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ABSTRACT
This paper outlines a methodology that is being applied to assess the cost-effectiveness of new
environmental technologies under development by the Office of Technology Development, Office of

Environmental Management in the U.S. Department of Energy. Performance, total system effects, life-cycle
costs, uncertainty, and environmental risk are all considered in the methodology to compare new technologies
with existing or base-line technologies. An example of performance characterization is given in the paper.

Sources of data for cost estimates and technology characterizations also appear in the paper.
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L_____INTRODUCTION

The Department of Energy is facing a massive clean-up effort of waste sites that contain hazardous,
radioactive, or mixed (i.e, hazardous and radioactive) materials. DOE has recognize:i that improvements in
environmental restoration (ER) and waste management (WM) methods can potentially save the taxpayers
billions of dollars as older, less effective technologies are displaced. Consequently, DOE has targeted
significant funding to search for new technologies and to test and demonstrate them in a rapid and cost effective
manner with the goal of applying them quickly to address environmental problems.

Los Alamos has been tasked by the Office of Technology Development (OTD) to develop a
standardized methodology for cost effectiveness analysis of OTD-funded technologies. A simplified version of
the methodology can be used by managers to screen technologies and the full version will be used throughout
OTD-sponsored projects to perform cost-effectiveness analysis. Standardization will provide quality assurance
for future OTD technology evaluations and furthermore helps ensure that an adequate and consistent level of
cost information is reported during the demonstration of OTD technologies.

This report describes the methodology. We begin by describing our general approach to comparing new
versus base-line technologies, then proceed to a step-by-step elucidation of process of cost effectiveness
analysis. A forthcoming report to be issued as a guidebook will describe the methodology in more detail.

There exist many levels of technology evaluation where decisions are made for the allocation of limited
research and development funds. The evaluation objective is to select for development or adaptation those
technologies that are most likely to be significantly "better, safer, faster, and cheaper,” the adjectives that
summarize the goals of OTD. Technology cost is an important factor in these evaluations, both the cost for
development and the expected cost of actually using the technology in the field, that is, the implementation cost.
At the early stages of development, accurate costs are unknown. Only when the technology is actually
demenstrated in the field do costs become clearer. Even then, the implementation costs of the final,
commercialized technology may be significantly lower than the demonstration costs. Uncertainty of
performance, cost, regulatory approval, and schedule also plays a major role in technology evaluation. Clearly,
the evaluation process of new technologies is not trivial.

Several different types of screening and cost analysis that can occur during a technology's development,
The first is decision analysis (e.g., scoring), which is recommended for use in early stages of technology
selection and analysis. The scoring method is based on roughly estimated performance, cost, safety, and other
factors. Usually a panel of technical experts are convened to screen various technologies using a list of
weighted criteria that are applied in a reasonably consistent fashion. A second tool that can assist with
technology selection that is often useful in later stages of development is linear programming, where the
objective function (for example, complete the remedial action at minimum cost) is accompiished subject to
various constraints. The constraints are usually related to performance and cost functions. A variation of linear
programming is goal programming, in which more than one objective function must be satisfied,
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At later stages of technology development, the more rigorous cost effectiveness analysis is undertaken.
This entails comparing the relative performance and cost of two or more competing technologies to determine a
life-cycle cost per unit of treated soil, or cost per unit of waste weated, etc. Only the costs (both social and
private) of applying alternatives are included. This differs from benefit-cost analysis in which one attempts to
quantify both the costs and benefits of alternatives. Portney and Krupnick (1989) analyzed information needs
for assessing Superfund remediation efforts and recommended cost-effectiveness analysis as a satisfactory
means of comparing remediation alternatives while avoiding the difficulties inherent in measuring the benefits
of, e.g., a clean cubic meter of soil.

In our case, we compare a new technology with conventional or "base-line" technologies under various
performance scenarios. The result of this analysis is an estimate of the cost difference of completing the
remediation task with the new versus the base-line technology at a single, representative site. If an estimate is
available of the number of sites where the new technology could be used, the total cost savings to DOE
associated with the use of the new technology could be estimated. This total cost savings estimate can be
compared to the technology's research, development, demonstration, testing, and evaluation cost to evaluate
some of the benefits of DOE's investment in developing or adapting environmental technologies.

L. _GENERAL APPROACH

The purpose of cost effectiveness analysis is an accurate comparison of the performance and cost of
different technologies on an even basis. Of course, the fundamental challenge of the analysis is finding an
appropriate way to compare technologies that upon initial examination often appear 1o be incomparable
(colloquially known as "apples and oranges”). For example, the direct comparison of in situ air stripping with
traditional pump and treat for removal of VOCs is inaccurate because the former technology strips VOCs not
only from the groundwater but also from the vadose zone. In the case of in situ vitrification versus an
excavation, reatiment, and disposal alternative, the location of the disposal can cause the two alternatives to be
incomparable. For example, if the waste is disposed at a different site, the original remediation site may
become available for public use, which is clearly not the intent with in situ vitrification. Most ER technologies
approach their task in different ways, which makes the job of the evaluator more difficult.

Our principal goal is to identify a level playing field with which to compare the technologies. This
implies that all aspects of performance and cost of the technologies must be understood. Commercial firms that
use the base-line technology and the new technology developers are important sources in arriving at this
understanding. Discussions should occur between the evaluator and the above parties to develop scenarios for
comparison where both technologies reach similar performance levels. For example, in situ air stripping
removes VOCs from the vadose as well as the saturated zone. Therefore, one would construct a baseline
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scenario that combines a pump and treat system {for groundwater treatment) and a vapor extraction system (for
treatment of the vadose zone),2

In addition to performance, comparability in cost must also be defined. The technologies should be of
similar scale and development. For example, it is preferable to estimate the decreases in costs that will occur
when a new technology is commercialized and compare these costs to existing baseline technologies. Because
of its experimental nature, the costs of a demonstration-stage technology are usually higher than when the
technology is commercialized. Also, all system and life-cycle impacts of using one technology instead of the
other must be costed and included. For example, in the case of in situ air stripping, it may be necessary to
include additional monitoring wells relative to those required for pump and treat in order to identify the zone of
influence of the injection and extraction wells to estimate the amount of groundwater being cleaned.

In order to capture all the issues related to performance, we adopt a "descriptive approach”. In this
approach we describe the new environmental technoiogy in a detailed manner, so as to identify as many aspects
of its performance as possible that may have a signiﬁbant impact on the cost effectiveness of its future
application on a broad scale. By virtue of a technology being "new," there are not extensive data available on
its application and use. Scenarios are constructed showing reasonable possible future applications; the
description of the technology performance provides the additional means for predicting how the technology
might perform at many different sites.

The descriptive approach is also valuable because the new environmental technologies under evaluation
are undoubtedly still evolving. By clearly identifying what they do now and discussing possible future |
developments, we can provide the reader with a foundation of information about the technology that will be of
use for as long as possible. Therefore, our analysis is not simply a cost comparison, but actually reveals the
strengths and limitations of the new technology within the remediation or waste management system. The
intent of the cost effectiveness analysié is to be useful for managers of integrated demonstrations, OTD
headquarters, DOE environmental restoration sites, and and other public and private enterprises that may wish
to ado;it the technology. ‘

Performance and cost data are gathered from multiple sources, including case-studies, commercial
vendors, integrated demonstrations, etc. If cost data are not available on the new technology, conceptual cost
estimating is used based on the technology developer's design. Sources of cost data and estimating methods are
described further in a later section of this report.

2However, if regulatory requirements do not mandate treatment of the vadose zone, one would consider removal of VOCSs from the
vadose zone as a positive side-effect, or "extemality” of in situ air stripping. In this case the baseline would be pump and treat only,
but the analyst would be advised to value the benefits of vadose zone remediation as part of the cost savings from in situ air stripping.
In the long-term, remediation of the vadose zone will prevent further contamination of groundwater by migration of pollutants from
the vadose zone to the saturated zone,
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Uncertainty in performance is captured through use of parameters in the scenarios that cover the range of
possible performance. In this manner, estimates for different site geologies, wastes, etc. can be developed.
Also, the break-gven point at which the use of the new technology becomes cost-effective can be shown.

IL___STEPS IN COST EFFECTIVENESS ANALYSIS

Cost effectiveness analysis is best accomplished in a step-by-step manner, with an emphasis in
understanding the whole picture before emphasis is given to the details of cost analysis. Figure 1 presents the
principal steps in schematic form and begins with the definition of the base-line and OTD technologies, i.e., the
technologies to be compared. The remediation system in which these technologies operate is then described.
This is a critical step because the technologies may impact the system in different ways, and the cost changes
must be included in the analysis.

The next stép in Figure 1 is to develop life-cycle cost estimates of the alternative technologies. These
are the cradle-to-grave costs including the research, development, demonstration, testing, and evaluation costs
(RDDT&E) plus the full-scale application costs for implementing the technologies in a typical system. The
performance of the technologies is next described in detail, with an emphasis on how the costs of operation are
affected by performance. Given the uncertain nature of the performance of many of the new technologies, we
use scenarios based on varying values of parameters. This way, a range of performance can be estimated, and
one can identify a break-even point at which the new technology becomes cheaper than the base-line
technology.

With the cost data and performance scenarios in hand, the cost effectiveness analysis step can be
completed. Appropriate discount rates are applied to the costs that occur over time, escalation factors may be
applied, and the difference in system costs for the new technology case versus that of the base-line is computed.
This cost effectiveness result will state what the savings would be under specific scenario conditions of using
the new technology instead of the base-line at a single site. To compute the total cost savings of the new
technology, one must have an estimate of the sites at which the new technology is applicable. It is preferable to
estimate cost differences for applying the new technology in different environments. Then the total savings are
roughly estimated by multiplying the number of sites by the cost savings per site. We now describe in detail
each cost effectiveness step.

A.  Definition of Technologies

The first step in the cost effectiveness process is to identify and define the technelogies to be compared.
~ The new technologies are funded by the Divisions of Research and Development and Demonstration, Testing,
and Evaluation (which are generally combined as RDDT&E) and are generally chosen for cost effectiveness
analysis by OTD managers and/or the integrated demonstration coordinator (IDC). The criteria for selection
include: the technology is far enough along in the development process that accurate performance and cost data
are available, for example, the Corps of Engineers' SCAPS; it is a high-visibility technology, such as in situ air
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stripping; or the technology has reached a critical decision point, such as in situ vitrification which is almost
ready for transfer out of OTD to ER.

Choosing the base-line technologies for comparison can be difficult because the RDDT&E technology
may overlap with several of them. For example, the SCAPS technology analyzes the geology of a site (which
might be compared with a cored hole), takes soi! and water samples (to be compared with the split-spoon or
Hydropunch), and measures resistivity (to compare with standard geophysical logs). In addition, the new
technology may gather novel information that no base-line technology can duplicate. Finally, because the new
technology is still in the development process, it may replace additional base-line technologies in the future.
The analyst must work closely with the technology developers to identify the base-line technologies to be used.
Also, the integrated demonstration technologists are useful contacts.

After the technologies are chosen, a full description is made for each, including the operational process,
a review of documentation and case-studies of performance, and benefits and limitations in general terms. This
is critical to making the evaluation report useful. The reader must understand the full context of how the
technologies compare in general terms before cost specifics are described, and exactly where the new
technology fits into the broad scheme of environmental technologies (i.e., what is the niche it fills?).

B. Definition of System
During this step, a study is made of how the technologies fit into the whole remediation effort or
"system." For example, does the RDDT&E technology operate in the site characterization or remediation
component? Cost effectiveness analysis is designed to capture the cost differences among the technologies.
Consequently we examine the system-wide impacts of substituting the new technology for the base-line. If an
activity in the system remains the same under each case, it is not included in the cost effectiveness calculation.
For each of the following categories, analysis is made as to whether the technology substitution will have a cost
impact. The detailed cost analysis will focus on those aspects that are different.
1 Site Preparation and Characterization
Substituting a new technology for a base-line technology in the remediation effort may require a change
in the amount of site-characterization that is needed before remediation gets underway. For example, in the case
of in situ bioremediation, a careful assessment must be made of the micro-organisms present in the soils. Then
an appropriate means of stimulating them must be identified. Also, the preparation of the site for the
remediation may change depending on the technology to be used.
2 Ancillary equipment and process rates

Using the new technology may cause adjustments to be made in ancillary equipment such as the off-
gas treatment system. For example, the in situ air stripping operation may pull significantly more amounts of
VOCs from the saturated and unsaturated zones than the base-line technologies will. Of course, this depends on
the performance scenario, which may be designed to have an equal VOC-removal rate for the two systems, Any
additional equipment required or equipment of different capacity must be counted in the cost effectiveness
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analysis. In addition, the maintenance schedule for equipment may become more (or less) intense when a new
technology is substituted.
3 Monitoring and Post-remediation requirements

Monitoring costs can be a critical cost factor in cost effectiveness analysis. This is because monitoring
occurs over a long time horizon, often decades, depending on local regulations. Installation of monitoring wells
is expensive and the actual sampling process is labor-intensive and can add a significant costs, especially in
remote areas. Laboratory expenses for sample analyses have been rising rapidly in past years, and with the
current shortage of approved labs, this cost can only be expected to increase in importance.

Overall, careful attention must be paid to how the new technology will impact the required monitoring
wells. The bioremediation technologies especially may require additional monitoring to keep track of the
bacterial migration. In situ technologies also may need more monitoring to prove that remediation has occurred.
For example, the in situ air stripping operation strips VOCs from both the vadose zone and the groundwater.
The regulators may require that more groundwater monitoring wells be installed to prove that the groundwater
is actually being cleaned. The base-line pump and treat system is very easy to monitor because one can measure
the number of gallons per minute that are being cleaned by the tower air stripper.

4 ES&H requirements

This is a broad category that nevertheless can add significantly to the costs differences among
technologies. The level of exposure of the remediation workers and the local population may be different in the
substitute technologies; these differences must be costed and included in the cost effectiveness calculation. For
example, in situ vitrification of a buried waste pit may preclude the use of tents and wind barriers required under
an excavation,-treatment-and-disposal base-line. Whether or not the waste is radioactive will have profound
effects on this category of costs.

5 Regulatory permit requirements and lability costs

This is a very difficult category to estimate accurately, given the present changeable environmental
regulatory climate. Since most of the new technologies are not yet fully operational , and therefore are not
. accepted as completely viable by the regulatory agencies and the public, one would expect significantly higher
expenses for obtaining permits for them. At the minimum, costs associated with additional public awareness
meetings and regulatory paperwork should be considered in the cost comparison. It is probable that costs to
obtain regulatory permits will change as experience with the relevant regulatory agencies increases. In addition,
there is always the risk of encountering a "show-stopper” in this category, that would eliminate the new
technology from being used at a particular site. Also, one must consider possible future liabilities that might
result from changes in regulations. ' '

6 Administrative requirements

Differences in the administrative burden associated with the technologies should be studied as well. The
multiplicity of firms and contractors that are needed may be different between the technologies, especially if
one technology is characterized by numerous complicated steps. For example, excavation, treatment, and
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disposal may be administratively much more expensive than in situ vitrification because of the many additional
steps and contractors required before the waste has been fully immobilized.
7 Residuals Treatment
Using a new technology may create different residual materials from the operations than the base-line
technology. The proper disposal of hazardous, mixed, or radioactive wastes must be examined for both
technologies to determine if any significant differences are present. Any cosi differences in treatment, handling,
transport, storage, and disposal must be included in the cost effectiveness analysis.

C. Characterize Performance

In this step the analyst attempts to gain a full understanding of the performance of the alternative
technologies. Technology evaluation reports, demonstration results, and case studies are good sources for this
information, as are the technology developers and users for the base-line technologies. The relative limitations
and strengths of the alternatives must be described, and perhaps summarized in a table for ease of presentation.
As an example of the process of completing this step of cost effectiveness analysis, we have inserted some
relevant passages from the draft report of the cost effectiveness analysis of the Site Characterization and
Analysis Penetrometer System (SCAPS) (Schroeder, et al., 1991).

SCAPS is an innovative environmental technology for characterizing soil types and
detecting and delimiting the presence of contaminants in the subsurface. SCAPS is being
developed by the U.S. Army Corps of Engineers at the Waterways Experiment Station (WES) in
Vicksburg, Mississippi. Scientists at WES are leading a research and development effort to
develop SCAPS for use in mapping areas of soil and groundwater contamination.

A cone penetrometer is a device for hydraulically pushing a small diameter
(approximately 1.4 inch) instrumented cone tip and steel rods into the earth. The cone tip has
sensors for measuring point penetration resistance and sleeve resistance. An empirical
relationship between these physical strength measurements and soil type is used to derive soil
classification for the layers through which the cone penetrometer has been pushed. Other sensors
can also be present on the cone penetrometer, for example, a formation resistivity sensor.

In every site characterization investigation, the goal is to obtain information about both
the natural subsurface environment and any non-indigenous contaminants that may now be
present. The common and accepted approach to acquiring this subsurface information is to drill
cored holes and install monitoring wells

Since the SCAPS cone penetrometer has been developed as a tool for initial site
characterization, and since it acquires similar data on soil stratigraphy, and physical soil and
water samples, it is natural to compare the cone penetrometer system to monitoring wells,
Because of these similarities in purpose and collected data, we choose monitoring wells (with
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continuous cores and sampling done during the drilling process} as the "baseline” technology for
comparison with the SCAPS cone penetrometer.

Note, however, that we do not suggest that a cone penetrometer push and a monitoring
well acquire the same information. Rather, we follow the intent of the SCAPS developers in
considering the cone penetrometer as a complement to conventional drilling and sampling
methods (Cooper, et al., 1991). .

The strengths and limitations of both the SCAPS cone penetrometer system and
monitoring wells are summarized in Table 1. Criteria such as geologic setting, drilling artifacts,
crew exposure, sensors, and samplers are discussed. Each technology has different strengths,
limitations, and intended uses. Table 1 illustrates the wide variety of factors involved in
discxitﬁinating between the performance of the two different technologies.

Based on the above understanding of the performance of the alternatives, a series of performance
scenarios are developed. The scenarios are based on the key performance factors that differentiate the
technologies. In the case of SCAPS, the key parameter is the percentage of monitoring wells that can be
avoided during a typical site characterization operation if the SCAPS is used, What follows is the explanation
of scenario development from Schroeder, et al., (1991).

Representing all detailed factors and performance differences in a scenario is beyond the scope
of this report. Instead, we will focus on the major differences encountered in using or not using
the new technology, SCAPS, in a site characterization.

The following assumptions or approaches are used in the performance scenarios:

« All scenarios are assumed to be located in an area where the geology/soil conditions are
amenable to the use of the SCAPS cone penetrometer system. SCAPS is intended for use in
clayey or sandy soil; ... '

o All scenarios are assumed to be located in an area where a screening sensor exists for
the contaminant-of-interest. (This assumption may not be required, depending on the site. Since
the cone penetrometer can also take water and soil samples, analysis of these samples may be
sufficient in determining advantageous locations for the placement of monitoring wells.)

o The maximum depth considered for scenarios is 150 feet, the approximate depth limit
of SCAPS. (Note that the cone penetrometer is still useful in areas where typical monitoring
wells are deeper than 150 feet; the cone penetrometer sensors collect valuable information about
the vadose zone.)

+ A conservative approach is used in constructing the scenarios, While we attempt 1o be
as fair as possible, many uncertainties and gray areas are encountered in coristmcting a
performance scenario. Believing it prudent not to oversell the new technology, any biases are
against SCAPS, and in favor of the baseline technology.
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+ We assume that by using SCAPS in site characterization, fewer monitoring wells are
needed and the monitoring wells that are put in can be better located and better screened at
appropriate depths. This is supported in field studies described in Smolley and Kappmeyer (no
date) and Smythe et al. (1988). '

This last assumption identifies an interesting and important issue in site characterization
practice. In the conventional approach to site characterization (i.e., using monitoring wells only),
some percentage of monitoring wells installed in a restoration project are pot useful. Reasons
why a monitoring well is not useful include:

(1). The monitoring well is so far off the plume it does not provide useful information. (Of
course, a well just off the plume is useful because it helps to define the plume edges. Wells far
beyond these wells are not useful.)

(2). The monitoring well is screened at the wrong depth. This is very likely during the early site
characterization stage when the depth and location of aquifers is not known or well understood.
This becomes less likely as the site becomes more well understood during the characterization
process. :

(3) There are problems in well construction. For examﬁle, if a perfect seal is not achieved with
the annular packing, water may actually be running along the casing and coming from another
zone other than the screened zone.3 The number of monritoring wells at a site deemed to be not
useful can be staggering: general estimates were heard of 25% to 65% of monitoring wells not
being useful.® In the context of initial site characterization, 50% is probably not a bad number
for the percentage of monitoring wells that are not useful.3 Thus, our premise is as follows:

In conventional site characterization (using monitoring wells only), some percentage of
wells are not useful. This percentage is not known, but is in the range of 25 10 65%. Fifty
percent is probably a reasonable figure to consider for initial site characterization. By using the
cone penetrometer system in site characterization, this percentage aof "not useful” wells can be
avoided. SCAPS cone penetrometer data can be used to ensure that wells are located
advantageously and screened at appropriate depths, and SCAPS fluid samples are taken from
known depths.

Since the percentage of conventional wells that can be avoided by use of the cone
penctrometer is not known, this percentage is treated as a parameter and is given a range of
values in the economic analysis. (Schroeder, et al., 1991)

3"Problems in well construction” is listed here 10 illustrate a problem that may occur with well development. We assume competent
drilling contractors are used.

4These estimates were obtained by contacting experienced personnel at Savannah River Laboratory, Los Alamos National Laboeratory,
and the Environmental Protection Agency. Published failure rates or figures on marginally useful monitoring wells were not found,
but-it is not surprising that this commonly found inefficiency in site characterization is not advertised in the literature.

SReference: Savannah River Laboratory.
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D. Develop Life-Cycle Cost of Alternatives

Life-cycle costing invoives calculating the total of all cash flows for the complete time horizon over
which the technology will be used. It can be thought of as the "cradle-to-grave” cost, because costs from the
initial mobilization stage to the demobilization and long-term control and monitoring are included. Life-cycle
costing measures the cost of equipment, materials, labor, and other requirements for all activities related to the
technology. Because the technology use generally occurs over time, for example for a ten year VOC
remediation effort, the future cash flows must be converted into present values to aid the technology
comparison. This involves discounting. We assume all dollar values are in real terms, that is, inflation is
assumed to be zero. However, there can still be real escalation rates applied to particular cost factors that are
expected to change in cost over time relative to the other costs. For example, laboratory analysis costs may
increase in real terms because of additional demand for site characterization analyses dictated by regulatory
changes. ‘

The level of detail of the cost estimate is dictated by the scenarios to be used in the cost effectiveness
evaluation. For example, for analysis of a site characterization technology, different well depths might be used
in the scenarios. Consequently, the cost elements that are depth-dependent must be detailed so they can be
varied according to the scenarios. There is no need to estimate costs to a lower level than the scenarios dictate.

It is desirable to estimate the cost in two stages. First, an estimate is made of the RDDT&E cost plus the
cost of implementing the technology alternatives ignoring the system-wide cost impacts. For example, this
would be the cost of RDDT&E, and fabricating, setting up, operating, and maintaining an in situ air stripping
operation. Second, all cost impacts throughout the system of using the new instead of the base-line technology
are calculated, from site characterization to disposal of residuals. These are the cost differences caused by
implementing one technology instead of another. Thus, the total system costs for both alternatives are not being
estimated, but only the differences in those costs, as described in the system definition section above. Thus, the
cost effectiveness comparison consists of comparing the life-cycle costs for the new technology itself with the
cost of implementing the base-line technology, while accounting for the impacts on the system . .

1 Relationship of Methodology to Other Efforts and Data Sources

Note that the cost estimations to support cost effectiveness analysis for environmental projects are
significantly different from the typical cost estimation that occurs in a construction project. Preliminary
guidance for cost estimation for DOE environmental restoration projects should be followed where possible to
estimate the engineering or financial costs of alternatives (DOE, 1990). The methodology described in this
paper builds upon the work of the Los Alamos and University of New Mexico team and others by
recommending a means for technology comparison under uncertainty, heavily based on life-cycle performance
issues and social as well as private costs,

Cost estimation to support our cost-effectiveness analysis may range from conceptual, "top-down"
estimates to detailed, "bottoms-up"” estimates. As previously mentioned, performance and cost data are gathered
from multiple sources, inciuding published case-studies, commercial vendors, integrated demonstrations, etc. If
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cost data are not available on the new techndlogy, conceptual cost estimating is used based on the technology
developer's design. The tool recommended for conceptual estimates of environmental restoration projects is the
Cost of Remedial Action (CORA) model developed by CHoM Hill for the Environmental Protection Agency
(EPA, 1990). Although CORA does not explicitly cover mixed and radioactive waste, the job factors for
highest worker protection can be selected to estimate the extra costs associated with working in this
environment. For detailed cost estimates of restoration alternatives, the M-CACES or Composer Gold cost
estimating system, originally developed by the U.S. Army Corps of Engineers, is recommended (Building
Systems Design, [990). The large, detailed data base of unit prices used to support this system is being updated
by Project, Time, and Cost to include some cost elements and prices for environmental restoration of mixed and
radioactive wastes; these data are available in hard copy and will be in electronic form by early 1992 (personal
communication, Gene Brooks, August, 1991). With Composer Gold, one can construct the typical engineering,
detailed cost estimate that would include the price and quantity of concrete, light fixtures, hinges, etc. This
level - ~detail is generally not feasible in cost effectiveness analysis of new or emerging technologies. Still,
inclusion of this level of detail where possible allows the reader to see all of the assumptions that went into the
cost estimate.

Other possible useful sources of information for technology characterizations and costs are listed below.
All of these tools are under development and are not yet available. More information on the following and other
sources of data appears in Youngblood, 1991a and 1991b.

*Remedial Technologies Information System (RTIS): a database under development by the Idaho
National Engineering Laboratory;

*Remedial Action Assessment System (RAAS) and the Technology Information System (TIS): an
expert system to help select remedial technologies (RAAS) and a supporting technology information
system (TIS) (See Whelan, et al. (1990) for more information.);.and

*HAZRISK: a model being constructed by the Independent Project Analysis Company to evaluate the
cost and schedule risk for environmental testoration projects (See Independent Project Analysis, Inc.
(1990) for more information.).

The new technology assessments and cost estimates will be provided to RTIS and TIS as they are
completed. _

The actual cost estimation involves obtaining unit costs and quantities for each of the major cost elements
of the technology. There are many ways of dividing costs into categories®. For costing environmental
technologies, we have defined broad categories as direct and indirect capital and operations costs as follows.
These definitions are based on Chapters 14 and 15 of (Humphreys). The cost elements serve as guidelines for
estimating the costs of constructing and operating the alternative technologles and also estimating the system-
wide cost impacts.

65ce Humphreys (1991), Part I], for examples.
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2 Capital Cost
a. Direct Capital Costs
The direct capital cost of the technology includes "ali permanent equipment, materials, labor, and other
resources involved in the fabrication, erection, and installation of the permanent facilities.” (Humphreys, 1991:
1991: p.365). Major upgrades to equipment or upgrades may also be counted as capital expense.
1 Materials
This includes the prices of all materials or parts used in fabricating the technology. The parts may be
small (such as nuts and bolts) or large (such as a tower air stripper unit). Other relevant materials for a
remediation technology might be containment tanks, piping, pumps, compressors, etc. Materials prices can be
obtained from manufacturers or vendors or data bases, such as that maintained by the army Corps of Engineers.
(Humphreys, 1991: 1691: p.375)
2 ‘Equipment
This element is made up of the cost of the equipment that is used only in the construction or fabrication
of the technology, such as a backhoe, crane, welder, etc. This is not equipment that is permanently part of the
project; those items are part of the materials costs. If the equipment is leased, the lease costs are counted plus
the fuel. If the equipment is owned by a contractor, the equipment costs are the "...ownership costs {investment
, insurance, etc.) and operating costs (fuel, maintenance, repairs, etc.). The costs of operators for operating
equipment, even though part of the operating costs, are included by most contractors in the direct labor costs."
{(Humphreys, 1991: p.375)
3 Labor
Labor costs are the total of the actual amounts paid to the personnel who perform the construction tasks
such as laborers, engineers, painters, etc. The amount paid is composed of the actual wage rate times the
number of hours worked plus the the labor burden (taxes, insurance, etc.) for each class of worker.
(Humphreys, 1991; p.375)
4 Waste disposal
During the setup of the technology at a remediation site there are often residual waste products
generated. This is especially true whenever drilling is needed; the drilling fluids and cuttings must be
adequately disposed of. The cost of correct disposal of all wastes generated during the construction and through
the initial start-up and check-out of the technology must be included here,
b. Indirect Capital Costs 7
Indirect capital costs "are all costs other than direct costs which do not become a permanent part of the
facilities but are required for the orderly completion of the project. These may include, but are not limited to,
construction management, start-up costs, fees, insurance, and taxes." (Humphreys, 1991: p.365)
1 Taxes
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The tax cost associated with a capital project is dependent on the location and the tax-exempt status of
" the owner. Often, statutory wage taxes are included in this category, e.g., worker's compensation. (Humphreys,
1991: p.375)

2 General conditions

This category includes items required to perform the capital fabrication such as supervision, temporary
buildings or trailers for the workers and equipment, sanitary facilities, electricity, potable water, etc.
(Humphreys, 1991: p.376)

3 Financial Risk elements

_ This can be divided into two parts: profit and contingency. The profit is the amount charged by the
contractor t¢ cover his or her risks, and entrepreneurial skill and is subject to the market conditions in the
location of the project, competition, and other factors. Contingency is inciuded to account for uncertainties
regarding cost and productivity. These include bad weather, machine breakage, labor strikes, scope uncertainty,
etc. (Humphreys, 1991: p.376) Additional risk elements are considered below under a section entitled
"uncertainty."

4 Overhead A

Overhead includes the cost of support to the job from the home office and includes home office rent,
communications, management personnel, etc. Overhead related to the specific job can be counted under general
conditions. (Humphreys, 1991: p.376)

3 Operating Cost

"Operating costs differ from capital costs mainly in that operating costs must be paid repeatedly, in
contrast to capital costs, which involve a one-time payment." (Humphreys, 1991: p.434) Calculating the
operating cost of environmental technologies can be based on the following list of cost elements.

a. Direct Operating Costs _

"Direct” operating costs implies that the costs are proportional to the throughput of the process. For
example, the electricity used in vitrifying soil using ISV is a direct cost. The most accurate data for direct costs
is usually the operating company's records. I those data are unavailable, the analyst can also use published
price lists of materials vendors, industry guidelines, or data bases such as contained in CORA or M-CACES.

1 Materials

The cost of all materials required for operation of the technology are calculated under this cost element.
For example, the methane used for in situ bioremediation to stimulate the bacteria would be considered a direct
material expense to the technology. In an off-gas treatment technology, the cost of the activated carbon or
Nau'dnal—Envimnmental-Policy-Act filters would be listed here. Other examples of materials costs are
purchases of lubricating cils, computer paper, etc. '

2 Labor

The analyst must define how many laborers are needed of each wage classification to operate the
technology and convert that into the number of work hours. Then the appropriate wage rate plus burden is
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applied. Actual costs of the operating firm should be used if possible, If not, industry standard wages adjusted
for geographical differences can be used.

3 Utilities

The cost of electricity, natural gas, water, etc. that is used in the operation of the technology is included
under this cost element. Again, actual records of utility costs from the operating company are the most
acceptable cost source. If steam is used, generally a cost per thousand pounds is applied.

4 Maintenance

To keep the technology operating smoothly, regular maintenance is required. Usually a maintenance
schedule is'dcsigned to0 monitor and prevent the failure of critical or weak components in the process.
Maintenance cost includes the cost of materials and labor necessary to complete the task. Actual maintenance
records for base-line technology operation may be available. For the new technologies, such data will be hard
to find, so industry averages should be applied. Usually, these are expressed as a percentage of the investment
involved in the activity. For example, maintenance for a complex plant with severe corrosive conditions might
be 11% or more, whereas a mild environment may require as little as a 2 % maintenance budget. (Hlumphreys,
1991: p. 444)

5 Laboratory services

For regular evaluation of chemical samples and monitoring of the technology process, laboratory
services are often required. Cost of sample analysis can be obtained from the laboratories currently working in
the environmental arena. A difficulty is that the cost of anaiysm is dependent on the type and number of
contaminants being determined.

b. Indirect Operating Costs

An "indirect cost” must be paid even if the operation of the technology has stopped. It is an ongoing
cost to cover personne! and activities not directly related to the throughput of the activity.

1 Plant overhead or burden

This cost element includes overhead costs such as administration, indirect labor for repair shops, drivers,
engineering, etc. Other overhead costs are for inspections, fire protection, accounting and clerical help, and
communications. This is generally estimated as a percentage (50 to 70%) of the total expenses per year.
(Humphreys, 1991: p. 449).

2 Insurance

The cost of maintaining insurance coverage for fire, tornado, explosion, €ic. is included here.

4 Discount Rate |

Discounting involves bringing future dollars into present value terms. A dollar today is worth more than
a dollar next year by the amount of interest that could be earned in the interim. Therefore, the discount rate
should reflect the opportunity of earning interest on the money over time.

Economic theory dictates that the real discount rate for government projects should be close to the
historical real interest earned on long-term government bonds (Gramlich, 1981: pp. 95-108). However, for
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evaluation of government projects there exist regulations that dictate the discount rate to be used. For most
governmental projects, the Office of Management and Budget (OMB) requires a real discount rate of 10%
(Ruegg, 1987: Appendix H.). For Federal energy conservation and renewable energy projects the rate is 7%
(ibid., p. 29). The Environmental Protection Agency requires a real discount rate of 5% be used for evaluating
projects under its jurisdiction.

Given the disparity in the accepted discount rate, a range of discount rates can be used as a parameter in
the cost effectiveness calculation. A low value of 5% and a high value of 10% are appropriate.

5 Escalation

Escalation is a means of building relative cost changes into the cost calculation. Generally a percentage
rate is applied to particular cost elements to reflect the expected change in the cost of that item relative to the
other elements. This is different than a general price increase across the whole economy, which is the inflation
rate. Since the all monetary values are treated in real terms, any escalation applied must reflect a real change in
cost. This may be appropriate for capturing the expected decline in price of the new technology as it matures--
this would require a negative escalation on the new technology cost--or increases in regulatory costs expected in
the future. ' ‘

E. Uncertainty

'Unccrtaimy is very prevalent in the environmental arena. At the site characterization stage, for example,
there is major uncertainty in our understanding of the hydrology at specific remediation sites and the
complexities are still beyond our modeling abilities. Much progress is being made in combining groundwater
modeling, uncertainty analysis, and cost-cffectiveness analysis by various researchers. Freese et al. (1990)
contains a good description of the approach. Many sites are characterized by a varied geology and scattered
clay lenses where VOCs have concentrated. In addition, even in so-called "routine” drilling operations, the
uncertainties involved with striking cobbles or bouiders adds to the cost analysis difficulties. These
uncertainties with respect to the site characterization have profound effects on our ability to accurately estimate
the cost of implementing environmental technologies.

Another level of uncertainty surrounds the type of waste that is located in the site under study. The
material may be hazardous, mixed waste, or radioactive waste. It may be stored in buried drums, boxes, or
tanks. It may be neatly stacked underground in trenches, or piled randomly in a pit. The level of documentation
of many waste sites is low, and of course, uncertainty abounds. For the cost analyst, this creates a problem
because the costs of using a technology at a site depend to a large degree on the type of waste located there. At
a radioactive site, the worker protection costs and efﬁéiency losses are very high.

A final area of uncertainty that is important to our analysis is related to the newness of the technologies
being studied. The performance of RDDT&E technologies is often hard to estimate under controlled situations,
and it is even more difficult within a scenario of a reasonable site. Yet performance is a key element of cost
effectiveness analysis. .
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Because of the uncertainty in decisions it is becoming more necessary to document decisions and
provide reasoning for the steps taken (Barrager and Gildersleeve, 1989). Methods of analysis can help for these
reasons. Rather than making programmed or intuitive choices, "analysis involves a conscious, purposeful
effort directed at determining the proper choice for these decisions (Holloway, 1979: p.4)." In the discussion
that follows we review some of the methods for dealing with uncertainty in decision making. These methods
are currently being analyzed for possible applicability to the standardized methodology for cost effectiveness
analysis. *

1 Sensitivity Analysis

One method of analysis is sensitivity analysis. Sensitivity analysis is useful for determining the worth of
additional information about uncertain variables. That is, detecting which variables have the largest impact on
the cost of the optimal solution when they are changed and whether more specific information about these
variables is likely to change the-optimal solution (Holloway, 1979: p.358). To determine these key variables
cost parameters are varied over their ranges, one at a time, 10 investigate the effect of each on the total cost
(Barrager and Gildersleeve, 1989: p.184). A diagram can then be made showing expected contribution for
different values of the variable. If the range of positive expected contribution is small then additional
information may be valuable to pin point the uncertain variable within this range (Holloway, 1979: p.359). This
range also shows for which values of the variable the current solution is no longer beneficial and a new
approach should be found. This is how "the sensitivity of a solution to changes in the data gives us insight into
possible technical improvements in the process... (Bradley, et al., 198%: p.91)." All variables must be
independent for sensitivity analysis to be accurate so only the effect of one changed variable at a time is
considered (Barrager and Gildersleeve, 1989: p.186).

Although sensitivity analysis "determines crucial uncertainties... it does this without consideration of
uncertainty” (Barrager and Gildersleeve, 1989: p.179). That is, it does not quantitatively deal with uncertainty.
Sensitivity analysis deals with uncertainty in terms of ranges of values. It determines which variables ranges
have the most effect on total cost and what the range of acceptable values is for each such variable, In this way,
sensitivity analysis examines the uncertainties but does not attempt to predict their outcome: It is important for
scenarios to not be sensitive to variations for a model to be useful. If a scenario is particularly sensitive it
becomes necessary to consider uncertainties explicitly, as in risk analysis (Bradley, et al., 1989: p.302).

In the case of the SCAPS analysis described in the performance characterization section, we used
parametric adjustment of the performance variables in a sensitivity analysis bounded by the possible range of
the performance of the new technology relative to the base-line. We assumed that the old technology was

reasonably well-understood and parametric changes were not needed for its performance.
2 Risk Analysis
Risk and uncertainty are inseparable. All decisions that must be made under uncertainty involve risks.

If there is no uncertainty a decision becomes a programmed decision and there is no risk (Holloway, 1979: p.4).
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Risk can be considered the probability of an event happening times the consequences if that event happens
(Shorthouse, 1990-91: p.42). So where in sensitivity analysis uncertainty is represented by a range of numbers,
the concept of risk breaks that range into discrete values which become the consequences and assign
probabilities to each. Assigning a probability to these key variables is a way to "quantify the uncertainty
associated with each key variable (Barrager and Gildersleeve, 1989: p.179)."

The risks included in analysis may be "direct threats to human safety, to the environment, or simply the
chance of economic damage (Porter, et al.: p. 278)." Often, all of these risks will be expressed in financial
terms (Shorthouse, 1990-91: p.42). Although sometimes as in the case of developing environmental protection
standards, legal incentives are used instead (Bailey, 1990-91: p.34). Another factor which must be considered
with the consequences is vulnerability. Vulnerability takes into account that the particular area where the event
occurs may affect the consequences due to geography, geology, surrounding populations, etc. (Shorthouse,
1950-91: p.42).

“Risk analysis is a method of determining the probable outcomes of events that have varying
possibilities of happening.” These outcomes can be ranked according to effectiveness, benefits and anticipated
costs in order to aid in decision making (Shorthouse, 1990-91: p.41). One method of performing risk analysis
places a series of decisions or chain of events on a decision tree. Figure 2 supplies an example of a risk tree for
deciding between three technologies for cleaning paint off of airplanes (Shorthouse, 1990-91: pp.48-51). There
are two types of junctures. A square represents a decision branch where a choice must be made between two
activities. After a decision is made the tree branches again with a circle at the node, into probabilities of
different outcomes. Working backwards from the end of the tree the risk can be calculated for each possible
branch. That is, the cost (or consequence) of each event times the probability of its taking place. This
quantitative measure of the risk of an outcome is the expected value and can be used to rank the different paths.
By providing an ordered Iist of alternatives "risk analysis and its associated procedures reduce uncertainty in
decision making and enable appropriate changes to be made (Shorthouse, 1990-91: 52)."

The same type of tree can be utilized using the concept of risk, but not as a decision analysis technique.
Instead of weighing alternate technologies the wree can have stages of discrete cost component ranges for one
technology and associated probabilities. Each path through the tree will yield a possible cost for the activity. If
all of these costs are computed they can create a cost frequency distribution for the project, accounting for the
uncertainty involved in each key variable (Barrager and Gildersleeve, 1989: p.189-191).

The probabilities necessary for risk analysis can be derived in different ways. One possibility is through
surveys, however these measure attitudes about outcomes, not actual facts. Another method is by researching
statistical data and assuming that trends held for the future and that data is available (Porter, et al.; p.279).
Perhaps a better way to assign probabilities is presented by Barrager and Gildersleeve (1989). Experts were
chosen and given formal interviews., They are presented with "a series of paired comparisons used to elicit
probabilities.” The uncertain variables were carefully defined and structured. The interviewers are specially
trained to detect and counteract biases of judgement. With this approach the human elements are crucial to the
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success of the analysis. "“The analysis is doomed to failure if the analyst attempts to set probabilities rather than
seck information from pertinent experts (Barrager and Gildersleeve, 1989: p.187-188)."

Another possible method of obtaining probabilities for cost components is creating probability
distributions from a set of relative frequencies developed through Monte Carlo techniques. When using Monte
Carlo a random number or range of random numbers is assigned to a particular outcome. It is not important
which numbers are assigned to the outcome as long as the percentage of numbers assigned to each outcome is
equal to the probability that the outcome actually happens. For example, in using Monte Carlo to simulate
rolling a die, one could choose the numbers 0-4 to represent heads and 5-9 to represent tails. Or the numbers 0
and 1 can be used and all other numbers ignored. In both cases the probability of the numbers representing
heads to come up is 0.5. '

F. Environmental Risk

In this section we list some possible approaches that are being explored for includsion in the cost
effectiveness methodology. This section is based on a study by Portney and Krupnick (1989). Their delineation
of these categories actually appiied to environmental benefits, i.e., the improvement in health and other assets
afforded by clean-up of a Superfund site. We borrow from their discussion to apply the same categories and
estimation procedures to costs (damages to health and environmental assets) that might result from the residuals
of applying two different remediation alternatives, or the differing probability of failure of two alternatives.

1 Human Health
a. Damage Functions

Environmental alternatives often provide different levels of short and long-term health risks to the
workers and the public. For example, excavation and treatment of mixed or radioactive waste may impose far
greater health risk to workers than in situ treatment. On the other hand, if the treated waste is to be transported
off-site, and possibly some distance, for ultimate disposal, some risks to the public as well as the transportation
workers will be incurred in this step. Additionally, in situ treatment that does not entail waste destruction (such
as containment with grout linings and protective caps rather than in situ bioremediation of contaminants) may
pose lowest health risks to the workers, but might impose long-term risks of migration or intrusion and ensuin g
public exposure in the long-term. Worker risks may already be quantified by the additional costs of worker
protection required by the hazardous environment as well as the higher wages typically paid to induce people to
work in a hazardous environment. '

For public health risks, a pathway and exposure risk must be postulated to perform a risk analysis. The
expected damages to human health would then be valued according to values recommended by the EPA for
morbidity and mortality. Wage compensation, averting behavior, foregone eamings, costs of illness, and

hedonic property values are alternatives measures of damage functions.
b. Contingent Valuation

Contingent valuation involves conducting a survey to ascertain what a person or household would be
willing to pay to avoid an environmental risk (or what they must be paid in order to accept an environmental
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risk). Use of damage functions are likely to result in a lower value for health risks than use of contingent
valuation (Krupnick, 1989). Although one cannot expect to perform a contingent valuation survey for each type
of hazard one is considering, data in the literature from past surveys on related hazards might be used as proxy

for willingness to pay or to accept (David Brookshire, personal communication, August, 1991).
2 Environmental Assets

If one used contingent valuation to assess to human health risk costs, the value assigned to a hazard by the
public might include their monetary value of all of the environmental damages that will occur from a hazard, if
the survey was appropriately constructed. Alternative measures of damage to environmental assets include cost
of foregone recreation, if the remediated sites borders on a recreation area. service replacement, or property

values.
3 Economic Assets

Environmental alternatives might pose different risks to economic assets, such as materials and property.
For example, a decision to physically remove all waste from a site will have different long-term consequences
on the economic value of the property than will a decision to leave the waste in place with protective caps and
liners. The latter alternative would require long-term institutional controls and restrictions on land use.
Damage to materials can be measured from replacement value or service values, Damage to property values

equates to real estate value declines.
4 Production Assets

Such assets include crops, forests, fisheries, water-using industries, and municipal water supplies. For
example, accelerator transmutation of radioactive waste, a means of decreasing the activity level and
requirements for long-term isolation of high-level radioactive waste, could pose different environmental risks
than a high-level waste repository, where the small probability exists for waste migration and resulting
contamination of production assets. Admittedly, the time frame over which a repository might fail is so long
that use of any economic discount rate will nullify the differences in these alternatives. A more clear-cut
example is posed by contrasting pump and treat remediation of VOCs in groundwater with in situ remediation.
Whereas many scientists doubt that pump and freat can ever restore groundwater to drinking-water standards, it
is yet unknown whether in situ technologies can do so. If we assume that in situ treatment can, there are distinct
differences in the costs to economic assets. Costs to economic assets can be estimated by using replacement
values {(e.g., the cost of an alternative drinking water supply if an existing water source cannot be restored), or
opportunity costs, |
G. Application of Uncertainty and Risk to Cost Effectiveness

The techniques described above are at this time being tested for possible inclusion in the standardized
methodology for cost effectiveness analysis. The most likely method for handling cost uncertainty is the Monte
Carlo method. For performance uncertainty, we have successfully used sensitivity analysis (as described in
Schroeder et al. (1991). Decision trees can be useful, especially when defining possible technology applications
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and outcomes, but the major drawback for using them in actual cost analysis cases is the need for probability
estimates for the various events.

Despite the thoroughness taken with a cost and performance estimate there will always be uncertainty
involved. This is especially true when dealing with new, developing technologies, and the heterogeneity of
geological areas encountered with environmental remediation projects. "What companies need is documented
justification for their decisions...Done properly, risk analysis satisfies this need (Shorthouse, 1990-91: p.53)."
The steps taken to procure probabilities, and the fault trees used to reach decisions provide their own
documentation. The ability to look back and review reasons for particular actions increases confidence in
managerial decisions as well as reducing time wasted on controversy .

A choice for valuing environmental risk has not yet been made. If data are available, the authors prefer
to use contingent valuation for environmental risk estimation because it may better reflect consumers' utility and
it avoids the necessity of performing a risk analysis.

H. Conduct Cost Effectiveness Analysis

At this point in the analysis, we have identified the capital and operating costs for each alternative
technology, along with the net system impacts, performance scenarios, uncertainties and risks. If the scenario
is such that the technology alternatives remove differing amount of contamination, we must cost the alternatives
in terms of a standard unit of measure, for example, pounds of YOCs remaved or cubic feet of contaminated
soil disposed. (Humphreys, 1991: p.125) This involves loading the capital costs over the lifetime of the
project and then applying that cost to the unit of measure. That is, what is the capital cost associated with
treated a cubic meter of soil. Also, the operating cost are put into the same terms. After the system impacts of
using the particular technology are included, a true cost effectiveness picture emerges, where the comparison
can be made of the two alternatives in terms of total cost per unit under the scenarios. Since the scenarios are
designed to reflect a reasonable site situation for application of the technologies, one can multiply the cost per
unit by the number of units involved in the scenario to result in an estimate of the cost savings associated with
using one technology over the other at a site.

Howevert, if the scenario has been designed so that both technologies operate at the same
speed/performance level, the life-cycle costs can be directly compared to see which more cost effective.
(Ruegg, 1987: p. 14) This style of analysis is often useful in determining the cost effectiveness of a well-
defined project such as a heating system for a building that must satisfy established performance specifications.

L Totatl Cost Savings

The goal of this step is to estimate the total cost savings possible from full implementation of the
technology throughout DOE, then to compare this number against the total research and development funds
(from the R&D and the DT&E Divisions of DOE) that need to be expended to bring the technology to the
commercial stage. Using the cost savings at the site which results from the cost effectiveness analysis, one can
apply this to the total number of sites in the DOE complex where the technology could be used. If possible, it is
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preferable to determine cost-savings that are site specific and to apply them to the appropriate sites. This
requires significant research into what sites would have a need for the technology. However, a data base of
DOE environmental sites is now under development, and will be a very useful tool for this estimation process
when completed. In the meantime, rough estimates of the number of applicable sites can be multiplied by the
cost savings per site to give an estimated total cost savings.
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Table 1.

Comparison of SCAPS with Monitoring Wells and Coreholes (from Schroeder et al., 1991)

Cone Penelromeler System (SCAPS)

Monitoring Wells

Criteria Strengthr Limitations Strenpths Limitations

Geologic Cannot be used fo compatar rck | Diffaent drilling swechnologios can

Setuing or comented sotls without pro- be used novarding w0 the goalogic

drilling (12]. Ltended for wme in canditions: hollow mem wugering

elayey or emndy soil; aan handle up | for wnconsolidated matcrials, direct

to smalf graved, rotary drilling for consolidsted
formations, etc. (4}

Depth Depth Jigited o approximaicly Not depeh limited. Differern driiling
150 f&qin normally compmcied tochnologios can be used Lo sasin
soil [i2]. the desired depth: hollow stem

augering for moderute depiiu, direct
rotary drilling for greater depuine,
o [4].

Time saa timc eoquined o sits, A quick More time requircd on sile.
ethod for bnltial aie
vengstions [10] [11].

Drilling Rate pproximately 3 feetmin [12]. (Varies with drilling tachnique
10 push over 200 meters of holes used.}

a gingle day {L]).

Operutions st intrusive than conventional
illing methads: small dismeta
4 inch) holes. This is
rticularty helpfui when
nducting werk in residential end
mmnercial sress [10]

Surveying ZAPS includer 3 it of Surveying equipment is genaally
wphytical nanumeny for ool included as part of drilling
tocting vonccalod obstaclces and aperations.
vied oulity lines. Location and
recying oquipmens is also
chaded 1.

Drilling 3 drill cutlings or drilling fhids to] Only one apportunity o obtaly Hole is svailable w0 be completed a6 | Drilling Nuid ks required for direay

Antifacts and mposc of. Sealing and grouting of | dats; hole Is scslod (grouted) 8¢ 0ol | n well, and that can bave ¢ bong rotery drilling and contaminanty are

= netrometer holes s pafenmod s | is withdrwn, Havcvu'.tm lifetime of providing dsts auch as | circulated with the fluid Depending
3 is withdnrem [12} could be ¢ witer sarnph on wasts environment, drilling

hﬂ!md}mthpulﬁllm‘ : fhuids and cuttings mmust be disposed
rermainder of hale. i of s # harsrdout wakc,
A compietsd monitoring well ik
ofen subject Lo regulations
dpulating that it be itored
» muhr basis (possibly qumcny
of yearly). This represents an on.
Joing expense.
Al some paint i tiroe, will
probably inaur the cost of
abandoning the welL‘
Effoct of cont penctrometer puch o Effect of drilfing on ubsurface:
mubkriace; eaueca densified moaxt deal with effects of mud
materia] sroond the hole. invasion b all subsequent
e May have pousibl
microbial contamination from mud.
Drilling » well crestes about 16
times the volume of disturbed
materiad as opposed 10 doing & cane
penctrometss path,

ixposure ta inimizes arew's cxposure Lo ‘Workers on the 3rill rig are more

tw urdous materials scparsie push exposed in & hazardous
}and deta scquisition caviromnen, particulerly If
o the ek, Alr quality cant be bandling drilling ewd. More costly
strodled I the workspuce (12} worker protectiont is required.

Jrcw Size 'Y or more

Jocoataming- | Allows for decontamination of

fm of urtm Wl COMPTUTIcTG EXposes

ip dous wanier, Rods can be
clumd ux they are reracued [2).
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Table 1 continued,

Cooe Penctromeler System (SCAPS)

Monlloring Wells

Sirengths

Limitations

Strengths

Limitations

Collects raal-time data and allows
partis] on-eite intopretation.
Inicgrues daw inio umified
databuse. Provides on-site
visualization of subsurface
conditions [12].

r
[y

Data et be analyzed in the
{abormiory ®t & lawer Lime.

4

Srength properties are
(vlecve friction and penetration
resigance) snd these data wre weod 1o
empiricaZly determine the soil
classification. The continuous
reconds produced by the probe are
gresly superior o boring data for
straugraphic correlation across the
site {Z]. The sensof rudmy L
typically made at spproximately -
o depth intarveje [1].

Mog. tmsjor soil transitions noted
by the cone measurements can be

An inical relationhip between
meuu‘ed wrength properties and
soil type I8 wed 10 detcrmmine soil
clunification for the layers Urough
has

Lithaiogic loge record
chanacieristic propertic of the
variowt strals enooumered in the

i bomhoie (Acnul logging

<ds L6 some exsont

which the cone p
been pushed, (Sae [2}. Figure 4-10).

No phytical sample of subazface
maeieriat is taken during sn inical
push,

Comrespondence betwesn (he two
classification systema is not exact
(2}

oa the d.nllm‘ methad. } Most
common type of lithologic log is
the drillers description of the
gedlogic charucier of each
formution swoumered (4],

Samples should be taken a1 5.A
intervals and at cvery cange in
1 i i Sampl

Limited eampling {approaimately §
L intervais) iows for poor
correlation berwoen holes. (Lexs
verlical desail than the cone
pencTometer.)

Mus wait for fab anaiysis of
drilling cuttings.

This kind of akip sampling (5 fi
uuuvnu) is sandard practice when
I ry borings,

usually consigl of cutlings produced
by the action of the drif] biv
Sampic cuttings <an be sent to &
laboruiory for grain-size-
distribution and lithologic analysis
[4].

' During dritling, soil samples (such

us split-spoon emples) can be
ukm l.nboﬂlory lCIlln‘ of theie

physical swnples, The laboratory
soll classification is basad on sieve
sowlysis and Atierbiery limiu (iquid
aad plagic limits) (2).

Comimous cores ¢an be laken
during the drilling process.

and mﬂ 1w |llunm: the iendency
0 minimize the number of semples
tkent 1 one measure Lo reduce cosls
of convendionai drilling, xampling,
and laborwiory sample westing
programs, However, thi kind of
sanipling cannot provide «
meaningful index of smuboarfacs
conditions when soil leyers arc
Win, interbadded, and
discontinuous. If & detailed and
continuous record of soil

conditions ix not obtained then
monitoring wells mey not be
carrectly placed {2).

coné penetrometer ol during an
initisl push. These Lools provide
detailed und cumrnm

ata rae of adv

3 fmin [12). Examples are:

of

» Electrical Resistivity Sensor

‘This tagic ing dotector can
sense conimminanu that slier the
resistivity of the sail. The depth of
investigation of the resistivity tool
into the formation is about § cm.
High vertical resolution ic
obsined, and no effects of mud
iavaiien.

« Fiber-Optic Fluoromatric
Coniamingnt Sansor
Hag been developod for use with

SCAPS; was first ved in detecting
tracer compounds in groundwiter,
This sensor has also been
miccenfully wied to delect

petrolenrn, oil, and lubricam (POL)
consminants a1 DaD sites {12].
The optical npe:tnl heanranents
are based on laser-induced
ﬂmelceme :

+ Fibe-Optic Scnsor for TCE (6]

Squm provldc only qualitive wy '
of

munﬁmm wuemu-uon
Secruors identify classes of

cotpounds only [12].

Detects faodersi¢ o high Resistivity logging tools can be

concentrations, ha-nonpcaﬁc ludmnminmmmof

(i-¢., cannon identify ] (which has

by ype). mow oflen been uucl in the
pezoleum industry 1o evaluate
hydrocarbon ssivention). Yerious

wol spacings (e.g., (6" normal) are

availsble for obuining different
depths of investigations [9].

No senaors sre carried slong as part
of the drilling process.
Meagrements of chemical
conaminatis mus be done by
inservion of subsequerst logging
wols or by uking physical
witerAoll samples and having them
amlyzed & the laborstory.

Rui'm;ity measIrements thow
effects of mud invasion.
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Table 1 continued.

Cooc Penetrometer System (SCAPS)

Monitoriag Wells

Strengths

Limitations

Streagihs

Limitations

Sail sanplcs oun be obtalned weing
aumplax such et the Mosap Solt
Sampler ar Goods Sell Sampler (£).

Gives w high quality sampie—aot
contaminated with drilling Muids.

5ol sumplos arc ot taken during
the lnitlal cone penetromctar push.
Rather, the initlal push ldentifies
the depth—of dmerent, then « soll

sunple Is eken oa 1 pabsequen
push,

Soil sarples are typleally emalter
thar thaée provided from drilling
1nz).

Soil samplat ot be analyzad in
the laboraory.

Sail eamples can b obtained during
the drilling process, ¢y, with
coninuouw drive o split-epoon
samples.

Foreation sumpler may be aken
by variows methods depending on
the type of drill rig used. Cortain
methods will provide more
representative samples (4],

With direct rotary drilling, samyples
wre influanced by the drifling fluid
[4]. :

Soil temples mun be anslyzed in
the laborawry.

Witer mymples can be obtained
wing tamplax such as the GED Inc.
Hydropunch- Ground waux Sampler
).

Wale samplet are not laken during
the Initiel oome penaromcter puh,
Rather, the initial push identifics
the depth-of-interest (squifer), then
4 waley pample is taken on o
mubsequent push (10).

Waler samples are typically smaller
than thase provided fram drilling
[z

Water sammples tast be amalyred in
the laboratory.

Welr aumpies can be collocted at
wariour depchu chrring drilling 4]

The drilled hole mua be tumed into
+ manioring wll in order for
continutus e water mples
be taken: the hole memt be cased,
well screen nwwalled, corpleted,
and developed. The methodalagy
wed in the sampling procedure is
critically imponart if the truc
chemical neture of the groundwaier
contemination el thal ¥z is w0 be
determines (4]

Watr samples trmun be analyzed in
the laboratory.

Pumping teau can be conducted in
welly in order 1o detenine the

bydruulic parmmcters of the squifa.
The purpose

principal factors of aquifar

EE

1 wtalls moatioringampling
1 evices [12).

Down.well moniloring stramenty
are being devetoped [6].
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STEPS IN COST-SAVINGS
ANALYSIS

IDENTIFY BASELINE
TECHNOLOGIES AND RDDT&E
SUBSTITUTES

T R ]

I TETSEETE ST I

IDENTIFY SYSTEM

rrrrsi|

DEVELOP LIFE-CYCLE
COSTS OF ALTERNATIVES
T EETETIRITTRNY

Y

CHARACTERIZE PERFORMANCE
OF ALTERNATIVES

B S AN

7

LA,

' EVALUATE COST EFFECTIVENESS

ESTIMATE EXPECTED SAVINGS R

S

o

Figure 1., Steps in Cost Savings Analysis
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Figure 2. Decision Tree Example: Three options for cleaning paint off airplanes
(adapted from Shorthouse, 1990-91)

TOTAL
PROBABILITY

J* 4%

I

024
J® . 4% 5= 060

3 ¥ .4% 3= 036

JI*6*2=036
S * 6% .5 =090

.3 * 6% 3=.054

S¥.4% 2= 040

S* . 4% 5=.100

S* 4% 3= 060

S* 6% 2= 060

D e 6% 5= 150

S *.6% 3=.090

2% 4% 2=016

2% . 4% 5= 040

2% 4% 3= 024

2® 6% 2=024

2% 6% 5= 060

2%*.6* 3= 036

=1.0



184



