ($/yr). When equation 4-4 was used

to estimate the potential annual cost savings and the estimates were compared to the
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actual values of potential annual cost savings, the standard error was calculated as
+ $298,926/yr using the following equation:
S((ACT, - EST,)

S, = (4-5)[36]
(n-2)

This standard error is large (58% of the largest and over 1000% of the smallest cost
saving listed in Table 4.1) because an estimate (potential annual waste reduction with
it’s own standard error) was used to estimate the potential annual cost savings. But,
since the annual waste production data is directly correlated to the potential annual
waste production (presented in the previous section), annual waste production (gal/yr)
time average waste disposal cost ($/gal) should correlate with annual cost savings.
Therefore, a linear least squares fit was performed to, again, produce an equation with
the form:

PACS = C, + C, * AWP * AWDC (4-6)

Known values of annual waste production and average waste disposal cost were
multiplied (resulting in the total cost of waste disposal for a base before the
implementation of waste reduction options) and entered into the STATGRAPHICS
computer program along with known values of potential annual cost savings, and the
program solved for the values of C, and C,. This process produced the following

equation:

PACS = 47336 + 0.6757 * AWP * AWDC 4-7)
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By collecting only two types of information, annual waste production waste disposal
costs, a base can use equations 4-4 and 4-8 to estimate the potential annual cost savings
that would result from the performance of a waste reduction study. STATGRAPHICS
calculated a correlation coefficient of 0.953, standard errors on C, and C, of + 23002
and + 0.0677, respectively, and a standard error of the estimate (potential annual cost
savings) of + $53,863/yr. This standard error is only 10% of the largest and 200% of
the smallest cost savings listed in Table 4.1. Although 200% is a relatively large standard
error, it is a large improvement of the 1000% stated above. The data, the regression
line and the 95% confidence bands are shown in Figure 4.9. Although the correlation
coefficient is very good, the standard error is high because the values of potential annual
cost savings are often very high (see Table 4.1). But, again, the use of the confidence

bands will provide a better idea of the error for a particular estimate.

423. Capital Investment Prediction: Several efforts were made to find an
accurate way to predict the capital investment that would be required for a base to
perform a full-scale waste reduction program. These efforts include the analysis of
relationships between capital investment and the consulting firm performing the waste
reduction study, annual waste production, potential annual cost savings, and waste
production and cost savings from various shops such as corrosion control and vehicle
maintenance (see Figures 4.6 and 4.7). As discussed in section 4.1, these efforts failed

to produce any correlation that could be used to predict the capital investment. Section
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4.1 also discusses the reasons for the variation in capital investment estimates. But,
since the amount of the capital investment is rarely much larger than the annual savings,
it can generally be said that the investment will usually be approximately equal to or less
than the annual savings (see Table 4.1). Below are some statistical analyses of the data,
though, which may provide a better description of the data distribution.

The average capital investment for the 12 bases in the study was found to be
$38,859 with a standard deviation of + $42,356. Table 4.1 shows that one base,
Randolph Air Force Base, requires a much larger capital investment than any of the
other bases. (The next highest required capital investment is $73,530 for Loring Air
Force Base.) Randolph Air Force Base is also different from other bases in that almost
98% of its waste is produced by corrosion control process.(See Figure 4.1) (The next
highest percentage is 52% for K.I. Sawyer.) A linear regression of capital investment
on percentage of waste production contributed by the corrosion control shop produced
a correlation coefficient of 0.672. Since this value is considerably less than 0.85, which
indicates a good correlation, the regression equation (which, again, would be the
equation of a line) should not be used for the prediction of capital investment values.
When the outlier (Randolph Air Force Base) was excluded from the mean calculation,
the resulting mean investment was $27,240 with a standard deviation of + $21,466. The
large values for standard error imply that the scatter of data about the average is great.

Perhaps a better way analyze the data is by its distribution. Of the capital

investment values listed in Table 4.1, the two middle values are $28,245 and $30,000.
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Therefore, the median ("a value which is greater than half the variates and less than the
other half") [37] is calculated as:

median = ($28,245 + $30,000)/2 (4-8) [37]

This calculation results in a median value of $29,123. A value called skewness is used

to describe a frequency distributions lack of symmetry.[34] This value is calculated as:

skewness = 3 * (mean - median) (4-9) [34]
s

where s is the sample standard deviation. Using equation 4-9 and the mean for all of
the capital investment values (outlier not excluded), the skewness for the median value
of capital investment is 0.690. A skewness value of 0 means that the distribution is
symmetric about the mean, a positive value indicates a long tail on the right side of the
mean, and a negative value indicates a long tail on the left side of the mean.[37]
Therefore the value of 0.690 indicates that the distribution is "skewed" toward the right
(see Figure 4.10)

Another frequency distribution that can be used to describe the range of valuqs
for the capital investment is the mode ("a value of the variable..which occurs most
frequently”).[37] Table 4.2 shows two ways to find the mode value for the capital
investment data. The table shows that 5 out of the 12 values are between $20,000 and
$40,000. Because of the wide range of capital investment values, the mode ($20,000

to $40,000) gives the best description of the possibility of values for other bases.
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Table 4.2. Mode values for capital investment.

CAPITAL CAPITAL

INVESTMENT ($) FREQUENCY | INVESTMENT (§) FREQUENCY
0 - 10,000 2 0 - 20,000 4
10,001 - 20,000 2 20,001 - 40,000 5
20,001 - 30,000 3 40,001 - 60,000 1
30,001 - 40,000 2 60,001 - 80,000 1
40,001 - 50,000 0 OVER 80,000 1
50,001 - 60,000 1

60,001 - 70,000 0

70,001 - 80,000 1

OVER 80,000 1

4.24. Payback Period Relation: The minimum and maximum values for payback
periods on the capital investment (not including the cost of the waste reduction study
itself) were found to be 0.0115 and 1.2189 years, respectively (see Table 4.1). As shown
in Figure 4.11, only 2 of the 12 bases (17%) have a payback period greater than 1 year.
Therefore, it might generally be said that the overall payback period for a base is about
a year or less. In order to make a more accurate estimate of the payback period, use
the relationship illustrated in Figure 4.11, a non-linear curve fit of a relationship between
the product of annual waste production times average waste disposal cost (which again
results in the total cost of waste disposal for a base) and payback period. The equation

entered into the non-linear curve fit STATGRAPHICS program was:

PBP = C, * (AWP * AWDC)®

where PBP (payback period, yrs) is the number of years required for the capital
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Payback Period (yrs)

o]
Annual Waste Production * Average Waste Disposal Cost (SAr) v
Figure 4.11. Non-linear curve fit of payback period on the product of annual waste

production and average waste disposal cost (total annual waste disposal cost).
PBP = 530 * (AWP * AWDC)*?, r = 0.887.
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investment to be recovered (by the annual cost savings). The relationship that resulted

for the curve fit is:

PBP = 530 * (AWP * AWDC)*” (4-11)

The correlation coefficient was only 0.887 for the fit. Since this value is near +1, the
equation can be used in the predictive model but the confidence in the accuracy of the
results will not be as great as that for potential annual waste reduction and cost savings.
Using equation (4-5), the standard deviation using this equation is + 0.224 yrs. Study
of Figure 4.11 shows that, due to the steep slope of the line, payback period estimates
corresponding to total annual waste disposal costs (annual waste production * average
waste disposal cost) less than $100,000/yr could contain a large amount of error. For
total annual waste disposal costs greater than $100,000/yr, much of the estimation line
would produce payback period estimates less than the standard error. Therefore, a
more conservative rule to follow is that if the total annual waste disposal cost is less
than $100,000/yr, the payback period will be less than 1.5 yrs. For total annual waste
disposal costs greater than $100,000/jr the payback period will be 0.5 yrs.
STATGRAPHICS calculated standard errors on C, and C, of + 688 and + 0.133,
respectively.

Table 4.3 shows the total investment for the 12 bases (capital investment + cost
of the waste reduction study) and the corresponding payback periods (calculated using
the procedure presented in Example 1). Note that the study costs for the 3 ATC bases

are estimates (see Table 3.1).



Table 4.3. Payback periods for the 12 bases for the capital investment
and the cost of the waste reduction study combined.

TOTAL PAYBACK

COMMAND BASE INVESTMENT (§) PERIOD (YR)
Strategic Air Barksdale $132,956 1.5620
Command Beale $102,891 0.1654
Carswell $126,000 0.2584
Castle $125,929 2.9574
K.1.Sawyer $77,467 0.3763
Loring $146,530 0.4842
Plattsburgh $73,203 1.2508
Air Training Keesler $137,200 4.4432
Command Lowry $154,751 0.5675
Randolph $256,676 1.5675
Military Airlift Charleston $94,200 0.4249
Command Hurlburt $115,745 6.2084

Again, a non-linear regression was performed (payback period on the total annual waste

disposal cost) to obtain the relationship (in the form of equation 4-10) of :

PBP = 777 * (AWP * AWDC)**® (4-12)

The correlation coefficient for this curve fit was 0.775. Since this value is rather far
from +1.0, the method of prediction of the payback period for the combination of the
capital investment and the cost of the waste reduction study should be similar to that
described for the payback period for the capital investment alone. Study of Figure 4.12
shows that, due to the steep slope of the line, payback period estimates corresponding
to total annual waste disposal costs (annual waste production * average waste disposal

cost) less than $100,000/yr could contain a large amount of error. For total annual
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waste disposal costs greater than $100,000/yr, much of the estimation line would produce
payback period estimates less than the standard error of + 2.200 yrs. Therefore, a more
conservative rule to follow is that if the total annual waste disposal cost is less than
$100,000/yr, the payback period will be approximately equal to or less than 6.0 yrs. For
total annual waste disposal costs greater than $100,000/yr the payback period will be

approximately 1.5 yrs or less.

4.2.5. Computerization of Mathematical Model: The predictive equations for
potential annual waste reduction, specific annual cost savings, and payback period
(equations 4-2, 4-7, and 4-11 respectively) were entered into a spreadsheet in such a way
that the user need only to enter the annual waste production and the average waste
disposal cost in the indicated cells and the computer will calculate values for potential
annual waste reduction, annual cost savings and approximate payback period. This
computer model computes a payback period using equation 4-11 regardless of the value
for total annual waste disposal cost. Therefore, the user should be aware that a more
conservative estimate of the payback period is if the total annual waste disposal cost is
less than $100,000/yr, the payback period will be less than 1.5 yrs, and if the total annual

waste disposal cost is greater than $100,000/yr, the payback period will be less than 0.5

yIS.
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Overall Payback Period (yrs)
I
1

o

Annual Waste Production * Average Waste Disposal Cost ($/yr)

.......

Figure 4.12. Non-linear regression of total payback period (on capital investment + cost
of waste reduction study) on the product of annual waste production and average waste
disposal cost (total annual waste disposal cost).
PBP = 777 * (AWP * AWDC)*® r = 0.775.



TEST CASE EVALUATION

The relationships discussed above were tested by collecting data from a SAC base
named Offutt that was not used in the model development. The waste reduction report
from which the data were taken was completed in November of 1990 [38] and the study
cost $97489 [7]. The base totals of its waste reduction parameters are: annual waste
production = 52278 galfyr, potential annual waste reduction = 35384 galfyr, potential
annual cost savings = $93925/yr, and capital investment = $29600.[38] Using the
method illustrated in the Example 1 in Chapter 3, the payback period was calculated as
0.3467 yrs (USDF = 0.3151). A complete listing of the data for this base is located in
Appendix B. Only one waste entry for Offutt Air Force Base had to be left in units of
pounds because there was no conversion factor available. This entry was for 20 pounds
of spill residue in the fuels management shop. Since the 20 pound production could not
be reduced (and therefore produced no cost savings) and did not require any investment,
only the value for production was affected by the exemption of this waste stream.

The distribution of the percentages of waste produced by various processes
contributing to the base’s overall waste production rate are shown in Figure 5.1. As
described in the first section of Chapter 4, the corrosion control, fuels management, and
vehicle maintenance shops contribute a considerable percentage to the annual waste
production and reduction and cost savings. Processes unique to the base (e.g global

weather and aerorepair), though, are also responsible for a large percentage of the
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annual waste production and reduction and cost savings. Also notice that, as previously
noted for 9 of the 12 bases in the study, the corrosion control shop is responsible for
the majority of the required capital investment (84.5%).

To test the mathematical model developed in Chapter 4, the annual waste
production and average waste disposal cost for Offutt Air Force Base were entered into
equations 4-2, 4-7, and 4-11 by using the spreadsheet described in the last section of
Chapter 4. The results of this test are shown in Figure 5.2. Note that the differences
between the actual data and the predictions are all within the respective standard errors.
Note also that the investment for Offutt is $29600, which is within the mode range of
$0 to $40000 discussed in Chapter 4.

Although only time and frequent use will prove the validity of this model, this
one test case implies that the model is a good predictor. One drawback of the model
is that, although the test case results fell within the sample standard deviations, the
sample standard deviations are a large percentage of the prediction. These relatively
large values for sample standard deviation are acceptable, though, since the goal of this
project is to develop a way to make rough estimates of potential annual waste reduction,
annual cost savings, capital investment, and payback period with a small investment of
time.

Assuming that this mathematical model is as valid for all Air Force commands as
it is for the three commands used in the study, it can be used to estimate the waste
reduction results that the United States would enjoy if the entire Air Force were to

implement a waste reduction program.




WASTE REDUCTION COMPUTER MODEL

INPUT

ANNUAL WASTE PRODUCTION: 52278 (GAL/YR)
AVERAGE DISPOSAL COST: 1.659 ($/GAL)

OUTPUT

ANNUAL WASTE REDUCTION

38715 (GAL/YR)
ANNUAL COST SAVINGS

105939 ($/YR)
PAYBACK PERIOD

0.4238 (YRS)

ANALYSIS

STANDARD
PARAMETER ACTUAL DIFFERENCE ~ DEVIATION

PAWR 35384 3331

PACS 93925 12014 53863

PBP 0.315 0.109 0.224
INVESTMENT 29600 0 TO 40000

Figure 5.2.

Comparison of actual data and computer model results from the use of test
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Example 2: Data collected for hazardous waste production at United States Air
Force Installations showed that the annual waste production values for 1985, 1986,
and 1987 were 60,485.52, 95,986.30, and 1,146,640.80 tons, respectively.fl1] The
data for 1987, though, is misleading in that it includes that waste which is
reclaimed, recycled or reused or treated prior to disposal. Therefore, the estimate
for hazardous waste production by the United States Air Force in 1986 will be
used in this example. Since this is a mixture of various types of waste, an average
conversion factor must be used to convert the production rate into galfyr. The
conversion factor used is the average 8.80, 8.34, and 7.80 Ibs/gal, which ére three
values that Air Force bases Langley, Randolph, and Scott (respectively) use.[1]
Using this average (831333 Ib/gal) the annual production rate for 1986 is
23,092,142 galfyr. Assuming that the average waste disposal cost for hazardous
waste for the entire Air Force is the average value for the 13 bases in this study
(12 from which data was collected and the 1 used for a test case) results in an
estimated average waste disposal cost (from equation 4-4) of $3.9154/gal. Since
there are approximately 100 U.S. AFB’s, the total waste production can be divided
by 100 to calculate an average waste production rate of 230,921 gal/yr for any U.S.
AFB in 1986. Note that the use of this average will introduces some error
because some of the bases produce a great deal more than this average while
others produce a great deal less. Substituting the average waste disposal cost of
$3.9154/gal and the average waste production rate of 230,921 galfyr into the
mathematical model developed above gives waste reduction values of:

Potential Annual Waste Reduction = 203,380 gal/yr



Potential Annual Cost Savings = $658,269/yr

Potential Payback Period = 0.0974 yrs
for each of the 100 bases. Total waste reduction parameters can be estimated by
multiplying values for potential annual waste reduction and cost savings by 100.
Since the total annual waste disposal cost is high (greater than $100,000/yr) the
payback period should be assumed to be less than 0.5 yrs on the capital investment
and less than 1.5 yrs for the total cost of the capital investment and the cost of
the study (see discussion in section 4.2.4 above). Therefore, the potential annual
waste reduction and cost savings for performing a waste reduction study at all U.S.
AFB’s are:

Potential Annual Waste Reduction = 20,338,000 gal/yr

Potential Annual Cost Savings = $65,826,900/yr

Using the potential annual savings and the maximum potential payback period on
the required capital investment (to find the USDF), the capital investment can be
calculated by rearranging equation 3-4 as follows:

NPV (investment) = USDF * annual cost savings (5-1)

From the table in the Economic Analysis Handbook, the USDF corresponding to

a payback period of 0.5 yrs is 0.4545.[29] Therefore, the estimated required capital
investment is:

Investment = 100 * (0.4545 * 658,269) = $29,918,326.

This example uses several assumptions that probably make the results grossly erroneous.
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However, it illustrates that the practice of waste reduction can be very beneficial for
both our environment and our pocketbooks (after all, even half of the reduction and
savings estimated above is enough incentive to make the waste reduction effort worth

-»
while).




and
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CHAPTER 6

CONCLUSIONS

The majority of the annual hazardous waste production, reduction, and cost savings
at USAF installations under SAC, ATC, and MAC that implement waste reduction
programs is usually found at three processes; corrosion control, fuels management,
and vehicle maintenance.

On average, the hazardous waste produced by any process can be reduced by 40%
to 100%.

In general, the majority (about 80%) of the capital investment required to
implement a waste reduction program at one of these installations is required to
reduce the waste produced by corrosion control.

Waste disposal costs are different for different waste streams and different bases
(generators).

A waste reduction study at a SAC, ATC, or MAC base costs approximately
$100,000.

The Waste Reduction Mathematical Model can be used to predict potential annual
waste reduction and potential annual cost savings with a good degree of confidence

using the following equations:

PAWR = -9473 + 09218 * AWP (4-2)
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PACS = 47336 + 0.6757 * AWP * AWDC (4-7)

The standard errors on these equations are + 9653 galyr and + $53863/yr,
respectively.
In general, the capital investment required for a base to implement a waste
reduction program is between $20,000 and $40,000.
Although equation 4-12 can be used to estimate the payback period on the
required capital investment, a more conservative estimate is:
for total annual waste disposal cost < $100,000/yr, payback period < 1.5 yrs.
for total annual waste disposal cost > $100,000/yr, payback period < 0.5 yrs.
The Waste Reduction Mathematical Model should be used only for Air Force
bases at which no full scale waste reduction program has previously been
implemented.
If the U.S. Air Force had implemented waste reduction programs at all of the
USAF installations in 1986, the United States could probably have reduced its
hazardous waste production rate by approximately 20 million gal/yr and saved
approximately a $65 million/yr. Since the waste production rate is much higher
today than it was in 1986, the waste reduction and cost saving resulting from the
implementation of a waste reduction program at all U.S.A.F installations now
would result in even higher values of potential annual waste reduction and cost

savings.
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CHAPTER 7

RECOMMENDATIONS

1. Since all of the data collected on results of a waste reduction study are "potential”
results that would occur if all waste reduction recommendations were properly
implemented, it would be very enlightening to find out how much of the potential
annual waste reduction and cost savings has actually been realized through the
implementation of waste reduction recommendations.

2. Research should be performed on the possibility of standardizing the types of
recommendations made for situations common to all Air Force bases.

3. Data from waste reduction studies presently being performed and those performed
in the future should collected and used to further test the validity of the Waste
Reduction Mathematical Model developed in this paper.

4. Research should be performed to evaluate the possibility that a minimum annual
waste production rate of 10,000 gal/yr is necessary to make the implementation of

a waste reduction program profitable.
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Kimberly Gayle Murray was born in Tullahoma, Tennessee on February 6, 1967.
She attended elementary schools in that city and was graduated from Tullahoma High
School in May 1985. The following September she entered Tennessee Technological
University, participatéd in the cooperative education program for one year, and, in early
August of 1989, received a Bachelor of Science degree in Mechanical Engineering. In
late August of 1989, she accepted a research assistantship at the University of Tennessee
working with Martin Marietta Energy Systems, Inc. and began study towards a Master
of Science degree in Environmental Engineering. This degree should be awarded in
August of 1991.

The author is a member of Tau Beta Pi, Pi Tau Sigma, and the American Society
of Mechanical Engineers. Mrs. Murray will be employed by Radian Corporation upon

completion of all Master’s degree requirements.




