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1.0 INTRODUCTION

The purpose of this study was to identify and prioritize potential
research and development (R&D) activities that could reduce the cost of
environmental restoration activities at Army installations where munitions
production or tactical vehicle maintenance has been performed.

1.1 BACKGROUND

The study was conducted for the U.S. Army Toxic and Hazardous Materials
Agency (USATHAMA) by Environmental Management Operations (EMO).(a) USATHAMA,
which is part of the Army Corps of Engineers, has the responsibility for cen-
trally managing implementation of the Drpartment of Army Installation Res-
toration Program (DA IRP) at current Aimy sites. The purpose of USATHAMA's
Installation Restoration Decontamination Technology Development Program
(Project AF25) is to provide R&D support for required assessment and cleanup
activities at Army installations. Project AF25 funding is currently being
supplemented with Defense Environmental Restoration Account (DERA) funding.

Current USATHAMA R&D efforts conducted for the DA IRP include the eval-
uation of commercially available state-of-the-art technology for installation
restoration and development of new, innovative technology that is more eco-
nomical and efficient than existing technology. The purpose of this report
is to examine the potential payoff in DA IRP cost reduction for various types
of new or innovative technologies that USATHAMA could develop to complement
or replace existing technology. These evaluations will assist USATHAMA in
prioritizing their current R&D investments and in estimating whether addi-
tional R&D investments would be cost effective.

1.2 SCOPE

The study examined potential R&D investments for a portion of the DA IRP
activities. DA IRP activities considered were those for restoration of soil

(a) Environmental Management Operations is operated for the U.S. Department
of Energy by Battelle Memorial Institute under Contract DE-AC06-76RLO
1830.
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or groundwater contaminated as a result of wastewater lagoon operations at
Army installations where munitions production or tactical vehicle maintenance
activities have been performed. These activities have resulted in the
contamination of soil and groundwater with combinations of explosives (EXPs),
heavy metals (HMs), and volatile organic compounds (VOCs).

The estimated reduction in costs for utilizing developmental rather than
existing technologies For soil and groundwater cleanup for each contamination
category was examined as a basis for identifying and prioritizing potential
R&D investments. The cost estimates developed were based on the lTimited
installation contamination data found in the USATHAMA and DA IRP documents
examined. The cost information presented in this report should be considered
preliminary data suitable for the purposes of this study, but it should not
be considered as a basis for estimating the total cost for the soil and
groundwater cleanup portion of the DA IRP. The individual estimates are
based on very preliminary data, and important costs such as site characteri-
zation costs, administrative and management costs, and lTong-term monitoring
costs are not included.

Although the activities considered in this study make up a significant
portion of the overall DA IRP activities, they by no means constitute all of
the required activities. Not only are additional sources and types of con-
tamination likely 1o exist at the Army installations considered, but oper-
ations at other Army installations are likely to lead to additional DA IRP
requirements. Therefore, the cost estimates presented in this report do not
provide a comprehensive basis for estimating overall DA IRP cost.

Numerous new or innovative technologies were considered in evaluating
potential R&D investments. These technologies were viewed as illustrative or
" representative of broad categories of technologies (e.g., physical, chemical,
thermal, or biological processes) that might apply to the specific DA IRP
activities considered. The list of technologies considered was not compre-
hensive, but it is reasonably representative of the potential performance and
cost of the various technology categories. The specific technologies con-
sidered were those identified in the USATHAMA and DA IRP documents that were
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reviewed for this study, augmented by a few developmental technologies that
have been identified since those documents were prepared.

Most of the new or innovative technologies are in the early stages of
development, and there are only limited preliminary performance and cost data
available for them. The data for the various technologies within a category
were evaluated as a basis for qualitative judgments about the technology
category’s petential to reduce the cost for DA IRP activities. It was beyond
the scope of this study to identify specific te. nologies within a category
for further development. Such identification would require ensuring that a
comprehensive set of technologies is considered, and it would be followed by
a more detailed comparison of the potential performance and cost. However,
the assessment of the likelihood of successfully developing a technology
category is sufficient for the purposes of this study.

1.3 APPROACH

The approach for this study is shown in Figure 1.1. The initial step in
the analysis was to use USATHAMA and DA IRP data as a basis for identifying
remedial action requirements and for estimating the expected unit costs for
performing DA IRP activities if current or existing technologies were
utilized.

Preliminary data describing the number, size, and contents of wastewater
lagoons at Army installations involved in munitions production or tactical
vehicle maintenance were used as a basis for estimating a portion of the
EXPs-, HMs-, or VOCs-contaminated soil or groundwater that might require
treatment. The variation in the potential amount of contaminated soil or
groundwater per installation for the sources considered that might require
treatment for each contamination category, the range of total contaminated
soil or groundwater in each category, and the assumed levels of soil and
groundwater contamination were estimated.

USATHAMA and DA IRP data (supplemented by cost data from other applica-
tions of existing or current technology) were also utilized to estimate unit
treatment costs. These data were used to identify the components of the
potential IR cost (e.g., excavation/water extraction, treatment, disposal of

1.3
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treated soil or groundwater, etc.) and to determine the sensitivity of unit
costs to process or treatment rates and contamination levels.

The resulting partial estimates of remedial action requirements and
technology costs were used to identify and compare potential opportunities
for new or innovative technologies to reduce DA IRP cost. The potential for
installation remediation (IR) program cost reduction was examined for each of
the six remedial action categories individually (EXPs, HMs, or VOCs contami-
nation in either soil or groundwater). A category’s attractiveness as a
candidate for a new or innovative technology to reduce DA IRP cost generally
depended on both the extent of the potential remedial actions required (total
amount of contaminated soil or groundwater to be treated) and the magnitude
of the unit costs for the required excavation or extraction, treatment, or
secondary waste disposal costs. In many cases, the relevant unit costs were
functions of the process or treatment rates, so the distribution of required
remedial actions by size (contaminated soil or groundwater per installation)
was important for determining appropriate unit costs.

In general, new or innovative technologies must have the potential to
substantially reduce these unit costs to be promising for reducing overall DA
IRP cost. Target unit costs for developmental technologies were determined
by comparing them with corresponding reference technology unit costs. The
estimated cost reduction afforded by a new or innovative technology, if it
achieves the target cost, depends on how much it reduces the corresponding
unit cost for existing or currently used technology, and the extent to which
the new or innovative technology can be applied in the DA IRP. Since there
is considerable uncertainty in both of these factors, broad ranges of poten-
tial savings were estimated for the various technology categories.

The potential that new or innovative technologies have to reduce DA IRP
cost (meeting target unit costs) was assessed by evaluating broad categories
of potential technologies in order to estimate the 1ikelihood that they could
meet the required unit cost target. For each of the remedial action cate-
gories considered (soil or groundwater contaminated with EXPs, HMs, or VOCs),
potential rew or innovative technologies were identified for the broad gen-
eral categories of physical, chemical, thermal, or biological technology.
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The technologies identified for each of these technology categories were
assumed to be representative of the comprehensive set of such technologies
and were used to assess the likelihood that the category could achieve the
relevant unit cost target for a remedial action category.

Two primary factors were considered in evaluating a technology cate-
gory’s potential for reducing DA IRP cost. The first factor was the range of
anticipated unit costs for the new or innovative technologies representing
the technology category. Categories for which several representative tech-
nologies may have unit costs less than the target unit cost were deemed more
likely candidates for development. The second was the technological maturity
of the representative technologies for the category. Categories with more
fully demonstrated technologies were deemed more likely candidates for
development. These judgments are by their nature qualitative and were made
subjectively based on previous research experience.

After composite technological maturity and potential unit cost judgments
were made for each relevant technology category for a remedial action cate-
gory, a range of probabilities of achieving the target unit cost was esti-
mated for each technology category based on those judgments. Technology
categories with lower anticipated unit cost and more mature technologies were
assumed to be more likely to meet the required development target unit cost.
These probability ranges were then used in conjunction with previous results
for DA IRP cost savings to probability weight the estimated savings (cost
reduction) for developing that technology category. Both the absolute and
probability-weighted estimated savings were considered in determining R&D
investment priorities.

The technology categories were rank ordered in terms of payoff and
probability-weighted payoff. Probability-weighted payoff is a measure of how
much profit (or savings), on the average, each R&D investment is expected to
yield. The preferred investment strategy in terms of DA IRP cost reduction
is to invest in developing the categories in this order. The number of cate-
gories that can be developed depends on the level of R&D funding: the more
R& funding that is available, the more categories that can be developed and
the greater will be the potential reduction in DA IRP cost. This ordering
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and the estimation of the corresponding DA IRP savings constitute the major
results of this study, which are 1) identification of the preferred order or
priority for investing R&D funding in the various technology categories and
2) estimated DA IRP savings for varying levels of USATHAMA R&D funding for
this portion of the overall DA IRP.

1.4 REPORT CONTENTS

The key results and findings of this study are described in Section 2.
Section 3 contains estimates for the volume of contaminated soil for each
remedial action category; discussion of the unit costs for appropriate exist-
ing or current technology for excavation, treatment, and secondary waste dis-
posal; and identification of the target unit costs for developmental tech-
nologies and the corresponding payoffs. Section 4 has similar information
for contaminated groundwater. Section 5 describes the evaluation of the
alternative developmental technology categories. Section 6 describes how
preferred investment strategies were identified.
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2.0 SUMMARY

The purpose of this study was to identify and prioritize the potential
USATHAMA R&D investments that could reduce costs for the DA IRP. The poten-
tial payoffs (DA IRP cost reductions relative to R&D investment levels) cor-
responding to various levels of USATHAMA R&D funding are examined, based on
the assumption that R&D funding is allocated consistently with cost reduction
priorities.

As a basis for evaluating potential R&D investments, this study examines
estimated unit costs for potential DA IRP soil and groundwater remedial
actions associated with wastewater lagoons, trenches, ditches, or impound-
ments at Army installations that have conducted munitions production or
tactical vehicle maintenance operations. While these are not the only con-
tamination sources that may result in DA IRP remedial actions, they are a
significant fraction. Moreover, there are currently more data available for
estimating remedial action requirements for these sources than for other
sources. However, as can be seen by examining the remedial action require-
ment estimates in this report, even the data that are available for these
sources is very preliminary and do not allow precise estimation of potential
requirements.

Operation of such wastewater lagoons, trenches, ditches, or impoundments
can result in soil or groundwater contamination by EXPs, HMs, and VOCs, and
it is expected that environmental cleanup activities will be required for at
least some of these installations as part of the DA IRP. Tables 2.1 and 2.2
summarize the estimated volumes of contaminated soil and groundwater for the
installations considered for this study. The assumptions and data for the
estimates in Tables 2.1 and 2.2 are discussed in Sections 3 and 4,
respectively.

Even though these estimates correspond to only a portion of the poten-
tial requirements for remedial actions and have significant uncertainties
associated with them, they are used in this study as the basis for comparing
the potential of various categories of technologies to reduce DA IRP costs.
Use of these limited data will probably result in underestimating the total
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TABLE 2.1. Estimated Volumes of Contaminated Soil at Army
Installations Based on Currently Available Data

Contamination Category
Explosives Heavy Metals Volatile Organics

Number of Installations 28 14 8
Identified from Data

Examined as Having

Contaminated Soil

Estimated Volume of
Contaminated Soil (tons)

Lagoons, Ditches, Trenches, -~1,000,000 ~210,000 ~180,000

or Impoundments

Burning Grounds ? ? ?

Area Around Facilities ? ? ?

Other Installations ? ? ?
TOTAL (#20%) >1,000,000 >210,000 >180,000

TABLE 2.2. Estimated Volume of Contaminated Groundwater at Army
Installations Based on Currently Available Data

Contamination Category

Explosives Heavy Metals Volatile Organics

Number of Installations 16 7 9
Identified from Data

Examined as Having

Contaminated Groundwater

Assumed Treatment Rate, gpm 100 to 400 100 to 3000 400 to 3000
Assumed Treatment Time, years 20+ 20+ 20+
Estimated Volume of

Contaminated Groundwater
Treated, billions of gallons

Current Installations and 20 to 70 10 to 70 10 to 280

Assumptions

Treatment Beyond 20 Years ? ? ?

Other Installations ? ? ?
TOTAL VOLUME >20 to 70 >10 to 70 >10 to 280
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potential savings that could be realized for the DA IRP. The assumption for
this study is that the potential savings estimates based on comprehensive
data (if the data were available for all sources) for each type of remedial
action would be in the same relative proportions as the estimates based on
the available data. This assumption will hold if, as suggested by the esti-
mates in Tables 2.1 and 2.2, the actual amount of soil contaminated with EXPs
and groundwater contaminated with VOCs that is ultimately treated as part of
the DA IRP is several times greater than the amount of the other contaminated
soil and groundwater treated. Both of these assumptions seem likely based on
what is currently known about DA IRP remedial action requirements.

The estimated unit costs for performing DA IRP remedial actions is used
as a basis for estimating the portion of the potential DA IRP cost savings.
Cost savings are calculated assuming that existing or current technologies
are utilized and new or innovative technology can be successfully developed
to reduce these unit costs. The reference technologies that are currently
assumed are shown in Table 2.3. The technologies identified in Table 2.3 are
all currently in common usage for similar remedial actions.

The unit costs for current technologies were used as the basis for
determining appropriate unit cost targets for new or innovative technologies.
Selected unit cost targets for alternative technologies were lower than the
estimated unit costs for the reference technologies so that DA IRP cost
reductions would be realized. However, these unit cost targets were not set
so low as to be unrealistic or unachievable targets for development of alter-
native technologies. The assumptions and data for estimating unit costs for
the reference soil and groundwater remedial action technologies are discussed
in Sections 3 and 4, respectively.

Table 2.4 shows the unit cost targets that were adopted for each reme-
dial action category. These unit cost targets, estimated unit costs for
current technology, and the ranges of remedial action requirements shown in
Tables 2.1 and 2.2 were used to estimate potential DA IRP cost reductions if
the proposed unit cost targets can be achieved. These estimated potential
savings are shown in Table 2.4. The estimated DA IRP cost reductions, or
payoffs for successful development of alternative technologies, are broad
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TJABLE 2.3. Currently Assumed Remedial Action Technologies

Contamination Cateqory
Explosives Heavy Metals Volatile Organics

Soil Remedial Actions Incineration Offsite In Situ
Disposal Volatilization
or

Low Temperature
Thermal Stripping

Groundwater Remedial Granular Precipitation Air Stripping
Actions Activated
Carbon or and
Ion Exchange Vapor-Phase
Carbon

ranges based on uncertainties in both the current unit costs and the remedial
action requirements. As previously noted, these estimated payoffs are likely
to be Tower than what could actually be realized because the estimates for
remedial action requirements are not comprehensive. The soil and groundwater
remedial action technology unit cost targets and corresponding payoffs are
discussed in Sections 3 and 4.

Also shown in Table 2.4 are 1) the technology categories that were iden-
tified as candidates for yielding a technology that could meet the unit cost
target for each remedial action category and 2) the relative likelihood of
meeting the unit cost target for each technology category. Broad categories
of technology (physical, chemical, thermal, and biological) were evaluated
based on representative technologies that are currently ident}fied for each.
The judgments about the likelihood of a category yielding a technology that
could meet the unit cost target are based on the relative number of identi-
fied technologies that appear to have promise for meeting the unit cost tar-
get and the maturity of the representative candidate technologies. Broad
ranges of probability were assigned to the judgments about the relative 1ike-
1ihood of identifying and successfully developing a candidate technology from
a technology category based on previous technology development experience.

In this report, when the Tikelihood of identifying and developing a
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technology is described as low, medium, or high, it refers to the definitions
in Table 2.4. The evaluation of these technology categories is discussed in
Section 5.

The estimated range of potential payoffs, along with the estimates for
the likelihood of achieving those payoffs, were used to prioritize invest-
ments in the various technology categories. The resulting priorities were
assessed on the bases of both potential payoff and probability-weighted
payoff for each technology category. Probability-weighted payoff is the
estimated savings that would be realized, on the average, for each of a
number of investments which have the estimated payoff and a probability of
success. Probability-weighted payoff is therefore a measure of how much
would be realized for a typical investment with the estimated probability and
payoff. Although the probability that a technology will succeed is subjec-
tive, it was as carefully defined as possible for this study based on pre-
vious research and accepted methods (see Section 5 and Section 6.3). This
probability estimate is determined by the judgment of experienced resear-
chers, and because the probability estimate is subjective, a range of per-
centages was used when the technologies were ranked for the likelihood that
they could succeed. These two estimates of potential DA IRP cost reduction
(payoff and probability-weighted payoff) were used to determine a preferred
and a backup technology category for each remedial action category and to
prioritize the categories for the entire set of DA IRP activities considered.

The resulting prioritized or ranked set of technology categories was
used to develop preferred R&D strategies for four levels of R&D funding,
ranging from current funding to 300% of current funding. It was assumed,
based on USATHAMA experience to date, that currently projected R&D funding
for the period from 1991 through 1995 would allow development in four tech-
nology categories (physical, biological, chemical, and thermal) and that if
R&D funding increased, more technology categories could be developed. (For
this study funding increases in increments of current level funding, current
funding +50%, current funding +100%, and current funding +200% were used to
evaluate what new technology categories could be developed funding
increased.) This assumption is only a first approximation, and the required
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funding for any particular set of technology development activities would
require more detailed estimates based on the specific activities involved.

Table 2.5 shows the resulting R&D strategies based on these assumptions
for the current, 150% (50% additional funding), 200% (another 50% additional
funding), and 300% (another 100% additional funding) funding levels. Also
shown in Table 2.5 are two measures of the potential payoff for each of these
R&D investment strategies. The incremental expected payoff for each incre-
mental R&D investment is expressed as a ratio of the estimated expected DA
IRP cost savings and the assumed investment of R& funding. The incremental
potential payoff is the ratio of the maximum estimated savings and the R&D
investment. The development of these R&D strategies and the estimated pay-
offs is discussed in Section 6.

Table 2.5 indicates that an expected or typical payoff for investing in

the four technology categories with the highest priority would range from 3:1
to 20:1 (DA IRP cost reduction 3 to 20 times larger than R&D investment), and
could be as high as 100:1. As would be anticipated, as R&D investment in
lower priority technology categories is projected, the estimated expected and
potential payoffs shown in Table 2.5 both decrease accordingly. Based on the
estimates in the table, doubling current R&D funding to allow development of
technologies from four additional technology categories appears to be a cost-
effective investment. The return on these investments would be Tower than
for the higher priority technology categories, but still sufficiently high to
warrant consideration. The set of eight technology categories identified for
this funding level consists of the preferred technology category for each
remedial action category, plus backup technologies for EXPs-contaminated soil
and groundwater remedial actions.

The mix and order of priority for technology categories for the 200%
funding level seems reasonable based on an intuitive assessment of potential
DA IRP requirements. Based on the partial estimate of soil remedial actions
shown in Table 2.1, it seems likely that costs associated with EXPs-
contaminated soil will be a large fraction of DA IRP soil remedial action
costs. Therefore, it seems reasonable to invest in two technology categories
to enhance the probability that DA IRP cost is reduced, and it is not
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TABLE 2.5.

Funding
Level

by Funding Level Increments

Technoloqy Categqories

R&D Investment Strategies and Payoffs (Savings:Investment)

Incremental Incremental
Probability- Potentza}
Weighted Payoff Payoffia

Current
Funding

+ 50%

+ 50%

+ 100%

4

A

A

-

.

r

.

(

.

r

L

In Situ Biological Technology for
VOCs-Contaminated Groundwater

Biological Technology for
EXPs-Contaminated Soil

In Situ Biological Technology for
EXPs-Contaminated Groundwater

Chemical Technology for
EXPs-Contaminated Soil

Onsite Physical Technology for
EXPs-Contaminated Groundwater

Onsite Chemical Technology for
HMs-Contaminated Groundwater

Physical Technology for
HMs-Contaminated Soil

Biological Technology for
VOCs-Contaminated Soil

Onsite Biological Technology for
HMs-Contaminated Groundwater

Onsite Biological Technology for
VOCs-Contaminated Groundwater

Thermal Technology for
VOCs-Contaminated Soil

Thermal Technology for
HMs-Contaminated Soil

3:1 to 20:1 100:1

1:1 to 10:1 20:1

1:1 to 3:1 10:1

<l:1 to 3:1 none

(a) Estimated maximum payoff for current funding level and for increasing
funding increments.

surprising that investment in a second technology for this remedial action

category is a higher priority than investing in a technology for reducing

remedial actions involving soil contaminated with HMs and VOCs.
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The mix and order of priorities for developing groundwater remedial
action technology categories is also intuitively consistent. According to
the estimated volumes of contaminated groundwater shown in Table 2.2, the
category with the largest potential requirement for treatment is groundwater
contamineted with VOCs. This large potential requirement results in a high
priority and a high potential payoff for developing an in situ biological
technology. The payoff for a backup technology (onsite biological technol-
ogy) is substantially lower because extraction of the groundwater from the
aquifer would still be required, and the unit cost for the reference treat-
ment technology (air stripping and vapor-phase carbon treatment) is rela-
tively low. In addition, the likelihood of achieving this lower payoff is
judged to be Tow.

The estimated payoff and priority for developing an in situ biological
technology for groundwater contaminated with EXPs is s]ight]yv1ower than that
for in situ biological technology for groundwater contaminated with VOCs,
based on the lower estimated amount of contaminated water needing treatment.
However, the estimated payoff for developing a backup onsite physical tech-
nology for explosives-contaminated groundwater is slightly higher than the
estimated payoff for developing a backup technology for groundwater contami-
nated with VOCs, and the estimated probability for successfully developing an
onsite physical technology for groundwater contaminated with EXPs was
assessed as medium. Theref-re, a backup technology for EXPs-contaminated
groundwater has a higher priority than one for VOCs-contaminated groundwater.

The last four technologies in Table 2.5 that could be developed if R&D
funding were available are all backup technologies, and therefore do not
increase the potential savings that could be realized. Rather, they can be
considered insurance. Investing in these technologies would increase the
overall likelihood of reducing costs for their respective DA IRP remedial
action categories. However, since the potential payoffs are smaller for
these remedial action categories, the overall impact of investing in these
technologies on the expected DA IRP cost savings is relatively small. Esti-
mates of the expected payoffs for this last increment of R&D funding ranged
frcm less than 1 (R&D investment not recovered) to 3:1 (DA IRP cost reduction
three times as large as the R&D investment).
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3.0 CONTAMINATED SOIL REMEDIAL ACTIONS

This section of the report describes the results of the analysis that
was performed to determine target unit costs of alternative technologies for
remedial actions involving soils contaminated with EXPs, HMs, and VOCs. Also
described are the corresponding estimated savings for the DA IRP if those
target costs can be achiev i. The estimated savings, or payoff, for develop-
ing an alternative technology that achieves the target unit cost is one of
the factors that is considered in Section 6 for determining R&D investment
priorities.

Section 3.1 summarizes the estimates made of the volume of soils con-
taminated with EXPs, HMs, and VOCs for that portion of the potential sources
for which available data are identified. Though these volume estimates are
not comprehensive and are based on preliminary installation characterization
data, they provide a sufficient basis for making a first-order estimate of
the amount of soil to be treated in each category. These estimates are nec-
essary for comparing potential IRP cost reductions even though potential cost
reductions could be larger.

Section 3.2 identifies the current reference technology assumed for each
category of soil remedial action and presents a unit cost estimate for those
technologies. These unit cost estimates are used in Section 3.3 as the basis
for determining target unit costs for alternative technologies for remedial
actions involving EXPs, HMs, and VOCs. The payoffs or savings associated
with achieving those unit cost targets are also estimated in Section 3.3.

Throughout this section, data and results are presented in terms of
fairly broad ranges, and the supporting calculations make Tiberal use of
rounding and approximating. Additional precision is unwarranted by the
nature of the data that are available for estimating how much contaminated
soil must be treated.

3.1 ESTIMATES OF CONTAMINATED SOIt VOLUME

The estimated volumes of soils contaminated with EXPs, HMs, and VOCs are
presented in this section. The objective of estimating the volumes of these
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soils at Army installations is to develop a relative measure of the Army’s
soil remedial action requirements. The order-of-magnitude contaminated soil
volumes are used with cost data to estimate potential cost reductions from
successful R&D activities.

Soil volumes were estimated by calculating the volume of contaminated
soil at a subset of the Army’s installations for which preliminary data are
available and by assuming that these volumes represent a lower limit estimate
of the total contaminated soil volumes. The subset of Army installations
used in this study included those involved in munitions production, plating
and metal finishing, and other industrial operations (e.g., equipment mainte-
nance). These installations probably generate a large fraction of the Army’s
contaminated soil. Therefore, it is reasonable to consider data for these
installations to be representative of the Army soil remedial action
requirements.

Two reports were examined as sources for estimating contaminated soil
volumes: one by Roy F. Weston, Inc. (WESTON) (Coia et al. 1983), and another
by Environmental Science and Engineering, Inc. (Beaudet et al. 1983a,b,c).
The WESTON report was used as the primary source of information for this
study. In that report, WESTON surveyed 41 installations associated with
munitions production, plating and metal finishing, and other industrial
operations (i.e., equipment maintenance) for the use of wastewater lagoons.
Thirty-nine of those installations had some combination of wastewater lagoons
contaminated with EXPs, HMs, and VOCs. Wastewater lagoons are considered the
greatest known source of contaminated soil. Other sources include burning
grounds and the soil around production facilities. Sources of available data
to estimate the extent of the contamination associated with burning grounds
and production facilities were not identified.

A summary of the estimated contaminated soil volumes is presented in
Table 3.1 and Figures 3.1 and 3.2. Details of the soil volume calculations
used for the estimates presented in Table 3.1 and in the two figures can be
found in Appendix A. The soil volume calculations were based on an assumed
depth of contaminated soil around the wastewater lagoons. The actual depth
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TABLE 3.1. Relative Measure of the Contaminated Soil at Army Installations
(Estimated from Data Currently Available)

Contamination Cateqory
Explosives Heavy Metals Volatile QOrganics

Number of Installations 28 14 8
Identified from Data

Examined as Having

Contaminated Soil

Estimated Volume of
Contaminated Soil (tons)

Lagoons, Ditches, Trenches, -~1,000,000 ~210,000 ~180,000
or Impoundments
Burning Grounds ? ? ?
Area Around Facilities ? ? ?
Other Installations ? ? ?
TOTAL (+20%) >1,000,000 >210,000 >180,000

of contaminated soil that must be treated at each site will be negotiated
with the appropriate regulatory agencies and is unknown at this time. There-
fore, a range of +20% was included in the estimate of the contaminated soil
volumes.

Table 3.1 summarizes the number of installations (from among those for
which data are available) and the potential volume of contaminated soil at
those installations for each contamination category. As noted above, waste-
water lagoons are not the only source of contaminated soil; therefore, the
totals presented in the table represent the lower limits of the total volumes
of IRP contaminated soil. As shown in Table 3.1, it is estimated that there
will be about five times as much soil contaminated with EXPs (at the instal-
lations surveyed) as soil contaminated with HMs and VOCs.

The number of installations with contaminated soil volumes more than and
less than 20,000 tons for each contamination category is presented in Fig-
ure 3.1. Figure 3.2 piots the contribution to the total soil volume of the
installations with less than 20,000 tons for each contaminant type. The data
presented in Figures 3.1 and 3.2 indicate that installations with "small"
volumes (less than 20,000 tons) of contaminated soil, although they are large
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in number, contribute a small percentage of the total soil volume. For EXPs
contamination, installations with small volumes of contaminated soil contri-
bute less than 20% of the total volume of soil. For HMs and VOCs contamina-
tion, total contribution from small sites is less than 40% and 30%,
respectively.

3.2 UNIT COST ESTIMATES FOR REFERENCE SOIL REMEDIAL ACTION TECHNOLOGIES

This section describes the cost data and assumptions that were used to
develop estimates of the unit costs for the reference remedial action tech-
nologies for each of the soil contamination categories. The resulting unit
costs are used in Section 3.3 as the bases for developing target unit costs
for developmental technologies and for estimating the corresponding DA IRP
cost savings if those targets can be realized through R&D of alternative
remedial action technologies.

Sections 3.2.1, 3.2.2, and 3.2.3 describe the cost data, assumptions,
and unit costs for the reference soil remedial action technologies for soil
contaminated with EXPs, HMs, and VOCs, respectively. The unit costs for
remedial actions associated with these contaminant categories are expressed
in terms of dollars per ton of contaminated soil; they include the costs
associated with removal of the contaminated soil, subsequent treatment, and
disposal of secondary wastes and/or decontaminated soil. The unit cost for
each contamination category is a function of the assumed reference technology
and of the amount of soil that is assumed to be treated at each installation.

3.2.1 Unit Cost for Remedial Actions Involving Soils Contaminated with
Explosives

The reference remedial action technology for soils contaminated with
EXPs is incineration, which involves excavation of the soil followed by
incineration in a rotary kiln incinerator and disposal of the ash at the
excavation site. As part of the DA IRP, USATHAMA has completed incineration
of approximately 40,000 tons of EXPs-contaminated soil at Cornhusker Army
Ammunition Plant (CAAP) and initiated incineration of an estimated
120,000 tons of soil at Louisiana Army Ammunition Plant (LAAP) (Turkeltaub
and Wiehl 1988).
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The major cost components associated with incinerating EXPs-contaminated
soil are 1) excavation, 2) mobilization and demobilization of the inciner-
ation process equipment, 3) incineration processing cost, and 4) disposal of
the ash from the incineration process. For the purposes of this study, the
costs associated with these activities at LAAP were used as a basis for esti-
mating the unit costs for incinerating soils contaminated with EXPs at other
installations. The resulting unit cost estimates should be considered
approximations, because costs for incineration at other installations will
depend on the specific characteristics of the contaminated soil and the type
of contract negotiated for incineration. It should also be noted that these
incineration unit cost estimates do not include other costs such as site pre-
paration and management costs and are therefore not appropriate as estimates
of the total cost for an incineration campaign. These other costs were not
included because they have relatively little effect on comparisons between
the cost of using the reference or potential developmental technologies.

Table 3.2 gives the estimated unit or total costs for the four inciner-
ation cost components for the LAAP incineration effort. The data in the
table were provided by USATHAMA and are based on the estimated costs for
incinerating 120,000 tons of soil ~ontaminated with EXPs.

The estimate for excavation and sampling costs is higher than typical
remedial action excavation costs, which are on the order of $20/ton, because
of the requirements for remote excavation of soils contaminated with EXPs.
The requirement for such excavation at other installations with contaminated
soil will depend on specific installation conditions.

TABLE 3.2. Estimated Incineration Costs for Explosives-Contaminated

Soil at LAAP
Cost Component Cost
Excavation and Sampling ~$40/ton
Mobilization and Demobilization $4.2 million
Incineration ~$110/ton
Ash Disposal ~$10/ton
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The incineration at LAAP is being performed by the International
Technology (IT) Corporation of Knoxville, Tennessee, using their hybrid ther-
mal treatment system (HTTS). The HTTS is a rotary kiln capable of incinerat-
ing up to 26 tons per hour of soil contaminated with EXPs (Turkeltaub and
Wiehl 1989). The cost data shown on Table 3.2 for mobilizing, demobilizing,
and operating this incinerator were provided by USATHAMA based on the terms
of their contract with IT for performing these activities. The cost of ash
disposal shown on Table 3.2 was also provided by USATHAMA and is also based
on the terms of their contract for the performance of this activity at LAAP.
The estimated cost is based on the assumption that the ash from the incinera-
tor is hauled to the excavation site, compacted, and covered with a berm.

Figure 3.3 shows how the unit cost for incineration of soil contaminated
with EXPs would vary as the amount of contaminated soil varies, assuming that
the excavation, mobilization and demobilization, incineration, and ash dis-
posal costs at other installations were similar to those at LAAP. The esti-
mated unit cost shown in Figure 3.3 varies with the amount of soil inciner-
ated because the mobilization and demobilization cost is averaged over
different amounts of soils.

The incineration unit cost shown in Figure 3.3 is 1ikely to be a reason-
able estimate for incineration costs at an installation for which the assumed
incineration equipment is appropriate. However, the HTTS, which has a very
large throughput capacity (26 tons per hour), may be oversized for installa-
tions with relatively small incineration requirements. The problem with an
oversized incinerator is illustrated in Figure 3.3 by the very high unit
costs that would result from using such equipment at installations with
10,000 to 20,000 tons of soil contaminated with EXPs.

Figure 3.3 also shows the unit costs of using a smaller scale incinera-
tor. It is assumed that excavation and ash disposal costs would be the same
for the smaller incinerator, but mobilization and demobilization and incin-
eration costs would be different. The mobilization and demobilization and
incineration costs used for estimating the smaller incinerator’s unit cost
are based on cost data for a 5-ton-per-hour incinerator operated by the
Environmental Systems Company (ENSCO) of Little Rock, Arkansas, at an
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FIGURE 3.3. Estimated Unit Treatment Costs for Soil Contaminated with
Explosives from Wastewater Lagoons

0il- and solvent-contaminated site (Frank et al. 1987). The mobilization

cost for this incinerator was approximately $1 million, which is substan-

tially lower than the mobilization cost for the HTTS, but the incineration
cost was approximately $375/ton, which was substantially higher.

Figure 3.3 shows that the smaller incinerator would have a lower unit
cost for installations with less than about 10,000 tons of soil contaminated
with EXPs. Although some caution should be exercised in comparing these
estimates since different contaminants were present, it is likely that the
unit incineration cost for smaller amounts of soil is lower than the costs
that would result if the larger incinerator were used.

In order to determine the unit cost targets for alternative remedial
action technologies for soils contaminated with EXPs and to estimate the
corresponding IRP savings that would be realized, two ranges of costs were
considered based on the information in Figure 3.3. For installations with
less than 20,000 tons of contaminated soil, a range of $300 to $600/ton was
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assumed as the unit cost for the reference technology. For installations
with larger volumes of contaminated soil, a range of $200 to $300/ton was
assumed.

3.2.2 Unit Cost for Remedial Actions Involving Soil Contaminated with
Heavy Metals

The reference remedial action technology for soils contaminated with HMs
is offsite disposal. For this technology, it is assumed that following its
excavation, the contaminated soil is transported offsite to an appropriate
RCRA-permitted disposal facility. The implementation of such disposal must
be consistent with the Land Disposal Restrictions (LDRs) under the Hazardous
and Solid Waste Amendments of 1984 (HSWA). Land disposal of untreated wastes
that are categorized as hazardous based on the characteristics of ignitabil-
ity, corrosivity, or reactivity o: based on extraction procedure (EP) toxic-
ity will be prohibited after May 8, 1990. Soils contaminated with HMs fall
into this category.

The major cost components associated with offsite disposal of soils
contaminated with HMs are 1) excavation, 2) transportation, and 3) offsite
disposal. The unit costs estimated for these cost components are shown on
Table 3.3. As previously noted, these unit costs do not include such costs
as site preparation and management costs, which do not affect the comparison
between the reference and alternative technologies.

The excavation and sampling cost estimate is based on calculations using
the Cost of Remedial Action (CORA) model developed by CH2M Hill for the U.S.
Environmental Protection Agency (EPA) (EPA 1988). The CORA model was devel-
oped to estimate remedial action costs from general information that is
available before data from the Remedial Investigation/Feasibility Study

TABLE 3.3. Estimated Offsite Disposal Costs for Soil Contaminated
with Heavy Metal

Cost Component Cost
Excavation and Sampling ~$20/ton
Transportation ~$90 to $110/ton
Disposal at Offsite RCRA Disposal Site ~$185 to $205/ton
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(RI/FS) report are available; it is used by the EPA and other government
agencies for budget estimating. The estimate of $20/ton is a typical unit
cost calculated by the CORA model for a variety of assumed soil types and
excavation amounts.

The estimated unit transportation cost of $90 to $110/ton is also based
on CORA model results. An average distance of 400 to 500 miles from the Army
installation to a RCRA disposal site is assumed, based on the locations of
the Army installations currently identified as having soils contaminated with
HMs (Appendix A) and the locations of existing RCRA disposal sites.

As noted above, the disposal of HMs-contaminated soil must be consistent
with the LDRs under the HSWA. EPA has issued proposed guidance levels for
soil or debris with inorganic contamination. These guidance levels identify
extract concentrations below which treatment is not required prior to dis-
posal and residual extract concentrations that must be achieved as a result
of treatment in order to dispose of such wastes at a RCRA disposal site
(Offutt 1988). This analysis assumes that soil sufficiently contaminated
with HMs to require removal would require treatment prior to disposal.

The offsite disposal component unit cost shown on Table 3.3 is the fee
assessed for disposing of the contaminated soil at a RCRA-permitted landfill.
As noted above, treatment of the contaminated soil is assumed to be required
prior to its disposal. It is also assumed that the soil is treated at the
RCRA Tandfill site prior to disposal and that treatment costs are included in
the disposal fee. This analysis also assumes that the fee for disposing of
the contaminated soil is the final cost incurred by the Army. No allowance
is made for any subsequent cost that the Army might incur for future cleanup
activities at the landfills.

Four landfill operators in different parts of the country were contacted
to determine typical rates for disposal only and disposal plus treatment for
soil contaminated with HMs. The quoted rates ranged from $85 to $130/ton for
disposal of bulk soil and $185 to $205/ton for treatment and disposal. The
CORA model indicates that a typical fee for disposal only would be $120/ton.
The rates quoted for treatment and disposal seem to be typical or represen-
tative rates because there is good agreement between the quoted rates for
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disposal only and the value used in the CORA model; therefore, a fee of
$200/ton was assumed for treatment and disposal.

Based on the component unit cost estimates on Table 3.3, a unit cost of
$300 to $340/ton (rounded) is used in Section 3.3 as a basis for determining
a unit cost target for alternative technology. Unit costs for alternative
technologies are compared with this range of unit costs for the reference HMs
soil remedial action technology to estimate the potential IRP cost savings if
the alternative technologies can be successfully developed.

3.2.3 Unit Cost for Remedial Actions Involving Soil Contaminated with
Volatile Organic Compounds

The reference remedial action technologies for soils contaminated with
VOCs are in situ volatilization and low-temperature thermal stripping (LTTS).
In situ volatilization technology has been employed since early 1986 at two
sites at the Twin Cities Army Ammunition Plant (TCAAP) at New Brighton,
Minnesota, and has been used to remove over 160,000 pounds of volatiles from
these sites (Oster et al. 1988). However, in situ volatilization requires
specific site characteristics and conditions to allow the vacuum extraction
process to remove a sufficient portion of VOCs to meet cleanup objectives,
and it may not be a technically viable option for general application.

Because of the limitations of in situ volatilization, USATHAMA has
developed and is demonstrating LTTS as an alternative technology. The LTTS
process involves heating the contaminated soil to approximately 400°F via an
indirect heat exchanger to strip the moisture and VOCs from the soil. The
organic vapors are then processed by condensation and an afterburner or fume
incinerator independent of the soil matrix (Nielson et al. 1988). Scrubbing
of HC1 vapors will normally be required as part of this process. For the
purposes of this study, LTTS is assumed to be the reference technology, since
it can be applied under most site conditions.

The major cost components associated with LTTS of soil contaminated with
VOCs are 1) excavation, 2) mobilization and demobilization of the LTTS proc-
ess equipment, 3) LTTS processing cost, and 4) disposal of the treated soil
from the LTTS process. The unit costs for these components are shown in
Table B.3. As previously noted, these unit costs do not include such costs
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as site preparation and management costs, which do not affect the comparison
between the reference and alternative technologies.

The excavation and sampling cost estimate is based on calculations using
the CORA model. The estimate of $20/ton is a typical unit cost calculated by
the CORA model for a variety of assumed soil types and excavation amounts.

The unit costs shown on Table 3.4 for thermal stripping were provided by
USATHAMA and are based on recent estimates provided by WESTON. WESTON has
developed and demonstrated the LTTS technology under contract with USATHAMA
and has received a patent for the process. This study assumes that scrubbing
will generally be required to meet emission standards, and the unit costs
with and without scrubbing are used to determine appropriate unit cost
targets for alternative developmental technologies.

The unit cost for disposal of treated soil shown on Table 3.4 is the
same as the assumed cost for disposing of ash from incineration, and it is
also based on the LAAP cost estimate for this operation. It is assumed that
the treated soil from the LTTS process would also be returned to the extrac-
tion site, compacted, and covered with a berm.

Figure 3.4 shows how the unit cost for LTTS of soils contaminated with
VOCs would vary as the amount of contaminated soil varies. The estimated
unit cost shown on the figure varies slightly with the amount treated because
the mobilization and demobilization cost is levelized over different amounts
of soil. The unit cost shown on Figure 3.4 is used in Section 3.3 as a basis
for determining a unit cost target for an alternative technology. Unit costs
for alternative technologies were compared with a unit cost range of $170 to

TABLE 3.4. Estimated Low Temperature Thermal Stripping Costs for
Soil Contaminated with Volatile Organic Compounds

Cost Component Cost
Excavation and Sampling ~$20/ton
Mobilization and Demobilization ~$85,000
LTTS (without scrubber) ~$120/ton
LTTS (with scrubber) ~$140/ton
Treated Soil Disposal ~$10/ton
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FIGURE 3.4. Estimated Unit Treatment Costs for Soil Contaminated with
Volatile Organic Compounds from Wastewater Lagoons

$180/ton for LTTS to estimate the potential IRP cost savings if the alter-
native technologies can be successfully developed.

3.3 UNIT COST TARGETS AND PAYOFFS FOR ALTERNATIVE TECHNOLOGIES FOR SOIL
REMEDIAL ACTIONS

This section describes the unit cost targets for alternative soil reme-
dial action technologies, which are used in Section 5 as one of the bases for
assessing categories of alternative soil remedial action technology. The
corresponding payoff, in terms of IRP cost savings if those developmental
targets can be achieved, is also discussed. These estimates for potential
savings are used in Section 6 as a factor in determining priorities among
alternative R&D investments.

Unit cost targets were selected in one of two ways. For some technology
categories, USATHAMA has previously established unit cost targets for devel-
opmental technologies. Those targets were adopted for use in this report.
When no target had been previously determined, a target unit cost was selec-
ted that was low enough, relative to the reference technology unit cost, to
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result in a significant IRP cost savings, relative to the reference cost, for
the remedial action activity. However, some judgment was necessary to avoid
establishing unit cost targets that are so low they are unrealistic or
unachievable based on current expectations for alternative technologies.

Three major uncertainties make estimating potential savings for suc-
cessfully developing alternative technologies difficult. There are large
uncertainties in the amcunt of remedial action that will be required for
those Army installations for which data are available. Also, the unit cost
for the reference technology is uncertain, depending on specific application
conditions such as the amount of soil or groundwater to be treated or proc-
essed and its degree of contamination. Finally, the amount that would be
saved if the developmental technology were applied at other installations or
to other wastes at the installations considered is unknown. Because of these
uncertainties, broad ranges of potential savings are estimated, and calcula-
tions performed make liberal use of rounding and approximation. The current
basis for this estimate does not warrant calculational precision.

Sections 3.3.1, 3.3.2, and 3.3.3 describe the developmental technology
unit cost targets and the corresponding IRP cost savings for soils contami-
nated with EXPs, HMs, and VOCs, respectively. Table 3.5 summarizes those
unit cost targets and estimated savings. The range of savings for each cate-
gory shown on the table corresponds to the DA IRP cost reductions for the
portion of the total contaminated soil for each category that was considered
in Section 3.1. Additional remedial action requirements for contamination
from other scurces could increase the potential savings that would be
realized if the developmental technologies achieve target unit costs.

TABLE 3.5. Unit Cost Targets and Payoffs for Remedial Action Technologies

Soil Contamination Category Target Unit Cost Payoff
EXPs $100/ton $100 to $300 million
$50/ton $150 to $350 million
HMs $200/ton $20 to $35 million
$300/ton Tess than $10 million
VOCs $50/ton $20 to $30 million
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3.3.1 Unit Cost Targets and Payoffs for Remedial Action Technologies
Involving Soils Contaminated with Explosives

The reference remedial action for soils contaminated with EXPs is exca-
vation, incineration, and replacement of the ash at the excavation site.
Based on the installation data examined in Appendix A and summarized in 3.1,
it is estimated that at least 1,000,000 (+20%) tons of contaminated soil will
require treatment, 20% of which is at installations with less than
20,000 tons of contaminated soil. The cost estimates developed in Sec-
tion 3.2.1 for these remedial activities indicate that their unit cost varies
with the amount of contaminated soil. For remedial action of less than
20,000 tons, the unit cost varies from about $300 to $600/ton. For larger
remedial actions the unit cost varies from about $200 to $300/ton.

USATHAMA has previously established unit cost targets for a biological
technology (composting) and a chemical technology (as yet unidentified) for
remedial action involving soil contaminated with EXPs. In its development of
composting, USATHAMA is attempting to achieve a unit cost on the order of
$100/ton. If USATHAMA decides to develop a chemical technology for treatment
of soil contaminated with EXPs, they will seek a process that has a unit cost
on the order of $50/ton.

If the $100/ton target for composting is achieved, a savings of $200 to
$400/ton would be realized for installations with less than 20,000 tons of
contaminated soil, and $100 to $200/ton would be saved at installations with
more contaminated soil. For the 1,000,000 (+20%) tons of contaminated soil
identified from the installation data currently available, approximately $30
to $100 million would be saved at installations with less than 20,000 tons of
contaminated soil (150,000 to 250,000 tons @ $200 to $400/ton savings). At
installations with larger amounts of contaminated soil, $65 to $190 million
would be saved (650,000 to 950,000 tons @ $100 to $200/ton savings). A total
savings of about $100 to $300 million would be realized for remedial actions
for contaminated soil sources currently identified. Each of these savings
would be $50/ton higher if the $50/ton target for chemical treatment of soil
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contaminated with EXPs were achieved. Similar calculations indicate that
$150 to $350 million would be saved for remedial actions for contaminated
soil sources currently identified.

3.3.2 Unit Cost Targets and Payoffs for Remedial Action Technologies
Involving Soil Contaminated with Heavy Metals

The reference remedial action technology for soil contaminated with HMs
is offsite disposal at a RCRA-permitted landfill. Based on the installation
data examined Appendix A and summarized in Section 3.1, disposal of approxi-
mately 210,000 (+20%) tons of contaminated soil will be required. The unit
cost for such disposal is estimated in Section 3.2.2 to be $300 to $340/ton.

A unit cost target of $200/ton for alternative soil treatment technolo-
gies was adopted for this study. This target was selected because it would
afford significant potential savings (about one-third of the potential cost
for such remedial actions) but is still a reasonable target for potential
developmental technologies based on an examination of these potential tech-
nologies. If an alternative technology were successfully developed with a
unit cost of $200/ton, a savings of $100 to $140/ton could be realized for
170,000 to 250,000 tons (210,000 + 20%). Approximately $20 to $35 million
would be saved for remedial actions for contaminated soil sources currently
identified.

For soils contaminated with HMs, a second cost target was considered.
It may be preferable to perform remedial actions for these soils onsite even
if no cost savings can be currently identified. Offsite disposal of contami-
nated soil in RCRA-permitted disposal sites may have subsequent unquantifi-
able costs associated with it. If environmental restoration activities were
required at any of the disposal sites used as part of the DA IRP, the Depart-
ment of the Army could incur subsequent financial liability. If an alterna-
tive technology with an equivalent unit cost to offsite disposal (~$300/ton)
existed, it would not afford a major cost savings (less than $10 million),
but could preclude such Tiability.




3.3.3 Unit Cost Targets and Payoffs for Remedial Action Technologies
Involving Soil Contaminated with Volatile Organic_Compounds

For the purposes of counsidering unit cost targets for developmental
technologies, the reference technology for treating soil contaminated with
VOCs is LTTS. Based on the installation data examined in Appendix A and
summarized in Section 3.1, disposal of approximately 180,000 (+20%) tons of
contaminated soil will be required. The unit cost for such disposal is
estimated in Section 3.2.3 to be $170 to $180/ton.

USATHAMA has previously adopted a target of $50/ton for in situ bio-
logical treatment of soil contaminated with VOCs. If this target can be
achieved, a savings of $120 to $130 per ton can be realized for 140,000 to
220,000 tons of contaminated soil (180,000 + 20%). On the order of $20 to
$30 million would be saved for remedial actions for contaminated soil sources
currently identified.
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4.0 CONTAMINATED GROUNDWATER REMEDIAL ACTIONS

The results of the analysis that was performed to determine target unit
costs for alternative remedial action technologies involving groundwater
contaminated with EXPs, HMs, and VOCs are described in this section. Also
described are the corresponding estimated savings for the DA IRP if those
target costs can be achieved. The estimated savings, or payoff, for develop-
ing an alternative technology that achieves the target unit cost is one of
the factors that is considered in Section 6 for determining R&D investment
priorities.

Section 4.1 summarizes the estimates made of the volume of groundwater
contaminated with EXPs, HMs, and VOCs for that portion of the potential
sources for which available data were identified. As previously noted for
the contaminated soil volume estimates, the estimates of contaminated ground-
water are not comprehensive and have large uncertainties because they are
based on preliminary installation characterization data. However, the
estimates do provide a sufficient basis for making a first order assessment
of the amount of groundwater to be treated in each category, which is
necessary to approximate potential DA IRP groundwater remedial action cost
reductions.

Section 4.2 identifies the current reference technologies assumed for
each category of groundwater remedial action and presents unit cost estimates
for those technologies. These unit cost estimates are used in Section 4.3 as
the basis for determining target unit costs of alternative remedial action
technologies for groundwater. The payoff, or savings associated with achiev-
ing those unit cost targets, is also estimated in Section 4.3.

Data and results in this section are presented as fairly broad ranges,
and the supporting calculations make liberal use of rounding and approxi-
mating. Additional precision is unwarranted by the quality of data that are
available for estimating how much contaminated groundwater must be treated or
for estimating the cost of corresponding remedial actions.
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4.1 ESTIMATES OF CONTAMINATED GROUNDWATER VOLUME

The estimated volumes of groundwater contaminated with EXPs, HMs, and
VOCs are presented in this section. These estimates were made by determining
the number of installations with groundwater contamination and the type of
contamination at those installations and by assuming a treatment rate and
treatment time for each type of contamination. These estimates were devel-
oped for the same subset of installations discussed in Section 3. As in Sec-
tion 3, the relative volumes of each category of contamination for this sub-
set of installations were assumed to reflect the relative volumes for all the
Army installations. In addition, the bases for the parameters needed to
develop unit cost estimates (treatment rates, treatment times, and contami-
nant concentrations) are presented in this section.

The data for estimating the number of installations with groundwater
contamination and the type of contamination at each installation were drawn
from two reports: the Defense Environmental Restoration Program Annual
Report to Congress (DERA 1988) and the Draft IRP Status Report - 31 July 1988
(Anderson 1988). These reports indicate that for the 39 installations used
to estimate the volumes of contaminated soil, 16 may have groundwater con-
taminated with EXPs, 7 may have groundwater contaminated with HMs, and 9 may
have groundwater contaminated with VOCs. Of the 16 installations identified
that may have groundwater contaminated with EXPS, 12 have only EXPs contami-
nation, 2 have EXPs and HMs contamination, 1 has EXPs and VOCs contamination,
and 1 has all three types of contamination. There are no installations
identified with only groundwater contaminated with HMs. Of the nine instal-
lations identified that may have groundwater contaminated with VOCs, three
have only VOCs contamination, four have VOCs and HMs, and the remaining two
were accounted for above. Figure 4.1 summarizes these data.

Estimates for the following parameters were required to develop the unit
costs for the treatment technologies currently identified by USATHAMA:
1) treatment rates, 2) treatment times, and 3) concentration of contaminants.
Sections 4.1.1 through 4.1.3 discuss the bases for estimating these parame-
ters. A summary of the estimated values of each parameter is presented in
Table 4.1.
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4.1.1 Treatment Rates

This section discusses the bases for the treatment rates presented in
Table 4.1. The range of treatment rates for groundwater contaminated with
VOCs was based on actual data from several Army installations: TCAAP,
Anniston Ammunition Depot (AD), and Sharpe AD. TCAAP is currently treating
groundwater contaminated with VOCs at a rate of 4 Mgal/day, which is approxi-
mately 2800 gpm. Sharpe AD is treating about 183,000 gal/day of groundwater,
or approximately 130 gpm. Anniston AD reports treatment rates of about
300,000 gal/day or 210 gpm. Using these data as a basis, a range of treat-
ment rates (100 to 3000 gpm) was used in subsequent calculations.

The Army has not yet treated groundwater contaminated with EXPs; there-
fore, actual data on which to base treatment rates do not exist. The range
of treatment rates presented in Table 4.1 for EXPs in groundwater was based
on simple hydrogeological calculations using adsorptivity coefficients of
TNT, RDX, and tetryl and using assumptions about the geology of a typical
aquifer. The estimated treatment rates (100 to 400 gpm) seem reasonable
since EXPs contamination in an aquifer is expected to spread significantly
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TJABLE 4.1. Relative Measure of Contaminated Groundwater at
Army Installations

Contamination Cateqory
Explosives Heavy Metals Volatile Organics

Number of Installations 16 7 9
Currently Identified from

Data Examined as Having

Contaminated Groundwater

Assumed Treatment Rate, gpm 100 to 400 100 to 3000 400 to 3000
Assumed Treatment Time, years 20+ 20+ 20+
Average Concentration, ppm 5 to 15 1 0.2 to 3

Estimated Volume of
Contaminated Groundwater
Treated, billions of gallons

Installation/Assumptions 20 to 70 10 to 70 10 to 280

Currently Identified

Treatment Beyond 20 Years ? ? ?

Other Installations 2 ? ?
TOTAL VOLUME >20 to 70 >10 to 70 >10 to 280

more slowly than VOCs because of the differences in solubilities and, there-
fore, adsorptivities of EXPs and VOCs (Lyman 1982; Freeze and Cherry 1979).

The data presented in Figure 4.1 indicate that HMs contamination is
typically found in the aquifers in combination with either EXPs or VOCs con-
tamination. USATHAMA is only expecting to treat the effluents which result
from treating VOCs and EXPs for HMs if the effluents have HMs concentrations
above applicable regulatory standards. Therefore, USATHAMA expects to treat
for HMs at the same rate that groundwater contaminated with EXPs and VOCs is
being treated (100 to 400 gpm, and 100 to 3000 gpm, respectively).

4.1.2 Treatment Times

A treatment time of 20 years was selected by USATHAMA as a planning
base, although longer treatment times are expected. Treatment times are
commonly anticipated to be on the order of 30 to 50 years or Tonger (SAIC
1988:55-10). Treatment times are primarily dependent on the initial
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concentration of the contaminant(s), the adsorptivity of the contaminant(s),

the aquifer hydrogeology, and the target concentration. Generally, compounds
that are more mobile in the groundwater will have lower treatment times than

compounds that are less mobile. VOCs are more mobile than EXPs, and EXPs are
more mobile that HMs.

4.1.3 Average Contaminant Concentrations

The assumed concentration of VOCs in groundwater was based on data pro-
vided by the TCAAP and Sharpe AD USATHAMA project officers. At the TCAAP,
the trichloroethylene (TCE) concentration in the stream averages about
3,000 ug/1 (3 ppm). At Sharpe AD, the concentrations of TCE, carbon tetra-
chloride, and dichloroethane are about 200, 4, and 20 wg/1, respectively.

The range of concentrations of EXPs in groundwater was determined by using
engineering judgment, and it was substantiated with a simple groundwater
model. The HMs concentrations were based on the concentrations of HMs in the
wastewater lagoons used by installations involved in plating and metal
finishing operations (Coia'et al. 1983).

4.2 UNIT COST FOR REFERENCE GROUNDWATER REMEDIAL ACTION TECHNOLOGIES

This section describes the cost data and assumptions that were used to
develop estimates of the unit costs for reference remedial action technolo-
gies for each of the groundwater contamination categories. The unit costs
for remedial actions involving groundwater contaminated with EXPs, HMs, and
VOCs are expressed in terms of dollars per 1000 gallons treated. The unit
costs discussed in this section include the costs for groundwater extraction,
monitoring, discharge of treated groundwater, groundwater treatment, and,
where appropriate, costs for managing secondary wastes generated by the
treatment process. As with the soil treatment unit costs, costs for site
preparation, management, and other costs which do not affect the comparison
between the reference and alternative technologies are not included. Sec-
tions 4.2.1, 4.2.2, and 4.2.3 discuss the unit costs for remedial actions
involving groundwater contaminated with EXPs, HMs, and VOCs, respectively,
for the ranges of treatment rates (gpm) described in Section 4.1.
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The approach for estimating unit costs for groundwater treatment reme-
dial action technologies differs slightly from that used for estimating the
unit costs for the reference soil treatment technologies. There are less
data available for estimating the amount of groundwater that must potentially
be treated. In addition, there are less actual IRP groundwater treatment
cost data than soil treatment cost data available.

Because of these limitations, the CORA cost model was used to estimate
all groundwater treatment unit costs. Use of the CORA model provides a con-
sistent basis for estimating all of the groundwater treatment unit cost com-
ponents for all three contamination categories. This methodology has been
evaluated against EPA design, bid, and construction costs for actual remedial
actions. The CORA model is currently used by EPA and other government agen-
cies that estimate remedial action costs in order to budget and prioritize
(Biggs et al. 1989).

The CORA model estimates capital and first-year operating costs from
input data provided by the user relating to the scope of the remedial action.
Typical input relates to the size of the remedial action (such as area and
depth of contamination, gallons per day treated) and types and concentrations
of contaminants. The model uses this information to determine the capital
and operating costs for the remedial action, including appropriate contin-
gencies for scope variation and cost uncertainties. These capital and oper-
ating cost estimates were used for this study to estimate unit costs for the
various groundwater contamination remedial action activities assuming that
the remedial actions are performed for 20 years.

4.2.1 Unit Cost for Explosives-Contaminated Groundwater Remedial Actions

The reference remedial action technology for groundwater contaminated
with EXPs is granular activated carbon (GAC). GAC requires extraction of the
contaminated groundwater from the aquifer. After the groundwater is
extracted, it is pumped through beds of carbon granules where organic mole-
cules are selectively adsorbed to the internal pores of the carbon granules.
The treated groundwater is then released. In this study, it was assumed that
treated water is either reinjected into the aquifer or released to surface
water since the disposition of treated water will vary with local conditions
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and regulations. It is also assumed that groundwater monitoring is performed
concurrently with extraction and treatment to ensure that the treatment miti-
gates further spread of EXPs contamination in the aquifer.

The major cost components for GAC treatment of groundwater contaminated
with EXPs are 1) extraction, 2) GAC treatment, 3) discharge of treated water,
and 4) monitoring. The unit cost for each of these components for treatment
rates of 100 and 400 gpm (as discussed in Section 4.2) are shown on
Table 4.2. The range of unit costs shown on the table for each cost compon-
ent is based on CORA model calculations. The range of unit costs for each
component is the result of variation in the key assumptions used to estimate
these costs. These assumptions are discussed below.

For a particuiar extraction rate, groundwater extraction cost is pri-
marily a function of hydraulic conductivity, which is a measure of the dif-
ficulty of transporting water through the soil matrix. A high hydraulic
conductivity corresponds to a porous soil matrix through which water is
easily pumped, while a Tow hydraulic conductivity corresponds to a less
porous soil matrix such as clay. To estimate the unit cost for groundwater
extraction, a range of hydraulic conductivities from 5 ft/day (low hydraulic
conductivity) to 50 ft/day (high hydraulic conductivity) was assumed. Other
assumptions required to make the CORA model cost estimate were aquifer thick-
ness (25 feet) and average well depth (75 feet). These parameters were
selected as "typical" aquifer characteristics and were not varied once it was

TABLE 4.2. CORA Model-Derived Treatment Cost Estimates ($/1000 gal) for
Groundwater Contaminated with Explosives

Cost Component 100 _gpm 400 gpm
Extraction $1.00 to $6.00 $1.00 to $6.00
GAC $3.00 to $4.50 $2.00 to $4.00
Discharge of Treated Water $0.50 to $2.50 $0.50 to $2.50
Monitoring $1.50 $0.50

TOTAL $6.00 to $15.00 $4.00 to $13.00
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determined that the CORA model results were not particularly sensitive to
their value. The results of a CORA model cost estimate for the range of
hydraulic conductivities and extraction rates are shown on Figure 4.2. The
figure indicates that the unit cost for groundwater extraction varies from
about $1 to $6 per 1000 gallons, depending on hydraulic conductivity, which
is the range shown in Table 4.2. The figure indicates that this cost com-
ponent is not particularly sensitive to the extraction rate, which is reason-
able since higher rates can be achieved by introducing more wells with simi-
lar capital and operating costs.

Figures 4.3 and 4.4 show the CORA model unit cost estimates for treated
water discharge and groundwater monitoring, respectively, for the same range
of extraction rates and aquifer characteristics. Figure 4.3 shows that
groundwater discharge costs (when treated water is reinjected) vary similarly
to extraction costs as hydraulic conductivity is varied. The figure also
shows that it is Tess expensive to discharge the treated groundwater to the
surface, as would be expected. The ranges of unit cost for disposal of
treated water shown on Table 4.2 correspond to the approximate ranges shown
on Figure 4.3 for 100 and 400 gpm.

Figure 4.4 shows the CORA model unit cost estimate for groundwater moni-
toring costs for the same range of extraction rates. The CORA model monitor-
ing cost estimates are similar fur either organic or HMs contamination and
are approximately constant (~$0.50/1000 gallons) for extraction rates over
500 gpm. The ranges of unit cost for groundwater monitoring shown on
Table 4.2 correspond to the approximate ranges shown on Figure 4.4 for 100
and 400 gpm.

Figure 4.5 shows the range of CORA cost estimates for GAC treatment unit
cost for the range of treatment rates and EXPs contamination concentrations
discussed in Section 4.1. For the range of treatment rates considered, the
estimated unit treatment cost is not very sensitive to treatment rate. How-
ever, the estimated unit treatment cost varies by a factor of two for the
range of concentrations considered. The ranges of unit costs for GAC treat-
ment of groundwater contaminated with EXPs shown on Table 4.2 correspond to
the approximate ranges shown on Figure 4.5 for 100 and 400 gpm.
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4.2.2 Unit Cost for Remedial Actions Involving Groundwater Contaminated with
Heavy Metals

The reference remedial action technologies for treating groundwater con-
taminated with HMs are precipitation and ion exchange. Precipitation is a
chemical process in which the chemical equilibrium of the waste stream is
altered to reduce the solubility of the HMs, allowing the HMs to precipitate
out as a solid phase that can be removed and separately managed. Ion
exchange is a process that removes HMs from contaminated groundwater using
synthetic resins as the immobile exchange medium. The exchange medium has a
mobile ion that can be exchanged for a similarly charged ion in the contami-
nated water stream. The CORA cost model assumes that the HMs are recovered
for recycling rather than disposal.

As noted in Section 4.1, based on the data examined for this report, HMs
contamination occurs in conjunction with either EXPs and/or VOCs contamina-
tion. Therefore, remedial actions to remove HMs would be done in addition to
the actions required for extraction and treatment for EXPs or VOCs contami-
nation. The appropriate technology (precipitation or ion exchange) depends
on both the HMs present and the cleanup objectives. Table 4.3 shows the unit
HMs treatment costs for the treatment rates discussed in Section 4.1. As
noted, only the treatment component is included since HMs treatment is incre-
mental to other remedial actions.

TABLE 4.3. CORA Model-Derived Treatment Cost Estimates ($/1000 gal) for
Groundwater Contaminated with Heavy Metals

Cost Component 100 gpm 400 gpm 3000 gpm

Extraction - - -
Precipitation/Ion Exchange $8.00 to $10.00 $3.00 to $5.00 $1.00 to $2.00
Disposal of Treated Water - - -

Monitoring - - -

TOTAL $8.00 to $10.00 $3.060 to $5.00 $1.00 to $2.00




Figure 4.6 shows the range of CORA model unit cost estimates for both
precipitation and ion exchange. The figure shows that HMs removal costs are
sensitive to the amount tre-ted since significant capital costs are involved
for both prec.ipitation and ion exchange. As the treatment rates increase,
these fixed capital costs are averaged over higher throughputs, and overall
unit costs. The figure also shows that slightly higher costs are incurred if
chromium is present irn the wastewater. The additional cost is incurred
because an additional process step is required to change the valence state of
chromium so that it can be removed. The ranges of unit costs for precipita-
tion and ion exchange treatment of groundwater contaminated with HMs shown on
Table 4.3 correspond to the approximate ranges shown on Figure 4.6 for 100
and 400 gpm. The cost range shown on Table 4.3 for 3000 gpm was extrapolated
from the CORA unit cost estimate data on the figure since the CORA cost model
does not consider treatment rates as high as 3000 gpm for HMs treatment.
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FIGURE 4.6. CORA Model-Derived Unit Cost Estimates for Treating Heavy
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4.2.3 Unit Cost for Remedial Actions Involving Groundwater Contaminated
with Volatile Organic Compounds

The reference remedial action technologies for treating groundwater con-
taminated with VOCs are air stripping, followed by vapor-phase carbon treat-
ment to remove the organic compounds from the air stream. Air stripping is
typically performed by pumping contaminated water downward through a tower of
porous packing material while air is blown upward through the tower. The
VOCs volatilize and are collected with the air stream at the top of the
tower. This air stream is then vented if concentrations are below relevant
regulatory limits, or it is passed through a vessel containing activated
carbon to collect the organic compounds. The carbon is typically replaced or
regenerated. This report assumes for cost estimating purposes that removal
of the VOCs from the air stream will be required.

The major cost components for treatment of groundwater contaminated with
VOCs are 1) extraction, 2) air stripping, 3) vapor-phase carbon treatment,
4) disposal of treated water, and 5) monitoring. The unit costs for each of
these components for treatment rates of 100 and 3000 gpm (as discussed in
Section 4.1) are shown on Table 4.4. The assumptions and the CORA model unit
cost estimates for extraction, disposal of treated groundwater, and monitor-
ing are the same as for treatment of groundwater contaminated with EXPs and
are discussed in Section 4.2.1. The assumptions and CORA model unit cost
estimates for air stripping and vapor-phase carbon treatment are discussed
below.

Figure 4.7 shows the CORA model unit cost estimates for air stripping
for the treatment rates and concentration variations discussed in Sec-
tion 4.1. The figure shows that air stripping is generally less expensive
than the previously discussed treatment technologies, is fairly insensitive
to treatment rate, and is fairly insensitive to contamination level and
contaminant volatility. The ranges of unit costs for air stripping of
groundwater contaminated with VOCs shown on Table 4.4 correspond to the
approximate ranges shown on Figure 4.7 for 100 and 3000 gpm.

Figure 4.8 shows the CORA model unit cost estimates for vapor-
phase carbon treatment of the air stream from air stripping groundwater
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TABLE 4.4. CORA Model-Derived Treatment Cost Estimates ($/1000 gal) for
Groundwater Contaminated with Volatile Organic Compounds

Cost Component 100 gpm 3000 gpm
Extraction $1.00 to $6.00 $1.00 to $6.00
Air Stripping $1.00 $0.10 to $0.20
Vapor-Phase Carbon $2.00 to $3.00 $0.15 to $0.50
Disposal of Treated Water $0.50 to $2.50 $0.50 to $2.50
Monitoring $1.50 $0.50

TOTAL $6.00 to $14.00 $2.00 to $10.00
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FIGURE 4.7. CORA Model-Derived Unit Cost Estimates for Air Stripping
Volatile Organic Compounds-Contaminated Groundwater
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contaminated VOCs. The figure indicates that this unit cost component is
insensitive to the treatment rate for rates over 400 to 500 gpm, but the cost
component is sensitive to the range of concentrations considered. This
variation with concentration is due to variation in the carbon cost with
concentration. The ranges of unit costs for vapor-phase carbon treatment of
contaminated groundwater shown on Table 4.4 correspond 1o the approximate
ranges shown on Figure 4.8 for 100 and 3000 gpm.

4.3 UNIT COST TARGETS AND PAYOFFS FOR _ALTERNATIVE TECHNOLOGIES FOR
GROUNDWATER REMEDIAL ACTIONS

This section describes the unit cost targets for alternative groundwater
remedial action technologies that are used in Section 5 as one of the bases
for assessing categories of alternative groundwater remedial action tech-
nolagy. The corresponding payoff, in terms of DA IRP cost savings, is also
discussed. These estimates for potential savings are used in Section 6 as a
factor in determining priorities among alternative R&D investments.
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Unit cost targets for developmental groundwater treatment technologies
were chosen to be lower than the reference technology unit cost; lower unit
cost targets result in a significant IRP cost savings relative to the refer-
ence cost for the remedial action activity. Again, some judgment was used to
avoid establishing unit cost targets so low that they are unrealistic or
unachievable based on current expectations for alternative technologies.

The same major types of uncertainties that make the potential savings
for developmental soil treatment technologies difficult to estimate make
potential savings for successfully developing alternative technologies diffi-
cult to estimate. There are large uncertainties in the amount of contami-
nated groundwater for those Army installations for which data were available.
The unit cost for the reference technology is uncertain, depending on spe-
cific application conditions such as the amount of groundwater to be truated
or processed and its degree of contamination. Finally, the amount that would
be saved if the developmental technology were applied at other installations,
to other wastes at the installations considered, or for longer time periods
is unknown. Because of these uncertainties, broad ranges of potential sav-
ings are estimated in this section, and calculations performed to make these
estimates make liberal use of rounding and approximating. The current basis
for this estimate does not warrant calculational precision.

Sections 4.3.1, 4.3.2, and 4.3.3 describe the developmental technology
unit cost targets and the corresponding IRP cost savings for groundwater
contaminated with EXPs, HMs, and VOCs, respectively. Table 4.5 summarizes
those unit cost targets and savings. Where target unit costs are shown in
Table 4.5 as a range, the appropriate target unit cost depends on the amount
of groundwater to be treated at each installation. The range of savings
shown for each category corresponds to the estimated DA IRP cost reductions
for the portion of the total amount of contaminated groundwater discussed in
Section 4.2. Requirements for additional remedial actions for contamination
from other sources or for longer treatment periods could increase the poten-
tial savings that would be realized if the developmental technologies achieve
target unit costs.
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JABLE 4.5. Unit Cost Targets and Estimated DA IRP Cost Savings for
Developmental Groundwater Treatment Technologies

Treatment Technology Target Cost Estimated Savings
Onsite Treatment
Explosives $1.50/1000 gallons $30 to $175 million
Heavy Metals $1.00 to $7.00/1000 gallons $10 to $140 million

Volatile Organic Compounds $0.25 to $70/1000 gallons $10 to $140 million
In Situ Treatment

Explosives $0.08/gallon $25 to $450 million

Volatile Organic Compounds $0.04/gallon $15 to $770 million

4.3.1 Unit Cost Targets and Payoffs for Remedial Actions Involving
Groundwater Contaminated with Explosives

The reference remedial action for groundwater contaminated with EXPs is
extraction followed by GAC treatment and reinjection or surface discharge of
the treated groundwater. Based on the installation data considered in Sec-
tion 4.1, treatment of 100 to 400 gpm of contaminated groundwater will be
required for 20 or more years at 16 installations. For these assumptions,
approximately 20 to 70 billion gallons of contaminated groundwater would
require treatment (100 gpm to 400 gpm for 20 years at 16 installations).

Two different types of cost targets were considered for developmental
technologies for remedial actions involving groundwater contaminated with
EXPs. For onsite technologies after extraction of the groundwater from the
contaminated aquifer, the appropriate target is a technology that replaces
GAC but has a lower unit cost. For technologies that can be applied in situ
and which do not require extraction of the contaminated groundwater, the
appropriate developmental target is a unit cost that is less than the total
reference remedial action unit cost.

The unit cost estimates for GAC treatment range from $3.00 to $4.50 per
1000 gallons at a treatment rate of 100 gpm to $2.00 to $4.00 for a treatment
rate of 400 gpm. A cost target of $1.50 per 1000 galions was adopted for
alternative onsite treatment technologies. If this target were achieved, a
savings of $1.50 to $3.00 per 1000 gallons would be realized for treatment
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rates of 100 gpm, and $0.50 to $2.50 per 1000 gallons would be saved at
treatment rates of 400 gpm. If the target unit cost of $1.50 per 1000 gal-
lons could be achieved, $30 to $175 million could be saved (20 billion gal-
lons at $1.50 per 1000 gallons savings to 70 billion gallons at up to

$2.50 per 1000 gallons savings).

A cost target for an in situ treatment technology for EXPs contamination
must be expressed in slightly different terms. The cost of in situ treatment
is generally proportional to the original volume of contaminated groundwater,
rather than the volume of water that must be treated if it is extracted.
Onsite treatment involves treating many times the volume that is originally
contaminated, as uncontaminated water is flushed through the contaminated
region, extracted, and treated. Typically, one to two times the original
volume of contaminated water is treated per year, depending on hydrological
considerations such as the hydraulic conductivity and recharge characteris-
tics of the aquifer. In 20 years, 20 to 40 times the original contaminated
volume is treated. In situ treatment typically requires treating the con-
taminated volume only once.

For this report, target unit costs for in situ groundwater treatment
technologies were determined assuming that the treatment rates considered
correspond to treating one volume of contaminated water per year. Using this
assumption, a treatment rate of 100 gpm would correspond to an original con-
tamination volume of approximately 50 million gallons per installation, and a
treatment rate of 400 gpm would correspond to a contamination volume of
approximately 200 million gallons per installation. A target unit cost of
$0.08 per gallon of contaminated groundwater was adopted for in situ treat-
ment of groundwater contaminated with EXPs. This value was selected because
it would result in a slight savings even if groundwater extraction and dis-
charge costs were at the lower end of their estimated range.

To estimate the potential savings if this target is achieved through
R&D, it was assumed that in situ treatment could be performed at the
12 installations with only EXPs-contaminated groundwater. Installations with
EXPs and either HMs or VOCs contamination would require more complex in situ
treatment and were not considered. If the target unit costs for in situ
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treatment were achieved, potential savings would range from $25 million to
$450 million. The lower estimate is based on in situ treatment of approxi-
mately 50 million gallons of groundwater (which corresponds to 100 gpm)

for $0.08 per gallon at 12 installations versus treatment of 100 gpm at

12 installations for 20 years at a cost of $6.00 per 1000 gallons (the lower
limit of the estimated reference technology treatment cost range for

100 gpm). The higher estimate is based on in situ treatment of approximately
200 million gallons of groundwater (which corresponds to 400 gpm) for

$0.08 per gallon at 12 installations versus treatment of 400 gpm at

12 installations for 20 years at a cost of $13.00 per 1000 gallons (the upper
Timit of the estimated reference technology treatment cost range for

400 gpm).

4.3.2 Unit Cost Targets and Payoffs for Remedial Actions Involving
Groundwater Contaminated with Heavy Metals

The reference remedial action for groundwater contaminated with HMs is
extraction followed by either ion exchange or precipitation treatment and
reinjection or surface discharge of the treated groundwater. Based on the
installation data considered in Section 4.1, treatment of 100 to 400 gpm of
HMs contaminated groundwater will be required for 20 years or more at three
installations, and 100 to 3000 gpm of contaminated groundwater will be
required for 20 or more years at four installations. For these assumptions,
approximately 10 to 70 billion gallons of contaminated groundwater would
require treatment (100 gpm for 20 years at seven installations to 400 gpm for
20 years at three installations and 3000 gpm for 20 years at four
installations).

A target cost was determined only for onsite treatment of groundwater
contaminated with HMs. Based on the information examined in Section 4.2,
treatment of HMs contamination will be required in conjunction with either or
both EXPs and VOCs. The estimated unit cost for the reference technology
varies substantially with the amount of water treated ($8.00 to $10.00 per
1000 gallons for 100 gpm, $3.00 to $5.00 per 1000 gallons for 400 gpm, and
$1.00 to $2.00 per 1000 gallons for 3000 gpm). A target unit cost range with
a simifar variation was selected for developmental technologies for onsite
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treatment of groundwater contaminated with HMs (unit costs of $7.00, $3.00,
and $1.00 per 1000 gallons for treatment rates of 100 gpm, 400 gpm, and
3000 gpm, respectively). This range was chosen such that a small savings
would be realized even if the reference technology costs were at the lower
end of their estimated range.

The estimated savings in IRP cost if the target unit costs are achieved
as the result of R&D are approximately $10 million to $140 million. The
lower end of this range assumes savings of $1.00 per 1000 gallons at seven
installations with treatment rates of 100 gpm for 20 years. The upper end of
the range assumes a savings of $1.00 per 1000 gallons at three installations
with treatment ~ates of 400 gpm for 20 years and four installations with
treatment rates of 3000 gpm for 20 years.

4.3.3 Unit Cost Targets and Payoffs for Technologies for Remedial Actions
Involving Groundwater Contaminated with VOCs

The reference remedial action for groundwater contaminated with VOCs is
extraction, air stripping, vapor-phase carbon treatment of the air stream to
recover organic compounds, and reinjection or surface discharge of the
treated groundwater. Based on the installation data considered in Sec-
tion 4.1, treatment of 100 to 3000 gpm of VOCs-contaminated groundwater will
be required for 20 or more years at nine installations. For these assump-
tions, approximately 10 to 280 billion gallons of contaminated groundwater
would require treatment (100 to 3000 gpm for 20 years at nine installations).

The reference technology unit costs for onsite treatment of groundwater
contaminated with VOCs are relatively low compared with those for the other
contamination categories. The total urit cost for air stripping and vapor-
phase carbon treatment varies from $3.00 to $4.00 per 1000 gallons for treat-
ment rates of 100 gpm to $0.25 to $0.70 for treatment rates of 3000 gpm.
Target unit costs at or below the lower end of these ranges were selected
($2.00 per 1000 gallons for treatment rates of 100 gpm, $0.20 per 1000 gal-
lons for treatment rates of 3000 gpm).
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If this target unit cost can be achieved by developing an alternative
onsite treatment technology for groundwater contaminated with VOCs, IRP cost
savings of approximately $10 million ($1.00 per 1000 gallons at nine instal-
lations with treatment rates of 100 gpm for 20 years) to $140 million
($0.50 per 1000 gallons at nine installations with treatment rates of
3000 gpm for 20 years) could be achieved.

As noted in Section 4.3.1, target unit costs for in situ groundwater
treatment technologies were determined by assuming that the treatment rates
considered correspond to treating one volume of contaminated water per year.
Using this assumption, a treatment rate of 100 gpm would correspond to an
original contamination volume of approximately 50 million gallons, and a
treatment rate of 3000 gpm would correspond to a contamination volume of
approximately 1.6 billion gallons. A target unit cost of $0.04 per gallon of
contaminated groundwater was adopted for in situ treatment of groundwater
contaminated with EXPs because it would result in a slight savings even if
groundwater extraction and discharge costs were at the lower end of their
estimated range.

Te estimate the potential savings if this target is achieved through
R&D, it was assumed that in situ treatment could be performed at the three
installations with only groundwater contaminated with VOCs. Installations
with VOCs plus either or both EXPs and HMs contamination would require dif-
ferent in situ treatment and were not considered. If the target unit cost
for in situ treatment were achieved, potential savings range from $15 million
to $770 million. The lower estimate is based on in situ treatment of
approximately 50 million gallons of groundwater (which correspond to 100 gpm)
for $0.04 per gallon at three installations versus treatment of 100 gpm at
three installations for 20 years at a cost of $6.00 per 1000 gallons (the
Tower limit of the estimated reference technology treatment cost range for
100 gpm). The higher estimate is based on in situ treatment of approximately
200 million gallons of groundwater (which correspond to 400 gpm) for
$0.04 per gallon at three installation versus treatment of 3000 gpm at three
installations for 20 years at a cost of $10.00 per 1000 galions (the upper
limit of the estimated reference technology treatment cost range for
3000 gpm).
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5.0 TECHNOLOGY CATEGORY RANKING

The previous two sections discussed 1) the Army’s remedial action
requirements (amount of contaminated soil or groundwater to be treated),
2) the costs associated with cleaning up the contamination using the cur-
rently identified technologies, and 3) the unit cost targets and correspond-
ing IRP payoff identified from the above information. The unit cost targets
and potential payoff are used in Section 6 with a ranking of the technology
categories (on the basis of the 1ikelihood that the technology could meet the
unit costs) to prioritize potential USATHAMA R&D investments. This section
describes the approach used to rank the technology categories (physical,
chemical, thermal, and biological) and presents the results from the ranking
exercise.

The basis for ranking the technology categories was the likelihood that
they could successfully meet the target unit cost for a particular remedial
action category. The approach for ranking the technology categories is to
1) generate a list of potentially feasible treatment technologies for each
remedial action category (e.g., EXPs-contaminated soil, HMs-contaminated
soil, etc.), 2) identify the unit cost of each technology, 3) rank the tech-
nology categories based on unit cost and stage of development, and 4) assign
a probability estimate to the qualitative rankings.

First, lists of potentially feasible treatment technologies for each
waste category were generated using USATHAMA technology evaluation studies
(Bove et al. 1983 and 1984). These lists were supplemented with represen-
tative technologies that were developed after the studies were performed.

The lists of treatment technologies (Tables B.1 through B.6 in Appendix B)
are not comprehensive; that was beyond the scope of this study. Instead, the
Tists of technologies represent the type of technologies that are identified
in the literature.

Next, unit costs were identified for each technology based on informa-
tion from the open literature and from vendors. This information was used to
evaluate each waste category based on the following criteria:
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e the number of technologies that could potentially meet unit cost
requirements (the target unit costs developed in Sections 3 and 4
are summarized in Table 5.1) - The larger the number of "potential"
technologies, the higher the rating.

o the stage of development of each technology - A lower percentage of
technologies in the bench-scale (as opposed to pilot-scale) stage
of development reach the demonstration phase primarily due to the
uncertainty in scale-up relationships.
The evaluation of the technology categories relative to these criteria
resulted in three distinct rankings (high, medium, and Tow) that appear to
have different potentials for yielding a technology that can meet the

relevant unit cost target.

Finally, ranges of quantitative values were assigned to the qualitative
rankings. These values, expressed in percentages, represent the 1likelihood
(or probability) that a category with that qualitative ranking would produce
a technology that can meet the target unit cost for a particular application.
Assigning numbers to represent "iikelihood of success" for a specific cost is
the same as identifying a single point on a cumulative probability distribu-
tion curve. Cumulative probability curves are commonly used in evaluating
R&D activities because "no single number is adequate to describe what is

TABLE 5.1. Technology Unit Cost Targets

Remedial Action Unit Cost Target
Soil
Explosives $100/ton, $50/ton
Heavy Metals $200/ton, $300/ton
Volatile Organic Compounds $50/ton
Groundwater
Explosives (onsite) $1.50/1000 gallons
Explosives (in situ) $0.08/gallon
Heavy Metals (onsite) $1.00 to $7.00/1000 gallons
Volatile Organic Compounds $0.20 to $0.70/1000 gallons
(onsite)
Volatile Organic Compounds $0.04/gallon
(in situ)
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known about 1ikely performance [of R&D processes] and ... no objective proba-
bility can be assigned to the uncertainty" (Boyd and Regulinski 1979). These
cumulative probability curves represent the judgment of experts. An example
of a probability distribution curve is presented in Figure 5.1 (EPRI 1979).
This figure indicates that there is a 10% chance that the capital cost will
be less than $470/kWh-yr and a 90% chance that it will be less than
$825/kWh-yr.

For this study, a more appropriate example might be that one can be 100%
sure that a treatment technology in the thermal category (e.g., incineration)
can be developed to treat EXPs-contaminated soils for $1000/ton. However, it
is less certain that this category can produce a technology capable of treat-
ing contaminated soil for $400/ton and almost certain that even with addi-
tional R&D a thermal treatment technology cannot be developed to treat waste
for $100/ton.
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EIGURE 5.1. Cumulative Probability Distribution on the Capital Cost of
a Gasification-Combined Cycle Plant (EPRI 1979)
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The estimate of the likelihood that a particular technology (or technol-
ogy category) will meet the target unit cost is best determined by the judg-
ment of experienced researchers. These judgments are somewhat subjective;
therefore, a range of percentages was used when assigning values to the rank-
ings. The exact value assigned to each ranking is much less important for
this study than the relative values between the rankings. A description of
the rankings is given in Table 5.2. The likelihood of success, in percent,
assigned to each ranking is as follows:

1. A probability range of 50% to 70% was assigned to the "high (H)"
ranking. The categories with a high ranking included technologies that
are mostly in the demonstration stage of development with estimated unit
costs at or below the target unit cost. The scale-up relationships for
these technologies have been proven, but their application to a variety
of sites and waste characteristics must still be demonstrated. The
technologies in this stage of development have a better than one in two
chance of success, and they probably have a three in four chance of
success.

2. A probability range of 20% to 30% was assigned to the "medium (M)" rank-
ing. The categories with a medium ranking included technologies that
are mostly in the pilot-scale stage of development, with estimated unit
costs at or below the target unit cost. The technical basis on which
these technologies are based has been shown to be sound, and they have
been developed through the first step of the scale-up process. One out
gfl%hree1technologies in this stage of development is likely to reach

ull-scale.

3. A probability range of 10% to 15% was assigned to the "low (L)" ranking.
This category consists of two types of technologies: tecin2logies that
were mostly in the bench-scale stage of development (designated by
"Lt"), and technologies that were mostly fully developed, yet had unit
costs slightly above the target unit cost (designated by "L."). Reli-
able cost information for tecunologies in the bench-scale stage is typi-
cally not available. The technologies in this stage of development have
been shown to be successful under ideal conditions, although the scale-
up relationships have not yet been proven. One out of eight to ten
technologies in this stage of development are likely to reach full-
scale. The fully developed, high-cost technologies are slightly less
promising for investing R&D funds than the technologies that have not
yet been developed but are expected to have low unit costs.

The ranking and "likelihood of success" for each technology category in
each contamination category are summarized in Table 5.3. A list of the
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TABLE 5.2. Description of the Rankings

Likelihood
Ranking of Success Description
High (H) 50% to 70% A category with the "high" ranking consists of

technologies that are primarily in the demon-
stration stage of development with estimated
unit costs at or below the target unit cost.
These technologies have not yet successfully
demonstrated their applicability to a broad
range of site and waste characteristics.

Medium (M) 20% to 30% A category with the "medium" ranking consists
of technologies that are primarily in the
pilot-scale stage of development, with esti-
mated unit costs at or below the target unit
cost. These technologies have not yet shown
that they can be successfully scaled to full-
scale.

Low (L¢) 15% A category with the "Tow" ranking consists of
technologies that are primarily in the bench-
scale stage of development. These technologies
have shown that, under ideal conditions, they
are successful.

Low (L¢) 10% A category with the "low - because of cost"
ranking consists mostly of fully developed
treatment technologies with unit costs slightly
above the target unit cost.

"potential" technologies used to develop Table 5.3 and other worksheets are
in Appendix B. The results shown on Table 5.3 for each contamination cate-

gory are discussed in the following sections.

5.1 TECHNOLOGY CATEGORY RANKING FOR SOIL CONTAMINATED WITH EXPLOSIVES

Table 5.3 indicates that two of the treatment technology categories
(chemical and biological) appear to have the potential for yielding a tech-
nology that could meet the target unit cost of $100/ton. These technology
categories were each assigned a "medium" ranking based on the criteria
described in this section. The biological category was assigned a medium
ranking because most of the technologies identified in this category are in
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the pilot-scale stage of development (see Table B.7). The chemical category
was assigned a medium likelihood of producing a technology that could meet
the $100/ton target unit cost and a Tow ranking with respect to meeting the
target unit cost of $50/ton, because most of the technologies identified in
this category have estimated unit costs slightly above these target unit
costs.

5.2 TECHNOLOGY CATEGORY RANKING FOR SOIL CONTAMINATED WITH HEAVY METALS

The physical treatment technology category is identified as having the
highest 1ikelihood of success of producing a technology that could meet a
target unit cost of $200/ton for treating soil contaminated with HMs. This
category was assigned a medium ranking because most of the technologies
identified are in the pilot-scale stage of development (see Table B.7). The
thermal treatment technology category becomes the most promising category
when the target unit cost is increased to $300/ton, primarily because it con-
tains several promising technologies that are typically in the demonstration
stage of development.

5.3 TECHNOLOGY CATEGORY RANKING FOR SOIL CONTAMINATED WITH VOLATILE ORGANIC
COMPOUNDS

Both the biological and thermal categories were ranked medium because
the potential technologies identified (see Table B.7) are typically in the
pilot-scale stage of development. The chemical treatment technology category
was ranked low because it typically contained technologies that are fully
developed yet have treatment costs slightly above the target unit cost.

5.4 TECHNOLOGY CATEGORY RANKING FOR GROUNDWATER CONTAMINATED WITH
EXPLOSIVES

The physical category for cieanup of groundwater contaminated with EXPs
has the highest Tikelihood of success of producing a technology with a unit
cost less than that estimated for the currently identified treatment tech-
nology (GAC). This category was ranked medium because the technologies iden-
tified in Table B.7 as "potential technologies" are primarily in the
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pilot-scale stage of development. The onsite chemical and biological treat-
ment categories have technologies that could treat groundwater contaminated
with EXPs, but their estimated unit costs are greater than the target unit
costs, and therefore assigned a Tow ranking. The in situ biological treat-
ment technology category was assigned a low ranking because most of the tech-
nologies in this category that were identified as "potential technologies”
(see Table B.7) are in the bench-scale stage of development.

5.5 TECHNOLOGY CATEGORY RANKING FOR GROUNDWATER CONTAMINATED WITH HEAVY
METALS

Two technology categories were identified that have the potential to
produce a technology that could meet the target unit cost. Both categories
(physical and biological) were ranked low. The physical treatment technology
category was ranked low because most of the technologies in that category
that were identified as "potential technologies" (see Table B.7) are in the
bench-scale stage of development. The biological treatment technology cate-
gory was ranked low for similar reasons.

5.6 TECHNOLOGY CATEGORY RANKING FOR GROUNDWATER CONTAMINATED WITH VOLATILE
ORGANIC COMPOUNDS

The onsite chemical and biological treatment technology categories iden-
tified for this remedial action category have low rankings primarily because
the reference technology (air stripping followed by vapor phase carbon) is
inexpensive to operate, and therefore the target unit cost is difficult to
attain. The in situ “iological treatment technology category was assigned a
low ranking primarily because technologies in this category are primarily in
the bench-scale stage of development.

5.8




6.0 R&D INVESTMENT STRATEGIES

This section describes the evaluation of potential R&D strategies for
developing new or innovative alternative technologies for DA IRP remedial
action activities. For each of four R&D funding levels (current funding,
150%, 200%, and 300% of current funding), the preferred mix of R&D invest-
ments (soil or groundwater contamination category, technology category) are
identified, and the corresponding potential reductions in the DA IRP cost are
estimated.

Section 6.1 summarizes some of the key assumptions made in formulating
R&D strategies for varying levels of R&D funding, and Section 6.2 describes
the evaluation methodology. In Section 6.3 the preferred and the backup
technology categories to be developed for each contamination category are
identified. Section 6.4 includes the rationale for the four R&D strategies
that are developed and the estimated DA IRP cost savings for each.

6.1 USATHAMA R&D FUNDING LEVEL ASSUMPTIONS

The objective of this report is to develop R&D funding strategies for
alternative R&D funding levels. To do so with absolute rigor would require
detailed knowledge of the projected USATHAMA R&D budget for this type of
technology development and detailed estimates for the cost of identifying and
developing specific technologies from each of the alternative technology
categories. That level of detail is beyond the scope of this report.

Rather, representative issumptions are made about future USATHAMA R&D funding
levels and the average cost for developing specific technologies.

Current USATHAMA R&D efforts conducted in support of the DA IRP include
the evaluation of commercially available state-of-the-art technology for
installation restoration and development of new, innovative technology that
is more economical and efficient than existing technology. The purpose of
USATHAMA’s IR Decontamination Technology Development Program (Project AF25)
is to provide R&D support for required assessment and cleanup activities at
Army installations. Project AF25 funding is currently being supplemented
with Defense Environmental Restoration Account (DERA) funding.
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The approximate annual R&D funding available for these activities is
$3 million per year, or approximately $15 million for FY 1991 through
- FY 1995. Previous USATHAMA experience indicates that approximately $3 to
$4 million (over three to five years) is a typical cost for developing a
technology to the point of readiness for field application.

Based on these approximate budget and cost estimates, it is assumed that
current funding for FY 1991 through FY 1995 will allow development of approx-
imately four new technologies. Increased funding to levels of 150%, 200% and
300% of current funding would allow development of six, eight, and twelve new
technologies, respectively. These estimates for the number of technology
categories that could be considered are obviously approximate. Actual fund-
ing required for a specific mix of technology development activities would
require a much more rigorous estimating process, which is beyond the scope of
this report.

6.2 METHODOLOGY FOR EVALUATING ALTERNATIVE R&D STRATEGIES

The primary objectives for USATHAMA R&D in support of the DA IRP are to
ensure that available technology will aliow DA IRP activities to comply with
relevant requlations and to develop technology that will allow these activi-
ties to be cost-effective. It is assumed for this report that the reference
technologies for performing the various DA IRP activities satisfy regulatory
concerns. Therefore, cost is used as the primary consideration for whether
USATHAMA should develop an alternative technology.

The evaluations described in the following sections use the ranges of
estimated potential DA IRP cost reductions developed in Sections 3 and 4,
along with the evaluation of alternative technology categories described in
Section 5, to assess both the potential payoff and probability-weighted
payoff for pursuing development within a technology category. The ranges of
potential payoffs estimated for meeting development targets in the various
technology categories were broad, based on large uncertainties in both the
remedial action requirements (amount of treatment required) and the reference
technology unit cost. In addition, the evaluation of alternative technology
categories was subjective, and the results were expressed as broad ranges of
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probability (or likelihood) for successfully identifying and developing an
alternative technology from a technology category. Because these inputs to
the evaluation are uncertain, no attempt is made to discriminate between
alternative R&D investments based on small differences in potential or prob-
ability-weighted DA IRP savings. Distinctions are made between payoffs for
alternative technology categories only if the difference in estimated payoff
is large in proportion to the magnitude of the estimated payoffs.

Several steps are performed in the evaluation process. These steps are
listed below:

1. Identify the preferred and a backup technology category for each
contamination category.

2. Estimate the incremental potential payoff (DA IRP cost savings) and
incremental probability-weighted payoff for the preferred and
backup technology categories for each contamination category.

3. Rank the potential R&D investments (preferred and backup technology
categories for all contamination categories) based on incremental
probability-weighted payoff and incremental potential payoff.

4. Group the ranked technology categories into R&D investment strat-
egies for each of the assumed levels of R&D funding, and estimate
the DA IRP cost savings for each R&D investment strategy.

Steps 1 and 2 for this process are discussed in Section 6.3. Sec-
tion 6.4 describes steps 4 and 5 and gives the overall results for the
evaluation.

6.3 TECHNOLOGY CATEGORIES AND PAYOFFS FOR EACH CONTAMINATION CATEGORY

The preferred order of selection of technology categories within a con-
tamination category is generally based on the categories’ rankings discussed
in Section 5; the highest ranking technology category is selected as the pre-
ferred category, and the second highest is identified as the backup technol-
ogy category. If two technology categories have the same rank (both "medium"
for example), then the preferred is identified based on various secondary
characteristics or considerations.

Two different types of payoff are estimated for each technology cate-
gory. The incremental potential payoff is the estimated decrease in DA IRP
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costs that could be achieved by successfully developing a technology within
the category. Probability-weighted incremental payoff is a measure of the
weighted average return for an investment and is often referred to in deci-
sion analysis or investment analysis literature as the "expected value." It
is a measure of how much profit (or savings), on the average, each investment
of the type under consideration would yield (Holloway 1979).

For the preferred technology category for a contamination category, the
incremental potential payoff is the estimated payoff for the contamination
category, as estimated in Sections 3 and 4. The incremental potential payoff
for the backup technology category is the amount that savings could increase
beyond that estimated for the preferred technology with increased funding
levels. In most cases the incremental potential payoff for a backup
technology category is zero.

The incremental probability-weighted payoff for both the preferred and
backup technology category is estimated. For the preferred technology cat-
egory, the incremental probability-weighted payoff is the estimated potential
payoff for the contamination category from Sections 3 or 4 multiplied by the
subjective estimate from Section 5 of the probability of successfully
developing a technology from the technology category.

The incremental probability-weighted payoff for the backup technology
category is slightly more complicated to estimate. It is the increase in the
probability-weighted savings if both technology categories are pursued rather
than just the preferred technology category. Calculating this incremental
probability-weighted payoff requires computing the probability or likelihood
for each of the four possible combinations of successful or unsuccessful
development of the preferred and backup technology categories and the asso-
ciated payoff for each of the combinations. The probability of each combi-
nation is multiplied by its payoff, and these products are summed to deter-
mine the probability-weighted payoff for pursuing development of both cate-
gories. The incremental probability-weighted payoff for the backup category
is the difference between the probability-weighted payoff for developing both
and the probability-weighted payoff for developing the preferred category.
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It is a measure of how much the average or expected DA IRP cost reduction
would be increased by investing in a second technology category for a
contamination category. '

Table 6.1 summarizes the data from Sections 3, 4, and 5 that are
required for these evaluations. In Table 6.2, the preferred and backup tech-
nology categories for each contamination category are identified, as well as
the estimated incremental payoff and probability-weighted payoff. The
results shown on Table 6.2 for each contamination category are discussed in
the following sections.

6.3.1 Developmental Technologies for Soil Contaminated with Explosives

Table 6.1 shows that both the chemical and biological technology cat-
egories have a "medium" ranking, corresponding to a 20% to 30% likelihood
that a technology within each could be developed to meet the target unit cost
and realize the potential payoff estimated. In addition, the chemical tech-
nology category has a "low" (10% to 15%) likelihood of achieving a lower unit
cost and a higher payoff. The biological technology category was selected as
the preferred category, primarily because USATHAMA has already begun develop-
ment of a composting process for treating soil contaminated with EXPs
(Williams et al. 1988). The chemical technology category is therefore
considered as the backup category for the contaminated soil.

The incremental potential payoffs and probability-weighted payoffs are
calculated as described above. The incremental potential payoff for the
biological technology category is the $100 to $300 million estimated for
achieving the target unit cost. The incremental payoff for the chemical
technology category is the additional $50 million that could be saved if a
chemical technology could be successfully developed to meet the Tower unit
cost target.

The incremental probability-weighted payoff range for the biological
technology category was estimated by taking the lower limit payoff ($100 mil-
lion) times the lower limit probability estimate (20%) and the upper limit
payoff ($300 million) times the upper limit probability estimate (30%), which
results in the range of probability-weighted payoffs of $20 to $30 million
shown on Table 6.2.
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TABLE 6.2. Preferred

Preferred and Backup
Technology Categories

EXPs-Contaminated Soil
Biological
Chemical

HMs-Contaminated Soil
Physical
Thermal

VOCs-Contaminated Soil
Biological
Thermal

EXPs-Contaminated Groundwater
In Situ Biological
Onsite Physical

HMs-Contaminated Groundwater
Onsite Chemical
Onsite Biological

VOCs-Contaminated Groundwater
In situ Biological
Onsite Biological

The incremental probability-weighted payoff for additional investments in
the development of a chemical technology is slightly more complex.
and lower limits for the probability-weighted payoff for the combined devel-

Potential Payoff
($millions)

$100 to $300

$50

$20 to $35
$0

$20 to $30
$0

$25 to $45¢
$0

$10 to $140
$0

$15 to $770
$0

and Backup Technology Categories

Probability-Weighted

Payoff
($millions)

$20 to $90
$16 to $63

$4 to $11
$4 to $5

$4 to $9
$3 to $6

$3 to $68
$5 to $44

$1 to $21
$1 to $18

$2 to $117
$1 to $17

opment of both processes is illustrated below for lower limit:

Biological Chemical
Technology Technology
Development Development
Unsuccessful unsuccessful
Successful unsuccessful
Unsuccessful successful
Successful successful

Probability-

Weighted

Probability Payoff

(0.8) X (0.8) (0.64) X $0
(0.2) X (0.8) (0.16) X $100
(0.8) X (0.2) (0.16) X $100
(0.2) x (0.2) {0.04) X $100

$36 million

The upper




The composite probability-weighted payoff is $36 million, which, when com-
pared with the lower 1imit probability-weighted payoff for developing only
the biological category ($20 million), means that developing a chemical
technology as a backup will add $16 million to the probability-weighted
payoff. The upper 1imit incremental probability-weighted payoff of $63 mil-
lion for developing a chemical technology is estimated in a similar way.

6.3.2 Developmental Technologies for Soil Contaminated with Heavy Metals

Table 6.1 shows that the physical technology category is the highest
ranking category for the HMs soil contamination category. Both the chemical
and thermal categories have "low" rankings, but the thermal category has a
"high" ranking for achieving a slightly higher unit cost target; therefore,
it was selected as the backup technology category. (The secondary target was
considered in Section 3.3 because of the potential desirability of implement-
ing an alternative to offsite disposal even if doing so does not reduce the
current estimate for DA IRP cost.)

The incremental potential payoff and probability-weighted payoff for the
preferred technology category and backup technology category were estimated
as discussed in Section 6.3.1. These results are shown on Table 6.2.

6.3.3 Technology Categories for Soil Contaminated with VOCs

Both the biological and thermal technology categories for treatment of
soil contaminated with VOCs have "medium" rankings. The biological tech-
nology category was selected as the preferred category based on its potential
complement the preferred treatment technology category for groundwater con-
taminated with VOCs (see Section 6.3.6). Accordingly, the thermal technology
was selected as the backup technology category.

The incremental potential payoff and probability-weighted payoff for the
preferred technology category and backup technology category were estimated
as discussed in Section 6.3.1. These results are shown on Table 6.2.

6.3.4 Treatment Technology for Groundwater Contaminated with Explosives

The selection of the preferred treatment technology category for ground-
water contaminated with EXPs is an exception to the general rule of selecting
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the technology category with the highest ranking. In situ biological tech-
nology with a "Tow" ranking was selected instead of the onsite physical tech-
nology category, which has a "medium" ranking. Even though the likelihood of
successfully developing an onsite physical technology that meets the target
is judged to be twice as great as that for developing an in situ biological
technology that meets its target, the payoff for successfully developing an
in situ biological process is estimated to be four times as large. The
increased payoff for the in situ biological technology category makes it a
better investment. The onsite physical technology category is therefore
considered to be the backup technology category.

The incremental potential payoff and probability-weighted payoff for the
preferred technology category and backup technology category were estimated
as discussed in Section 6.3.1. These results are shown on Table 6.2.

6.3.5 Treatment Technology Categories for Groundwater Contaminated with
Heavy Metals

Table 6.1 shows that both the physical and biological technology cat-
egories have "low" rankings. However, as discussed in Section 5, the phys-
ical technology category is slightly more promising and was therefore
selected as the preferred technology. Accordingly, the biological technology
category is considered to be the backup development for HMs-contaminated soil
treatment.

The incremental potential payoff and probability-weighted payoff for the
preferred technology category and backup technology category were estimated
as discussed in Section 6.3.1. These results are shown on Table 6.2.

6.3.6 Treatment Technology Categories for Groundwater Contaminated with VOCs

A1l three of the potential technology categories shown on Table 6.2 for
VOCs-contaminated groundwater treatment have "low" rankings. However, the
in situ biological technology category has a higher potential payoff than the
other two and was therefore selected as the preferred technology. The onsite
biological technology category was selected as the backup technology category
because it complements the preferred technology category.
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The incremental potential payoff and probability-weighted payoff for the
preferred technology category and backup technology category were estimated
as discussed in Section 6.3.1. These results are shown on Table 6.2.

6.4 R&D STRATEGIES

R&D strategies (technology categories selected for development) corre-
sponding to four different USATHAMA R&D funding leveis were formulated from
the data on Table 6.2. The evaluation process for determining the priority
order for developing alternative technologies is discussed in Section 6.4.1.
The alternative R&D strategies and their potential DA IRP cost savings are
discussed in Section 6.4.2.

6.4.1 Priorities for Technoloqy Development Categories

The next step in developing alternative R&D investment strategies is the
ranking, or prioritization, of the technology categories based on the data on
Table 6.2. The technology categories were sorted into an order of priority
based on both their potential payoff and probability-weighted payoff;
probability-weighted payoff was used as the first sorting criterion.

Probability-weighted payoff was selected as the first consideration
because it more nearly reflects the Tikely return on an R&D investment; it
takes into account both the potential reduction in DA IRP cost and the
likelihood of realizing that reduction. In simple terms, the probability-
weighted payoff reflects the average payoff that would be expected if a num-
ber of similar investments (with the same potential payoff and l1ikelihood, or
probability, of success) were made. There is no guarantee that any partic-
ular R&D investment will succeed, but selecting alternatives in the order of
probability-weighted payoff enhances the likely payoff for an RaD strategy.

Potential payoff was used as the second-order sorting criterion. If the
probability-weighted payoffs for two technology categories were similar, but
one had a significantly higher potential payoff, it was selected as the
higher priority.




Table 6.3 shows the results for prioritizing the technology categories

as discussed above.

As previously noted, because of the broad ranges of

remedial action requirements and unit costs, and the subjective judgments
implicit in the numerical results shown on Table 6.2, small differences were
assumed not to be significant for the purposes of distinguishing between

TABLE 6.3.

Remedial Action/Technology Category

Probability-

Weighted

Payoff (106)

1/2

1/2

3/4

3/4

7/8

1/8

9-12

VOCs-Contaminated Groundwater
In Situ Biological

EXPs-Contaminated Soil
Biological

EXPs-Contaminated Groundwater
In Situ Biological

EXPs-Contaminated Soil
Chemical

EXPs-Contaminated Groundwater
Onsite Physical

HMs-Contaminated Groundwater
Onsite Chemical

HMs-Contaminated Soil
Physical

VOCs-Contaminated Soil
Biological

HMs-Contaminated Groundwater
Onsite Biological

VOCs-Contaminated Groundwater
Onsite Biological

VOCs-Contaminated Soil
Thermal

HMs-Contaminated Soil
Thermal

6.11

$2 to $117

$20

$3

$16

$5

$1

$4

$4

$1

$1

e3

$4

to $90

to $68

to $63

to $44

to $21

to $11

to $9

to $18

to $17

to $6

to $5

Priority for Technology Development Categories

Potential
Payoff (106)
$15 to £770
$100 to $300
$25 to $450
$50
$0
$10 to $140
$20 to $35
$20 to $30
$0
$0

$0

$0




alternative technology categories. Accordingly, many of the technology cat-
egories shown on Table 6.3 are considered equivalent based on these
evaluations.

As noted on the Table 6.3, the first two technology categories (in situ
biological treatment for VOCs-contaminated groundwater and biological treat-
ment for EXPs-contaminated soil) are essentially equivalent. They have the
largest probability-weighted payoffs of any of the technology categories.

The next two technology categories (in situ biological treatment for
EXPs-contaminated groundwater and chemical treatment for EXPs-contaminated
soil) also have similar probability-weighted payoffs, which are significantly
larger than those for the fifth and sixth ranked technologies. It is inter-
esting to note that chemical treatment for EXPs-contaminated soil, which is a
backup technology category, has a larger probability-weighted paycff than the
preferred technology categories for three of the contamination categories.
This result emphasizes the dominant role of EXPs-contaminated soil treatment
in the DA IRP. Developing a second alternative technology to ensure that
EXPs-contaminated soil treatment costs are reduced appears to be a better
investment than developing alternative treatment technologies from the
preferred technology categories for HMs-contaminated soil and groundwater and
VOCs-contaminated soil.

The fifth ranked technology category (onsite physical treatment for
EXPs-contaminated groundwater) is also a backup technology. Even so, it has
twice as large a probability-weighted payoff as the onsite chemical treatment
for HMs-contaminated groundwater, the sixth ranked technology. Again, reduc-
ing costs associated with EXPs contamination is a high priority for the DA
IRP.

The remaining technology categories (6 through 12) are all roughly
equivalent based on probability-weighted payoff. However, physical treatment
for HMs-contaminated soil and biological treatment for VOCs-contaminated soil
have higher potential payoffs and are therefore considered the seventh and
eighth priorities. The remaining four technology categories are all backup
technologies and are essentially indistinguishable in this analysis.
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6.4.2 R&D Investment Strategies

As noted in Section 6.1, the current USATHAMA R&D funding level will
allow development of four technology categories, assuming that the average
cost for each is similar to previous USATHAMA experience. For this analysis,
it was assumed that incremental R&D funding would allow proportionately more
technologies to be developed. Therefore, 150%, 200%, and 300% of current
funding would allow development of 6, 8, and 12 technology categories, res-
pectively. R&D investment strategies for these levels of USATHAMA R&D can be
formulated from the R&D priority rankings on Table 6.3.

Table 6.4 shows the R&D strategies for these four different levels of
funding. Also shown on the table are the incremental probability-weighted
payoff and incremental potential payoff as additional R&D funding is added.

Table 6.4 shows that developing technologies from the first four tech-
nology categories could save as much as $1600 million on the portion of the
DA IRP included in the estimates for this study. (As noted in Sections 3.2
and 4.2, some additional sources of contamination were not quantified and
included in this study, so remedial action requirements and potential savings
may be larger than estimated here.) The range of "expected" or probability-
weighted payoffs for this set of investments is approximately $40 to
$340 million. These estimates indicate that the current level of USATHAMA
R&D funding for technology development in support of the DA IRP should,
assuming typical or average success for these types of investment, result in
between a 3:1 and 20:1 payoff (saving:investment), and current R&D funding
could result in a 100:1 payoff.

With 50% additional funding (approximately $7 to $8 million), technolo-
gies from two additional categories could be developed, increasing potential
DA IRP cost reductions as much as $140 million (again, more could be saved if
remedial actions are higher than estimated in this report); the probability-
weighted payoff for this incremental investment ranges from $5 to $65 mil-
lion. If average success for these investments were realized, the payoff
would be between 1:1 and 10:1 and could be as high as 20:1. These payoffs
are lower than the payoffs for the base funding, as is expected considering
that they correspond to investment in lower priority technology categories.
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TABLE 6.4. R&D Investment Strategies and Payoffs by Funding Level Increments

Incremental
Probability- Incremental
Funding Weighted 6 Potentia]6 (a)
Level Technology Categories Payoff (10°) Payoff (107)

[ In Situ Biological Technology for
VOCs-Contaminated Groundwater

Biological Technology for

EXPs-Contaminated Soil

Current < ~$40 to $340 -~$200 to $1600
Funding In Situ Biological Technology for

EXPs-Contaminated Groundwater

Chemical Technology for
L EXPs-Contaminated Soil

[ Onsite Physical Technology for

EXPs-Contaminated Groundwater

+ 50% 1 ~$5 to $65 ~$10 to $140
Onsite Chemical Technology for

LHMS-Contaminated Groundwater

[ Physical Technology for

HMs-Contaminated Soil

+ 50% 4 ~$8 to $20 ~$40 to $65
Biological Technology for

[ VOCs-Contaminated Soil

[ Onsite Biological Technology for
HMs-Contaminated Groundwater

Onsite Biological Technology for

VOCs-Contaminated Groundwater

+ 100% < ~$9 to $46 $0
Thermal Technology for

VOCs-Contaminated Soil

Thermal Technology for
_ HMs-Contaminated Soil

(a) Estimated maximum payoff for current funding level and for increasing
funding increments.

An additional 50% funding (a total of 100% more) adds slightly less ($40
to $65 million) to the potential estimated DA IRP cost reduction and slightly
1ess to the probability-weighted payoff ($8 to $20 million). These
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additional cost reductions correspond to expected payoffs on this incremental
investment of between 1:1 and 3:1 and potentially to a payoff as high as
10:1. Again, incremental investments lead to less incremental savings, but
these savings are still commensurate with the required investment.

If another 100% incremental R&D funding is assumed, the last four backup
technology categories can be developed. While the additional 100% does not
increase the potential cost savings, as "insurance" it would increase the
probability-weighted payoff for the R&D program $9 tc $46 million. This
corresponds to an expected payoff of between less than one (incremental
investment not recovered) and 3:1.
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APPENDIX A

CALCULATION OF CONTAMINATED-SOIL VOLUMES

This appendix describes how the volumes of contaminated soil presented
in Section 3.1 were calculated. The objective of estimating the volumes of
soil contaminated with explosives (EXPs), heavy metals (HMs), and volatile
organic compounds (VOCs) at Army installations was to develop a relative
measure of the Army’s hazardous waste problem. The order-of-magnitude con-
taminated soil volumes that resulted were used with cost data to determine
the 1likely "targets" for spending R&D funds.

A.1 CALCULATIONAL APPROACH

Comprehensive contaminated soil data for the 1391 active and inactive
Army installations (DERA 1987) are not available. Therefore, the approach
used in this study to estimate the total volume of contaminated soil at Army
installations was to identify the major sources of contaminated soil and
assess the limited data currently available. (It was beyond the scope of
this study to generate a comprehensive data base of contaminated soil sites
at all Army installations).

The major sources of contaminated soil include wastewater lagoons
(including trenches, ditches and impoundments), soil around production
facilities, and burning grounds. Limited data were available on wastewater
lagoons, trenches, ditches, and impoundments used to dispose of contaminated
wastewater (Coia et al. 1983 and Beaudet et al. 1983a,b,c). Sources of data
to estimate the volume of contaminated soil around production facilities and
in burning grounds were not available.

The WESTON report (Coia et al. 1983) was used as the primary source of
information for determining the number of installations with contaminated
lagoons and the number of contaminated lagoons at each of the installations.
The volumes of contaminated soil at each installation were calculated by
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multiplying the number of contaminated lagoons by the volume of contaminated
soil associated with the Tagoons. WESTON surveyed 41 installations associ-
ated with munitions production, plating and metal finishing, and other indus-
trial operations. Of the 41 Army installations surveyed in that report, 39
have wastewater lagoons contaminated with a combination of EXPs, VOCs, and
HMs .

Comprehensive site data were not available from all of the 41 installa-
tions surveyed by WESTON, therefore a measure of a "standard lagoon" was
devised by WESTON, ESE, and USATHAMA as a means to present consistent infor-
mation (there is not an actual "standard lagoon"). (The dimensions of a
"standard Tagoon" are 100-ft by 150-ft.) For example, at Cornhusker Army
Ammunition Plant, the installation data in the Appendix of the WESTON report
indicated 9 leaching pits, 47 cesspools, 3 holding ponds, and 1 acid waste
pond. This information was reported in the text as 9 "standard lagoons."
For this study, the potential contaminated soil volumes at each installation
were calculated from the standard lagoon dimensions if other site specific
data were not available. Most of the site specific data were found in the
ESE report (Beaudet et al 1983a). In a few cases where there was significant
differences between the data presented in the WESTON and ESE reports, the
appropriate USATHAMA project officers were consulted.

The volume of contaminated soil associated with a lagoon was calculated
using the equation for an obelisk and the assumptions that 1) for wastewater
lagoons contaminated with EXPs and HMs, approximately 6 ft of soil around
each lagoon was contaminated (see Figure A.l), and 2) for wastewater lagoons
contaminated with VOCs, approximately 15 ft of soil was contaminated (see
Figure A.2). Six feet of soil around EXPs-contaminated lagoons was chosen

e gediment T

Excavated Soil

FIGURE A.1. Schematic of the Volume of Contaminated Soil Associated
with a Lagoon Contaminated with Explosives and Heavy Metals
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FIGURE A.2. Schematic of the Volume of Contaminated Soil Associated
with a Lagoon Contaminated with VOCs

because it is consistent with current Army IRP experiences. Six feet was
chosen for HMs-contaminated lagoons because metals have a tendency to adsorb
to soils and tend not to travel far through the vadose zone. Fifteen feet
was chosen for VOCs-contaminated lagoons for two reasons: 1) VOCs have
higher adsorptivity coefficients; they have a tendency to move farther
through the vadose zone than EXPs and HMs, and 2) 15 ft is a reasonable
maximum excavation depth.

The actual width and depth of contaminated soil to be treated at each
site will be negotiated with the appropriate regulatory agencies, and is
unknown at this time. Therefore, a range of + 20% was included in the
estimate of the contaminated soil volumes. A summary of the calculated soil
volumes at each installation is presented in Table A.l.
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TABLE A.1.

Calculated Potential ConEgTinated

Wastewater Lagoons, tons

Installation

Alabama AAP
Anniston AD
Badger AAP
Blue Grass AD
Cornhusker AAP
Ft Wingate AD
Hawthorne AAP
Holston AAP
Indiana AAP
Towa AAP
Joliet AAP
Kansas AAP
Lake City fAP
Letterkenny AD
Lone Star AAP
Longhorn AAP
Louisiana AAP
McAlester AAP
Milan AAP
Navajo AD
Newport AAP
Picatinny Ar
Pine Bluff Ar
Pueblo AD
Radford AAP
Ravena AAP

Red River AD
Redstone Ar
Riverbank AAP
Sacramento AD
Savanna AD
Seneca AD
Sharpe AD
Sunflower AAP
Tobyhanna AD
Tooele AD

Twin Cities AAP
Umatilla AD
Volunteer AAP
White Sands MR

TOTAL, tons

Soil Volumes from

Contamination Cateqory

Explosives

0
18,000
0
18,000
42,000
18,000
115,000
0
18,000
9,000
18,000
54,000
18,000
0
125,000
25,000
120,000
65,000
70,000
50,000
30,000
9,000
0
10,000
9,000
20,000
0

0

0

0
30,000
5,000
0
15,000
0
25,000
15,000
60,000
75,000
0

~1,090,000

Heavy Metals

0
25,000
0
15,000

~210,000

(a) Based on information found in Coia et al.

et al.

1983.
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Volatile Organics

45,000
18,000

9,00

COOCOOOOOO0OOO
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9

23,000
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0
62,000

~180,000
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APPENDIX B

SUPPORT DATA FOR RANKING TECHNOLOGY CATEGORIES

The unit cost targets and potential payoffs discussed in Section 3 and 4
were used with a ranking of the technology categories (Section 5) to help
USATHAMA prioritize their R&D investments (the objective of this study). The
worksheets used to rank the technology categories are discussed in this
appendix.

B.1 APPROACH

The basis for ranking the technology categories was their likelihood of
successfully meeting the target unit cost for a particular remedial action
category. Several steps are performed in ranking the technology categories.
The steps are to 1) generate a list of feasible treatment technologies for
each waste category (e.g., EXPs-contaminated soil and HMs-contaminated soil),
2) identify the estimated unit cost of each technology, 3) rank the technol-
ogy categories based on estimated unit cost and stage of development (tech-
nologies with estimated unit costs near the target but in the bench-scale
stage of development are assumed to be less likely to actually meet target
costs than technologies in the pilot- and full-scale stage), and 4) assign a
value to the qualitative rankings.

The 1ists of feasible treatment technologies for each waste category
(the first step outlined in the approach) are presented in Tables B.1 through
B.6. These tables were generated using USATHAMA technology evaluation
studies (Bove et al. 1983 and 1984) and supplemented with representative
technologies that were developed after the studies were performed. The lists
of treatment technologies are not comprehensive (that was beyond the scope of
this study); instead, they represent the type of technologies that are
identified in the literature.

Unit costs were estimated (and presented in Tables B.1 through B.6) for
each technology listed based on information from the open literature and from
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vendors. The unit cost data were used to generate a table of technologies
that could potentially meet the target unit costs discussed in Sections 3 and
4. The list of "potential” technologies is presented in Table B.7.

The technology categories were ranked (using the list of potential tech-
nologies) on the basis of two criteria: 1) the number of technologies that
could potentially meet the unit cost requirements and 2) the stage of
development of each technology. When the technology categories were
evaluated on these criteria, they fell into three distinct levels of poten-
tial for yielding a technology that can meet the relevant unit cost target
(high, medium, and low).

Ranges of quantitative values were assigned to the qualitative rankings
discussed above. These values, expressed in percentages, represent the
likelihood that a category could produce a technology that can meet the
target unit cost for a particular 1ipplication. THese values were used to
develop R&D funding strategies for alternative R&D funding levels (see
Section 6). Results from the ranking process are discussed in Section 5.

B.2




*sjueyoejans snid ‘g wd

03 juawleasyatd sasinbay "sdx3 sAoJisag
*paJinbay jueyosejuns

Jo satlijuenb abieq -snopiezey

SJow aq Aew x21dwo) °Sdx3 sa3e31d1934d

*sotuoseJ3In

40 AN Aq paisisse aq Aew oy pue
3U0Z0 “SP110S AZIPIXO ABW - JIIBMIISEM
03 amoau:a% *Yourn pue (3sAjeiea
ya1m) Soy ‘auozo sapnjoui “sjonpoud
AJepuodas 2ABd| Amwl - sojueBuo sAoaiysag

‘pa3BaJy aq Ismu

seb pojbulweluo) -3juawleasy uoilededas
*J33eMpunoJB
djeulweiuod Ae °S)110S8 snoaudbodaiay
JO} 3AL1193))9 SS37  *pIonposd
JajemajseN “juawieaJsy uoijesedas

*J938M3)SEM
PaleulueIuUOd ‘%]0A 10S (G O} Q2 2ISEM
P1108 AJepuodas *juaujeasy uoljededas

- J33EMPUNOJB pue 1108 @3eUlURIUOD

Aew JUBA)0S *AJIA0IDJ JUBA|OS

woJj INPiIsay "Iuawleasy uoiisdedas
*110s ajeu

- lWBIUOD AGY JUSA10S "AJAADODIIJ JUIA|OS
wWoJj INPISIJL ‘%IO0A 1108 (0§ 03 02 ‘I31sem
P1)0S AJepuodas *juawieaJ) uoliesedas
*pasinbay jBsodstq 3juswlBaJ) UO}3B|OS]

"533/5°¢S
0} 2% °PoYyiduw uojlBlos| >wa..oa_.£.

*juawieaJy |esodsip/uoyie|os]
*juawieaJy jesods|p/uoiie}os]
SIUWL0

21qe) 1eAsun

‘29 ‘ol WN

1% 00l 03} &2

St 0SL °3 0s

9 002 ©3 00l

219@) teasun

(@) 00S °3 oot

8 ‘12 002 °3 02

] wN

91q®) teAsun

€2 L 061 03 ¥y

3U3J5j98 — (W01/s)
abuey-350)

“SdX3 JOJ} VWVHLYSN
Aq juawdoiaasp Jopun f9jeas-youag

*8dX3 404 porenjeAs !3)189s-yauog

=393[0J4d VWVHIVSN U} SaA}so|dxd
Y3 iM pa3sal Juabedd s,u0ludy “°s|los
PajeuweIued Joj uaAcJdun AqjeJsuan

*sdX3 J0j uaAoudupn
*SO0A JOJ 3183S-]11n) 3@ PaieJIsuowa]

*jueIdeLINS INOYI LM

9A1392)42 JON °31BIS-30)1d 3B UdAOJduUN

91915833 A1)
g ‘sdx3 Joy udaosdun ‘3jesrs-yng

*SUO{JBIIUIOD MO) JO}

alqiseay JON "91e35-30)1d 3@ UdAOJdUN

*31q1se9; A)12%1) INq ‘SdX3 Joj UBAoJdun
*SJOA JOj P3leJisucwsp {3188-)1ny

*sdx3 03 21qeal)dde jou !3)e98-)11n4

*ajess-1)ng

*sdX3 01 ajqestidde jou
!31seM aAj3ovOLlpeL JO4 Juawdo)aAsp Japun

*SdX3 03 91qedtidde jou f3yBIS-)1Inyg

uo13oNpay palelliuf-aseg

Buixa)dwoy) Jueydeyang NILS Ul

(uojiepixo
jeotped aady ‘3uabead s,uUojudy
S3PN1OU]) UOIIEPIXO 1BD1UBYD

(Wea3§/JLyY) UO1IJBIIXT SeD |ios

Buiysnii y1tos nyts up -

allsug -
(uol3desixa snoanbe) BuiyseM }10§

nis up -

aitsup -
UO1310B4INF JUIAI0S dLueBuQ 10§

UO1182111QEIS/U011EI141PL1OS

11en Adamys

uo13e108] 21601039

1114pueY 34n298

saLboouyda] juawileau] |[LOS pajeulueluo)-saAatso|dx]

‘178 314vl

182 1way)
/1eatsAyd

Aiobaje)
wawIeIN

B.3




*apeJBap 03 31NO1}41p soluebio
a)gnjosul JajeM “sajueBlo sAo43sag

*abp1)s
copeJbap 03 1INJ1431p SI1UEBIO
*sojueBio sAouysag

$338J3Ua9
a)gnjosu} Jajen

“apeJbap 03 31N21}31p soluelhilo
ajgnjosul Jajem *sotueBio sAoJdisag

*pasinbas (isd 0pog) dunssaud YBLH
*sotueBio %0 031 %1 Buiuiejuod abpnys
a)jqedund ‘Ja3eMajseM 03 91qroiydde 3ol
*uotInjos snoanbe up sojueBio skosisag

*a1qedund aq Ismw

23seM -paJsinbag aunssaud ybiy o3 aje
-JOpOW °P918aJl JaylJny 3q ISPUW 3UIN)$4D
pinb1q  °satueBlo sAoJaisep Ayaiajduosu]

*padinbag (1sd goog) adnssaud ybiy
03 spljos dund jowse) °sajueBio shoaisag

*sse )b
ut sptyos saiejost satueBio sAouisag

*sa1ueBJo awos sA0J1sog

*38aJ) Jaylany o3 saseB saunides pooy
auny -sojuebio sAosisap Jo/pue sajesedog
paJtnbad (1sd 0g¢)

24nssald 23849poW °SaALso1dxa sAouisag
“4.058 03 00¢ WwoJj

soBues Bullway 110§ “SolueBio sAodisaq

*$91uBBJO SA0J1SaQ

0661 403 pauue)d

uotleJisuousp 331s *soiueBio sAouaysag

*ojueBio shoJ3sag

SIUSEN0)

“uaAoJdUN SgX3 JO§
A1111qeat1dde !soqueBio Joy 3189S-]1nd

*3)83s-)1ny

*31895-10]1d

*$110S 40} 21qIseay Jou !3)@IS-youag

*$110S pa3jeulwelucd Joj uaaosdun

*S110S PIJLUIWRILOD JOJ UdAoJdUn

*pawojlad s3say oN
*a1qiseaj jou Ajqeqoud {usaoudun

‘pawdogdad saipnis jeaL3asoay)
*sanlsojdxa aund Joj ejep wo paseq
‘SdX3 JOJ VWVHLYSN Aq jusudo)aasp Japun
*SdX3 JOj PaIsay jou {3)eIs-1ing
*S3aWN)oA

abJe) Joj 1ed130e4d Jou Ipaisay 0N
*21898-30) Id

*u} 1)y AJB304 Ul SdX3 JOj PIIRJISUCUOP
!suoi3eanbljuod Auew ‘9)1898-11n4

‘UOIS103@G JO SPJIOIIY puUNIJIAANS JO MILADY (Q)
*uol6uULYsEN ‘puBlyd1Y ‘AJ03BIOGERT ISOMYIJON d1j1ded ‘SI11S IJSEM SNOPJIEZEY puUB IISBM PIXIW BU1IRIPAWSJ JO4 SPaaU ABOjouyda) uo 3Jdodad 3jelp g6l ()

Buluuejpue

sJ4012824018

Bu13soduo)

uo131on1383@ 213418380

uo13EPIXD JIV I9M

UOIIBPIX0 JIIBN (E21]1JIdJadng

SSe1H U31}0W

(HS1) Butleay nits uj

(AS1) uol1edi§LaliA NILS U]

uot 1 sodwodag

1eWJay] aJnyeJadwa] -MoT

6uiddiJis jewsay] aJn3esaduwa]-Mo7
UO13BI| J1X019(] BUSB)d SABMOJD LN

yodo] ewse)d

T YSURETTE )

2 65 03 /¢

0z ‘2 00y ©3 ¢

(qQ)  00€ ©3 001

} WN

WN

N

2 0sg

21 021 °3 0§

€  00% 03 0/2

21qe] leABUN

0z ‘1L ‘2 0S€ 03 08

6 009>

0Z ‘9 S0l 03 00E

Q) L 009 °3 002
S3U5J9594 {173y

SBUBY 3500

(p3u0d)

SN3635 A11]1G15693/3U0uK0]0A3(

178 318Vl

$9150|0U J9] JUSDICaI |

1eat60joig

18uayL

AJobaie)
IC L CENT

B.4




-J931EMpUNOJB 91BULWRIUOD ABW "S]10S
Snoauab0J31ay JOJ PA11LIPSD SSIT  *pPIIND
-0Jd JajeMmaiseM -3juswiealy uoljededss

*3udWIeaJ] SaJINbaJ JaIeMIISEM

*(%10A 05 03 02) paonpoid aisem pljos
AJepuodas *paJinbag Ajjensn sjuejoejdns
Jo juauisnfpe Hd *Iuawieady uojjesedas

*$9SBIJOU| ANJOA 33SBM °d0yNIeq ® BuLsn
pays(dwodoe BUIXIN *JUSWIE3JS) UO|IE}OS]

*sp110s Ajtaedb at419

-ads g*1 ‘%10A gL Buwunsse 186 QQOL/S$
01 |§ U0 paseq S$31S0J “d)gElJeA
juawleasy JoyiJng Buipasu spijos pajeu
-lwejuod jo Ajtluenp “7goL > 2 PInoys
SP110S °SUO13BJIUIINOI ALIN)S ¥)OA GL
03 Q1 Buisn ssadoud uwojjeaedas plyog

"533/5°€S
03 2¢ °poylaw uocljejosi >wm..on€2.

*gJauleIUoD

piB1a punoJde aud)Ayzakijod A3isuap

-yS1y sasn uoi3eINSABIUICIILN  “%0Y%

03 X0E S9S83aJoU|l UNJOA 9ISBM "SIXiJIEw
ajueBiouy pue ojueBio jo sadAy jeJaaAaS
apnjoul uoljeinsdeauloddiu ‘uotlezi)iqeas
*paJinbag jesodsig  "jUSWIBAJIY UOL3IB|OS]

*judwieasy jesodsip/uoy3e|os]

SJUANINOY

satbojouyda] juswiead) |ejuswdo|arag [LO§ pajeulweluo)-sieial AAeay

Si 0sl 03 05

9l 002 ©3 ool

N
VN

*s111ds Joj 9A1109432 ‘asn J0) Apeay

*(1eACWAd %06 O %09) @189S-10)td

*s)ejaw 03 ajqesljdde jon
"sje1aw 03 ajqesiidde jou ‘aeos-10)td

mMis ul -

qsuo -
(3usalos snoanbe) Butysepm jtos

nis ur -
al1sup -
UO13JBJIXT JUBA10S dtueBl 10§

w
2]1qe) 1eaeun *21e98-30)1d uoilezi)iqels aoeld-ul o
“ytos
G 12011 Joj d)qtseaj Ayjeiualod ‘ajeas-y|ng  uoljedsedas d13subel Judipesy yBiH
4 WN "ajess-1ng 11eM Aaumys
12's 002 01 02 Ta1eas-1nd uoilesijipios/uoilezy|igels
182 1way)
ajqejteArun  "31SeM 3AL3dROIpR JO) judwdolaAsp Japun uoliejos] 916501099 /1821sAyd
2U349} 3y (wl/g) SN3IBIS A31]1Q15e94/3Uado|9AaQ S91P0)0UYI3] JUsWIBDI] LN ETR)
abuey 350) jusunead |

AN RERT: ]




*UOIS199Q0 SO SPJOIRY punysadng Jo MaLA3Y ()

Vo)
~J933ew jued Jo/pue 110S jO JudWIRIJ) e
Jaylany saginbaJg paAstyde jou uol1le)oSst ajedn aai3e3aboa
JO U013oNJ3SaQ  “JuUaWIBaJL] uolzeJsedss VN *s)108 03 3jqedidde jon ‘uwolieNooeOlq - Jojdeadolg  jedifojolg
*JeAcwad
2 VN 1239w J0 S)10S 03 3)qeatdde 0N uoilepixo 18313 14043dng

*(x01d3) A3191%03 a4npadodd U013oBIIND
3w H0L O IO [0} "IUSWAE3JI UOIIE)OS] () 8L 009 3 002 *21835-11n4 voi18J2uLU]

*seb anyj woJdy jeAcwRd
pasu Aew BH sB YoNs S1BI19W 971318107
*padinbay jesodsig *3uswleasy uoi3Iv)OS] 2L (1144 ‘pauojtad $3S33 ON sSse|y U3l |ol

*seB an)j wody eAOWRJ
psau Aew B4 SB HONS S1@I3W d)131L)0A

*padinbay jesodstq -jusuneaJy uoile)0s] 02’9 S04 ©3 00% *91@38-30)1d ysJo| ewseld
*juawieasy jesodsip/uoiie)os] € 00% ©3 022 *pawJojsad Sa1pnis 1891334094} (ASI) UOLIEILJIITIIA NS Ul yewsay)
SIUSUI0) EET-NEJET (V3] SN1E3§ A11]1q158a3/3Uaud0)9Aaq Sa1bojouyoa] JusIIead] Aiobajeg i
25uey 3500 uswIed | i

(p3uod) -Z7g JGVL |



*sjueyoejans snid ‘gL wd 03 uaw
-3ea4334d s341nbay  °saalsoidxa sAosisag

*padinbay jue3
-083Jns jo sajiluenb abuey “snopiezey
aJow aq Aew xajdwo) °sdx3 seieitdioasd

*§o1u0seIIIN

40 An Aq paisisse aq Aew CoCH pue

3UOZ0 *SPL1OS IZIPIXO ARW - JIIEBMIISEM
03 ajqeat)dde asoN -Youuy pue (3sA)e1ed
yiim) <oy ‘auozo sapnyoup - s3onpoud
AJepuodas aaea) Aew - sojueBio sAoJisag

*paieaJy dq s

seb pajeulwsjuo) *Juawleady uoilesedas
*J91empunoJb ajeulweiuod Aey °S)LoS
SNoaUdB0JDIAY JOJ AALIDD4JD SSIT  "PIINP
-oud JajeMolsEM - juswleaJd) uoljedsedas

+J23EMIISEM
pajeuLWeIUOd ‘¥)0A 110S S 03 02 21SEM
P110s AJepuosss -juawjessy uollesedas

*J23eMpunoJs pue jlos jueuiwe)
-U0d Aew JuaAl0§ *AJ3A033J JUDALOS
woJj INPLSay "Jusawieas) uollededas

*1108 ajeu
-{Wwelu0d ABw JUSAI0S "AJDACIIJ JUDSAOS
woJj ANP1SaJd ‘%10A 110S G 01 (2 d3Isem
pt10s AJepuodas -juauwleaty uoljesedas

*paJinbaj

jesodsiq *3uawleaJl LOLIB0S] ",33/G €S
03} 2¢ ‘“poylaw uollejos) >wa..o&.3
*juauleaJ) )esods|p/uoiie|os]

*juaeaJy esodsip/uolie]os]

SIUUCY

satbojouydra] juawieas] [L0S pajeutweluo)-spunoduwo) druebag aLie oA

21qe] leAsun

*SJOA 03 31qedtdde
j0u A)geqodd "SdX3 JOJ} VWVHIVSN
Aq juawdolansp Jopun !3)B9S-youag

*SJ0A Auew JO) 3)qiIsedy
J0u A1geqodd  "SJOA UO paisal IoN

*S)10S
pajeuiweiuod Joj udAosdun A)jedauan

*3182s-3011d/)1n4

*JUB}IRJINS JINOYIIM DAL3DI4D JON

*a)ess-1)n4

*U013BJJUIIU0I MO] JOJ 1QiSed; ION

*3)1e28-1\n4
*ayjess-1\n4
*3}183s-11n4

*SJ0A 03} 2)qeay)jdde jou
123s8M 2A|30v0IPRY JOJ JUBKHO)BASD Japun

*3)89s8-}1n4

Uot3onpay palelliul-aseg

6uixa)dwo] jueldesansg nits Ul

(uoiiepixo
jed1ped 234y ‘juabeay s,uoludy
S3PNJOUL) UOLIEPLIXQ 1EI1URY)

(wea3s/Jly) uoildedix3 sey 140§

Butysnyd 110S NS Uf -

3itsup -
(uo13oeJ3%2 snoanbe) Buiysem |Los

misuy -

sitsug -
U0L39BJ3X3 JUIA)OS OtuebuQ 1108

Uo13EBZ111qe3S/U013RIL}IPLI0S
11en Atanis

w13e108] 91601099

114jpue aundag

91 ‘0L ‘2 N

€l 00l 03 &

St 0Sl ©3 0§

9L 002 °3 00l

31qe) teAeun

(e)  00S o3 00l

12'8 002 03 02

l w

31qe} teAsun

€2'L 06l 03y
AWIJ3))Y ACO._.\HV

abuey 3500

shie1s A3111415691/3000d019A30

€79 314vl

(LETUE )
/1eatshyd

A3obaie)
Juaunesd|

B.7




*J18 ojul paddiJis aq
“apedBap 03 3IN21}41Ip soiuebuio
*sojueblo sAodisaq

Aett SJ0A
ajgnjosul Jajepn

~abpnis
$9318J3USY “dpeJdbsp 03 3 1NJL4tp sIatueblo
a|gnosul JayeM “sotueblo sAotlsag

-a18 ojul paddiais aq
*apedbap 0} 311Nd1}Lp salueblo
*sajuebio 8A043S3Q

Aewl SJ0A
2)1gnjosut Jajem

-padinbaa (1sd p00g)

aJnssasd ySiy “soiueBio %0| 03

%1 sutejuod abpnis ajqedund lJazemaisem
0) 3)qedl)dde aJoN “soiuebio sAosisaq

~a21qedund aq Isrw

a3seM "paJinbag sunssasd ybiy o3 ase
-JOpON °pIIVIJY JOYlJny A ISTW JUIAN] 4D
pinbt]  °sotueBio sA0J3sap A)a3ajduodu]

*paJdinbag (1sd 0pog) aJnssaud ybiy
03 spijos dund jowur) °sa1uBBI0 SA0J3SQ

*sse|b
Ul Sp1]os $3381081 !so1ueBio sAoJ3sag

*soquebyo awos sAos3sag

*JaylJany 3eadi o3 saseB sasnides pooy
aung °soiueBJo sAotysap Jo/pue sajededag
*paJinbas (1sd 0gg)

aJanssaud aiesopon  °saALso)dxa sAodisag
*41.058 03 (0% woJ}

sabuey Buijeay j1os -soiueBio sAodisag

*sojuebio sAosasag

0661 ut pauued

UO11BJISUCIRP 311§ “SIjUeBJO SA0J1SaQ

*821ueBio sAoJysag

SIUSUI0T

44

02 ‘2L

Q

ai
i

0z ‘L1 ‘2

o0z ‘9

(C) ]
EETENETEY]

65 03 /¢

00% 03 /¢

00g ©3 001

VN

WN

0sg
02t 03 0S

00% 03 0.2
3)qe] teneun
0s€ 03 08

009>

S0L ©3 00%

009 ©3 002
{00179

0“:0& 180

(p3u02)

2183s-11n4

21e3s-11n4

21898-30114

*$dx3 Joj uanaoud jou ‘3)1e3s-youag

*$110S PajeulWeIu0D JOj udAOJdun

*S110S pIleutwejuns J0j udAodun

31895 -youag

*91e95-youdg

*3109s-30]1d
“SJ0A 03 2)qed1)dde joN

*SdX3 40} VWVHIVSN AQ jusudojsaap Japun
"SdxX3 10} PaIsa) Jou 131e3s-) N4
*SaUN)0A

#64e) 40} 1B213084d Jou !S3S3) ON

*21828-30) 14

"suo118anBijuod Auew lajeas-jing

A RERE: 7Y

*UO1S193Q 4O SPJOIIY punjJadng Jo MILAIY (q)
*uo3BuLySeN ‘puUBYILY ‘AJojBloqeT ISIMUIJON 3141984 ‘S931S 3)3SBM SNOPJEZEY PuUB 2)SEM Paxiw 6U1IBLPSURS JOj SP3aU ABojouyday uo juodad 3jeup 2861 ()

Guiwiespue’

$Jojoeladolg

6u |3 sodwo)

uol132nJ43s3g o134 1830)

UOLIBPIXO J1V I3M

UC11BPIX0 JBIBN 1©D1114243dNS

88815 U3 10W

(HS1) Buileap niLs ul

(ASI) UCLIBILJIJILIA NILS U]

uo| 3t sodwod3aq

1ewaayl adnyesadua -Mo

Buiddi43s yewdayl asniesadua]-moq

UO13BD1}1X0313(] BWSe]d SABMOJII LK

Yoo} ewseld

uo3RIFULIU]

1ed1601018

1ewsay)

KJobaie)
W3R

B.8




*pasinbaa (1sd 000g)

aJanssaud ybLy -sojuebio %0l 03

%1 Bujuieiuos sBpnys ajqedund ‘Jojemalsem
03} 9)1qealjdde asoW “soiuveBio sAosisag l 0€ 03 02 *S110S 404 3)qIseay ION °I)1EIS-YIuog

*119M Ayjenbs sa13tundut

118 SIA0WRJ A1)RJ3UID T JuUDWIBIIY
Jayluny sSpIau weaJdis aisem snoanbe *Ja1eMpaJ JBUISJIE J0oy
paieJiuaouo) “juawyeady uollesedss g2 ‘gL Y2 00! °3 o2 pajJodas u2aq aABy 53533 2)BIS-30) !4

*SJ0A 01 3)1qedl |dde
j0u Ajqeqodd  "SdX3 4OJ VWVHLVSH
WN Aq juauwdojarsp Jsapun {a1835-young

*spunodwod uo| 3epeJbap
SdX3 1343 Jou S30Q °paJinbaJ uelowsIns
J0 satlijuenb aBie -snopiezey “SJ0A 01 d\1qedtjdde jou Ajqeqoud
sJow oq Aew x31dwo) sdx3 sajezidioadd VYN *SdX3 JOj pajen|eA3 °2189S-yousg

*6uiddiays weays/iie

Bulsn abJeyssip o3 Jojud Jajem pajeady

WoJd4 JUSAI0S JIA0IDJ 03 JUSWIBIIY PN
A11ea3ub 51503  “juaunealy wWollededss b4 0§ 03 & -31e3s-))n)

*juswleady
Joy3any aJ1nbay Aew Jodea peaylaro pue
‘sSwo330q Jenpisdy *Juswleadsl wolyesedss 12 oL 03 ¢> “Sdx3 Joj uaaosdun fajess-)inyg

"paieasy aq ismu
sef pajeulwsluo) “JuawlraJ) Uojjesedas 9, ‘22 42 01 |> "SdX3 Joj Laaosdun lajedas-)ing

*S31U0seII 1N
J0 An Aq paasisse aq Aew oy pue
2U0Z0 °SPL]OS IZIPIXO ABN - JIjEMIISEM
03 3)q821 1ddy “Yount pue (3sAjeed
ya1m) oy ‘auozo sspnioug  “syonpoud
Adepuodas aAea} Aew - ojuebio sAoJisag  4i ‘0L ‘2 4y 03 |> *21838-)1n4

“pal83ad) J9Yluny 3 IS WedIss
J1SEM P3lLJIUII0)  -Juawleasy wollesedas 42 ‘gl ‘2 0201 | *a)qestdde aq pinoys

‘pasodsip aq 1snu pue pajetausbadg
9Q JouueD UOQJE) "JUSWIBAJLY UOllRJedas S g2 03 |> *31838-1)n4

*JUSU3EI) SPOSU WESJIS UO|38J3UaBaI
PaIBJIUINI0Y  *JuaIBIIY Lo LIeJedas G ‘2 02 03 > *SdX3 40§ UIAOLd "2)828-30)1d/1)n4

uo139n41s3g Jt13A)1€3€)

UO13BZ1}1035A3) 929343

Uo139npaYy palel] tul-aseg

6u1xajdwo) jueldeysng nits uj

U0132e43X3 1UdA0§ dtuebig

swa3sAs ucilesodeAl/uolie))1isia

Buiddiuis weays/Jly

(uotepixp
1891pey 3344) UOIIEPIXD 1BILIRY)

*doS URJIQUIN/S L SOWS) ISJIADY

uol3dsospy uoqJe)

uot3diospy uisay

SIUSHIN0) ERVENEYET] (uoy/s) sn3els A3111qisaaj/iuawdo)arar,

obuey 3507

T §51B0OUIa] JUSIEaJ]

satboouyoa) juawieauj (ejuswdo[dA3Q A3}BMPUNOLY PAJRULWEIUO)-SAALSO(dX] ‘7§ F1GVI

183 1way3
/edrsiyd

K306s31e]
usuleady

8.9




'0yep] 4O I21AJIS 3)ESUOIIAUT RIUI0J}1E) ‘Buequeg BlueS ‘SIIINOSIY BYIEWSE) {81UJ04L|8]

"punodwod 316ULS JOJ DA1199449
awAzua yoeg -sjonpoxd Asepuodss
$21843U99 -spunodwod 214123ds sAodisag

*sa1ueBlo
J0j e3ep pajlwt) AJ9A “sojueBuo sAouisag

*abpn1s sajeaaudn  “sojueBio shodisag

*uoqJed 33843Ubaa Ay jewiay)
ISNW  "SOLUeBJO O SUOLIBLIUIIUCH
43481y $91943)10) "s821UBBIO SA0JISAQ

*a1qedund 2 3Isru Iisep

*paJtnbas aunssaid yBiy 03 I3vI9poN
*PO3EaJSY JIYIIN 3 IS JUIN) D
pinbi7  "soueBuo 8A04183p A19319)1dwoou]

L @19e)1eABUn

6l szt
(®) 0L o3 g
02 lgoy g

0z ‘2 092 °3 09

*ajess-qe
*91008-307 1d/yaudg

"31q1se34 Ajqeqosd
INQ SdX3 Joy uanosdun  *9)18IS-11N4

*a1e98-11n4

"8dX3 JOj WIAosdur 3)e08-))Nny

*SdX3 Joj UdAosdun 3)e38-))1ny

*8dX3 Buipnioul sajueBlo sAoJ3s3Q Z 000} ©3 0/l
SIUSWIOT I3iajoy (Wi/g)
Jbuey 1507

(pjuod) -¥7g§ J1@V1

*oyepi ‘malp puedn

uo131onJ43S3Q AwAzZU3

uawleasyolg NMts uj

§J0}oe3JOIg

uoqJe) palealloy jeatboioig

UoL3EPIXD J1V 390

uol31BpLXp Jd3eN 18911 1JdJadng

*YJEMIN ‘°ou] ‘JuswIbBURK 21SEM 1BDIWAYD WOJS UOKIBWIOHUL JOPUIA (B)

1851601018

yeuay

~Xiob31e)
JuwIeI S|

8.10




—_

*Jajem aisem

wouj Bi pue ‘us ‘qd aAoums 03 pash aq
ue) -uotjeltdioausd o3 juawieadiald e se
(111)42 03 (1A)4] 99npay 03 pasn Ajuounwo)
*JUaWIBaJYIJd/Juawlead] uotlededas

* JUBWIBALY
JUaNbasSgNS 39948 UEBD YOLYM S)BI3W PIA)OS
-S1p J0 1813U330d UOIIBPIXO 3SIBI ]iN

*juaWIedSY JIYIJINg Spasu IBpn|s
PIIVIIUIIUOY  * JUAWIBAIY UO{IBIKIDS

“JuBWwleady Jayiang

Pasau ]]1M JU3A)0S 3leJauabas 03 wol)
-NJ0S °JUSAIOS SO SIUNOWE 3JLJ) ULBIUOD
111M 23sem pa3jeaJ| - juawieas) uoijesedas

*§2111092 JO SUIS3J UBY) JIYl0 S|Bl1Jaj0W
sasn Inq abueyIxd UO| SB RS *JUAIEIL
Jayl4ng SpPIau UOLIN]OS UO1IRJIUIGIY
Pa1esIUaIU0]  "IUBWIE3I] UOIjeJedas

*119M Ayjenba sat3iunduy

118 SaAOWRY A]11R0J3UID  *IUILIIY
JaYlin} Spasu weaJsis 23sem snoanbe
P331BJIUOU0)  JUAWIBIJ) uollesedas

*JUdWIea L]
JaYliny SpPIIU weIIIS 3)sem snosnbe
Pa3eJluaduo)  * Judwieasy uotlededas

*pLiOS B Sse

PaJaA0d3d S)BIAN " IUAWIRAJ] UoilBJedas
*abueyoXd

uol ‘*B+3 ‘juawiedsl JIYluny pasu Aeu
JajeMm polessy ‘uoilezi)iqeis/uolledly
-1pi10s ‘BujJaiemap ‘U011BZ11RJIINGU PIAU
W 3NPISIS P}og "JuUSWILIJ] Lotiedsedag

U= Y -=N})

J43Y3dny SpIau uisad Jueds “judwleddy
JaYluny SpPoau UOLINIOS UO1IRJIUIEII
131043092000 {JuawIealy wolleuedas

SIUSUINC)

salbojouyda] juawjeaa) |ejuswdo|dA3d(Q J3}BMPUNOUY PajRULWRIUO)-S|BI3) AARIY

2 'S 062 03 0SI

wN

S 02 03 6l

4 g0 ¢

21qe) 1BARUN

0z ‘oL ‘2 00L 03 02

%2 ‘st 2 0203 L

02 '’s 20115

[4 9 0} |5

l 0101 |
IANJI3}IY ~Shwﬂm

sbuey 1500

03 3)1qged})dde jou A))RJiduab

*3)e9s-1)n4

"s|eiaw
3180810y

*3)183s-)1ny

*21895-11n4

*a)eas-}1n4

*21@38-1)n4

*ajess-})nys

+9)838-11n4

"31838-)1n4

*a1e28-1\n4

uo13onpay 1eJLWRY)

LOLIEPIXD 1EDIWIYD)

SwIISAS UoljesodeAl

(abueyoxa uoy-pinbly)
uo11oeJs3x3 JUSAY0S dtueblQ

SIU3QIOSPY/UOQI8) PIIeALldy

uotlezL)1e1sAu) 32934y

(UO13EJ] LRI N 'S{SOWSO ISIDAI
SIPN12UL) uoljedtedas suesquay

$S3304d AJBA0D3Y 182 IWBYI0J3I313

wotjerididad 1ed1wsy)

abueyox3 uo}

$N383§ A3111q15893/IUaudo]aAad

- §31BOJOUyIS]| JUMIeaT]

'S8 318vi

1821W3Y)
/1e31sAyd

KioBaie)

usead)

B.11




40 Juauwlead)

*paJinbay abpnys
*Juawlealy uoijesedss

*uo13do A1a)11un ue S1Y) INEw suoilelwl)

Jay3o
pAjeuiweiuo)

"jJuawieaJs) 18123ds pasu Aew sjueid

uawleasy uoylesedas

*sjejall JOy UOGJeD PajeAl}de
40 asn a3jeludoldde aJow ag pPINOM YD

*1338MpuUN0JB Lo SSad0ud Syl Buisn
03 1RIUBPIOUL S1 SUC| 1833 JO UOLIEPLIXD

*433EMpUNOJB UO SS3J0Jd S1Y} Buisn
031 183USPIOUL SI SUOL 18I3W JO UOYIEPIXD

*3509 woilelididald SapN|IXd pIjewils?

3503
pasu 1)tm a6pn)s

"paz(}1qeIs/Patsipiios aq 03

*UBWIeds) woijesedas

*juelodeal

owuebio 318s9u9b634 03 paJsinbas aq

Asw saseb snopiezey

s3Jinbag abpm§

"lusuleauy Jayling
S uNIBINY Smuﬂ..:un_wm

3\qe) teaeun

3)qe) 1eAeun

k4 YN

VN

A L]

a1qe] teaeun

*3195-42u3q/10) 14

*sajuebio Joy a1eds-1inyg

S1B13W 4O UOLiENUNDIE0IE

aJanynoenby

SIUDHIN0)

EEVENEYET (Wwi/s)
sbuey 150)

(pau0d)

*JeAcwds jelaw 03 3)gedtidde oN uoqJe) pPajeAlldoy jesibojolg  jeaLbojolg
*JaiemMpunoJb
pajeulueiuod jBIaw 03 a)qedtdde JoN uojleJauLou]
" jeAcwads
1833w 03 3\qedtidde jJoN -ayeIs-1)ndg uollepixo @213} 122adng
*JeAcusad
1e35w 03 3)qeatdde JoN -ajeds.- iy uo13epIXD J1Y 13M 1euwsayt
*a313tubew jo uojsuadsns e o3uo
papass uotiestdisaud azeyns snoJday
ya1m uoidunfuod ut pasn ajeas-)ing  uollededas dilaubey Judipesy yBIK
(saieweqles
pue sajeyjuex sapniduL)
*31e2s-30) td/youag uotie31d1da4d JeI9W-d1UeBl0
§N3163§ A3111q1SEa /U0 19Aag §3160 j0UyDa) JUsWIeal] Kiobaje)
jJudwIed )

‘STg Ji8vl

B.12




*paJinbay (1sd 000€)
aunssaud ySiy “sotuebio %0( 03
%l Butuieuod abpn)s ajqedund ‘u33eMdISEM
03 d)1qedi|dde ajoN *soluBBJO SA0J3ISaQ l 0¢ 03 02 *3189s-youag uo131oNII$3Q 2134 1e38)

*119m Ayjenba s313 tundw)

118 SIAGWAL A)1)1BJ3U3D  "JUSWIRIJIY

JaYylJnj spasu WeaJs ayses snoanbe
palediudduo)  “juawieddy uwotlededss g2 ‘ol ‘2 004 ©3 02 *9189s-)1n4/3011d uoi3ez11183sA4) azaady

*SJ0A 03 3)iqedtidde
10U A1qeqoJdd  "SdX3 JOJ VWVHLVSN

N Aq juawdojassp Japun !3)e3S-youag Lo {31oNPaY palelltuf-aseg
*spunodwod uo}iepeJdsap
SdX3 18943 jou S30Q °padinbaJ juel
-2e4Jns jo saljijuerb abueq -snopaezey *SJ0A Auew Joj 91GiSedy
oJow aq Aew xaydwo]y °Sdx3 saiviidioosd VN jJ0u Aigeqodd  “SJOA UO paysal JoN 6uixsjdwo) jueldeiing NS U]
-Buiddiays weays/Jie
Buisn abueydsip 03 Joilud Jaiem pajeady
WoJ4 JUSAJOS JIAODIJ O3 JudWIEId] apn]out
A11849WB S3S0) "juawIBAL] Woliededas b4 0¢ 03 65 *3)e3s-1\1ng U0 139841X3 JUIBA|0S JlueBig
*3uaunBII)
Jayisng adinbos Aew Jodea peaysano pue
‘swo3joq 1Enpisay  -3juawlILdL) Uoijesedss L2 oL 03 &5 *9189s-11Nd  swalsAS uoilesodeald/uoiley)Lasta
. "Paleasy aq Isnw
sef pajeulweluo) °Juawieady uotjeaedas 9L 2 2 %2 03 |5 *91898-1,M4 Buicdiais weais/dLy
*sojuosedy|n
40 A Aq paasisse aq Aew ZolH pue
JU0Z0 °SP1]0S IZIPIXO ABW - J31EM” 1SEM
03 omnao.:&c ~Youl pue (3sAje3ed
y31M) 0%y ‘auozo sepmioug *s3onpo.d (uoliepixg 1edipey a34d)
AJepuodas aAed) Aew - sojueBio shouisag ¢l ‘oL ‘2 Y0y |5 *9)1ed8-1in4 UCLIEPLIX0 B3 1UWBY)
*00L<
*Pa31aJy JAYlJny 3 ISNW URIJIIS *IM JB)NI oW B YIiM sajndajow dlueblo uvotaesedas
9)SBM PIJBJIJUIIUOG  "JUANIBII] uolzededas 42 ‘gL ‘2 0z o1 | 03 a)qedljdde Ajjetjuazod f3)eas-}ing SUBJCUIBH/S L SOWS) 9SJIAY
*pasods1p aq isnw pue pajeJausbad
99 jouwues uogque) *3uawleady uoljesedoas < 0201 |5 *ajess-1\n4 uoldiospy uoque)
*JUSIW3BIJY SPOAU WEIJIS UO0|IBJIAIBIL 13 1way)
pPa3jedjusdcuo] *3uaw3eaty uotilededas s ‘2 g2 o3 |5 *ajeas-3o01td/ 1104 uot3duospy uisay /1evtsAyd
SIUSUILO) ERICREJET ] (uol/sg) SNIEIS A3t 11qLsSess/Iuauxdo)anaq S31500Uyd3] JUALIGII] “Kiobaje)
abugy 350) Juawiead ]

salbojouyda) juawjead) |ejuawdo[dAaQ 433eMpunody pajeulwejuo)-spunodwo) druebup 3[L3B[0A °§°g II1GVL

B.13




*punodo 31Buys Joj 3AL}
-59349 awAzud yse3z -sionpousd AJepuodas
sajesaudn  “spunodwod o1j1oads sAodisag

*so1uebJlo
Joj B3Ep pallwL) AJOA "SOjueBuo sAod3sag

*abpn|s sajesausn -sojueBuo sAodisag

“uoqJEd IIVIAGBII A)jBWJIay3
ISNH  "SOLuUeRBJO 3O SUO|3IBRJIIUIIUOD
JoyB1y sajesajol  -sayueBso sAoJdysag

. *a3)1qedund aq 3srw
a3sep “paJtnbag aunssaud yBiy o3 aje

-J3POW °“Pa3BaJ] JAYIIN) 3Q ISTW JUINY I
pinbi1  -soiueBio sAosisep A}aiajdwoou]

"8dX3 Bulpnioul sajueblo sAouisag

SIUDWLIOY

L @qe)ieAsun

61 sel
(e) 0L 03 §
0z £ 039

*91e95-q8}

*31895-30] 1d/youag

0z ‘2 092 03 09
4 000l o3 0L
I}y (wi/s)

abugy 350)

(p3u0d)

*31898-11n4

*ajeas-1ind

*ajess-1n4

*3jess- )4

oyep] ‘M3LA puedn
‘oyep] jo 371AJaS IJESUOIIAUT ‘Biulosle) ‘eleqleg BIUBS ‘SIDINOSIY BLIBI'SB) fBLUJ0SL1E) ‘HJEMAN ‘°ou] ‘juswabeusy 23SeM (eI IWAY) WO} uoLjewsojul JOPUdA (B)

Uo130NJISAQ awAzu3l

JUWIBIIIOLY NS U]

sJ03Je3Jl018

ucqJe] P3iBALIJY 1e31601018

UOLIBPIXD J1V 29M

uollepIXQ J21eN 18913 14oJadng

‘9°8 J18vl

SN1E3S A31)1q1seas/Iuaudo)aAag

S8(b0|0U(DO9] JUMIEIT]

1ea16ojolg

lewsayl

AJ0B331¢)
JuawIead |

B.14




juswIedI] NILS U]

uot3ejunadeotg

JuaWIEdL] N3LS U]

Jojoeadolg

uo13anJ3saq a1k eie)
Uo118pLX0 1831URY)
Uo13epPLIXD 3UOZO/AN

Uo11BPIXD U0ZO/AN
uo139n43saq d134181€)
uo13EpIX0 1821URY)

SIUdQJIOSPY
/uoqie) pa3eAlidy

3U3qJOSpY ULSIY

(n1ts uL) spunoduwo)

J1uebyo 31138704

(n3is uy) spunoduo)

31ueBJQ 1138107

(3315U0) S|BIaN AAe3j

(N31S UL) aAtsoydx3

(9115U0) SIALISOdX]

Y3 LVYMANNOYD
BuiddiJis weals
6ulieal nats uj uo}19NJ3Saqg jestusy) spunodwo)
juaREIIL NS U] SL1 Butysen 1108 duebag 3)13e10A
$S819 U OH BuLysnyd n3ts Ui
wljejrunooeotg/bulysem 110s AS1 ‘Butiseoy uoi3ezi)iqeis/Bulysen 110§ | uolleZL)iqels ade)d ul S1e3aK Areay
RuyeasL nyis ug uo139NJ3S3Q 182§URY)
Buy 3soduwo) Buiysem 10§ $aA1501dx3
1108
1831601018 1eusayl 1ediusy) 18215Ayd

AJobBa3e) uoildy eipauwsy

AJo6ayey ABoyouyoal

satboouysa] juswiead] [etiualod

"L°8 318vL

B.15




B.2

10.
11.

12.

REFERENCES FOR TABLES B.1 THROUGH B.6

Baker, E. G., L. J. Sealock, Jr., R. S. Butner, D. C. Elliott,

G. G. Neuenshcwander, and N. G. Banns. 1989. "Catalytic Destruction of
Hazardous Organics in Aqueous Wastes: Continuous Reactor System Experi-
ments," Hazardous Waste & Hazardous Materials 6(1):87-93.

Breton, M, P. Frillici, S. Palmer, C. Spears, M. Arienti, M. Kravett,

A. Shayer, N. Suprenant 1988. Treatment Technologies for Solvent
Containing Wastes, Noyes Data Corp., Park Ridge, New Jersey.

Buelt, J. L., and J. G. Carter. 1986. Description and Capabilities of

the Large-Scale In Situ Vitrification Process. PNL-5738, Pacific
Northwest Laboratory, Richland, Washington.

Camp Dresser & McKee Inc. 1986. Superfund Treatment Technologies: A
Vender Survey. EPA/540/2-86/004(f). U.S. Environmental Protection

Agency, Washington D.C.

De Renzo, D. J. 1978. Unit Operations for Treatment of Hazardous
Industrial Wastes. Noyes Data Corp., Park Ridge, Tennessee.

Freeman, H. M. 1986. Innovative Thermal Processes for Treating
Hazardous Wastes. Technomic Publishing Co., Inc., Lancastor,

Pennsylvania.

Freeman, H. M. 1989. Standard Handbook of Hazardous Waste Treatment
and Disposal. McGraw-HI11, New York, New York.

Hazardous Waste Engineering Research Laboratory. 1985. Handbook of

Remedial Action at Waste Disposal Sites (Revised). EPA/625/6-85/006,

U.S. Environmental Protection Agency, Cincinnati, Ohio.

Hazardous Waste Engineering Research Laboratory. 1986. Hazardous Waste
Treatment Technology. PB86-145539, U.S. Environmental Protection
Agency, Cincinnati, Ohio.

HazTECH News, August 25, 1989.

Johnson, N. P., and M. G. Cosmos. 1989. "Thermal Treatment
Technologies for Haz Waste Remediation,"” Pollutiorn Engineering
21(11):67-85.

Koegler, S. S., R. K. Farnsworth, R. K. Nakaoka, J. M. Perez, and

C. L. Timmerman. 1989. Vitrification Technologies for Weldon Springs

Raffinate Sludges and Contaminated Soils, Phase 2 Report: Screening of
Alternatives. PNL-7125, Pacific Northwest Laboratory, Richland,

Washington.

B.16




13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

"Low-Cost Cleanup of Toxic Petrochemicals." C&EN, December 12, 1988.

McArdle, J. L. 1987. Handbook on Treatment of Hazardous Waste
Leachate. PB87-152328. U.S. Environmental Protection Agency,
Cincinnati, Ohio.

"Membrane-Like Material Developed to Remove 0il, Chlorinated Organics
from Wastewater." HazTech News 4(8):1, April 20, 1989.

Nunno, T. J., J. A. Hyman, and T. H. Pheiffer. 1988. Assessment of

International Technologies for Superfund Applications.
EPA/540/2-88/003, U.S. Environmental Protection Agency, Cincinnati,

Ohio.

Oma, K. H., and J. L. Buelt. 1989. "In Situ Heating to Detoxify
Organic-Contaminated Soils." Hazardous Materials Control 2(2):14-19.

Oppelt, T. E. 1987. "Incineration of Hazardous Waste: A Critical
Review." Journal of Air Pollution Control Association 37(5):558-586.

Pheiffer, T. H. 1989, "EPA’s Assessment of European Contaminated Soil
Treatment Techniques." Presented at AICHE Summer National Meeting,
Philadelphia Pennsylvania, August 20-23, 1989.

Site Cleanup Technologies Summary of Responses to July 1988 Solicitation
of Interest. 1989. Remedial Technology Assessment Program, Department
of Health Services, State of California, Sacramento.

Sawyer, S. 1989. Volume I - Technology Evaluation Report, Site Program
Demonstration Test, HAZCON Solidification, Douglassville, Pennsylvania.
EPA/540/5-98/001a. U.S. Environmental Protection Agency, Cincinnati,
Ohio.

Torpy, M. F., H. F. Stroo, and G. Baker. 1989. "Biological Treatment
of Hazardous Waste." Pollution Engineering 21(5):80-86.

Unterberg, W., R. W. Melvold, S. L. Davis, F. J. Stephens, and

F. G. Bush III. 1987. Reference Manual of Countermeasures for
Hazardous Substances Releases. EPA/600/2-87/069, U.S. Environmental
Protection Agency, Cincinnati, Ohio.

Weber, W. F., and W. Bowman. 1986. "Membranes Replacing Other Separa-
tion Technologies." Chemical Engineering Progress November 1986.




PNL-1007

UC-602
DISTRIBUTION
No. of No. of
- Copies Copies
OFFSITE ONSITE
25 Mr. Robert Bartell 1 DOE Richland QOperations Office
Process Development Branch
Technology Division T. A. Hedges
U.S. Army Toxic and Hazardous
Materials Agency 8 Pacific Northwest Laboratory
Aberdeen Proving Ground, MD
21010-5401 Publishing Coordination
Technical Report File (2)
2 DOE Office of Scientific and M. K. White (2)
Technical Information C. L. Fow (2)
T. L. Page

Distr-1




