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OSTI 
INTRODUCTION w w • . 
Solar evaporation ponds, referred to as Operable Unit 4 (OU4), have been used at the U. S. 
Department of Energy (DOE) Rocky Flats Environmental Technology Site (RFETS) since the 
early 1950s for disposal of process waste waters containing a variety of constituents, including 
radioactive and hazardous materials (1). The first pond was constructed in December 1953, and 
additional ponds were built over the next 17 years. During this period, five ponds (pond 207A, 
ponds 207B north, center and south, and pond 207C) with total surface area of 6.5 acres and 
liquid volume of 14.5 million gal were routinely used. These ponds were lined with impervious 
materials, and liquids were treated by evaporation. 

In the mid-1980s, RFETS began efforts to close these ponds in accordance with regulatory 
requirements and DOE commitments. The original closure process for OU4 involved 
evaporation of any remaining liquids, ex situ stabilization and solidification (S/S) of the sludges, 
and off-site disposal of the solidified blocks at the Nevada Test Site (NTS). RFETS began 
removal and treatment operations but terminated them in 1990 because of problems with S/S and 
disposal (2). During Spring 1994, the remaining sludges in the ponds were removed using a 
vacuum truck and placed in temporary storage consisting of numerous 10,000-gal, double-wall 
polyethylene tanks located under a tent on the 750 pad. With the sludges containerized in 
permitted storage tanks, RFETS focused on management of the pond liners, ancillary apparatus, 
and adjacent soils and sediments concurrently with an evaluation of options for sludge treatment 
and ultimate disposal. 

DOE at RFETS tasked Los Alamos National Laboratory (LANL) with identifing, evaluating, and 
screening options for treatment and disposal of the containerized sludges, consistent with the 
overall OU4 closure strategy and feasible waste management options for RFETS (3). The work 
was intended to be an independent review and analysis that DOE could use in selecting and 
implementing an appropriate sludge treatment and disposal strategy. Therefore, completion of 
this work was unconstrained in that a range of options could be considered, not just those that 
had been pursued to date. However, the work was focused so that the results would be consistent 
with the overall closure strategy and feasible waste management options. In order to accomplish 
these goals, an interdisciplinary, muilt-institutional team of scientists and engineers used a 
rational approach to screen and evaluate potential treatment and disposal options, given that the 
sludges would be containerized in tanks. Specifically excluded from this analysis were existing 
inventories of pondcrete and other materials generated during earlier sludge treatment and site 
closure activities. It was recognized, however, that some technologies identified and applicable 
to the newly containerized raw sludges might be applicable to the existing pondcrete as well. 
The methodology and results of the study are described in this paper. 

APPROACH 

To perform the initial aspects of this study, the team acquired, reviewed, and assimilated relevant 
documents; met with DOE, EG&G/Rocky Flats, and regulatory agency staff; searched data bases 
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and open literature sources, both manually and on-line; and telephoned and wrote technical 
experts and industry representatives. These efforts contributed to completion of the following 
principal work elements: problem definition, including compilation of available sludge 
characterization data and the relevant treatment and disposal criteria; unconstrained 
identification of sludge treatment technologies potentially applicable to OU4; a survey of sites 
with experience in treating and disposing of sludges similar to those of OU4; a survey of 
environmental technology developers and providers to determine potentially viable options and 
their commercial availability; and identification of a candidate list of potentially viable treatment 
and disposal options. This information was then used by a team of scientists and engineers 
affiliated with RFETS to review, discuss, and rank each candidate system. 

Evaluation and screening of technologies for application to a specific environmental problem 
must necessarily be based on some form of comparison and selection process. The screening 
method established for this work was intended to identify applicable and feasible treatment and 
disposal systems, group them according to their relative advantages across several key attributes, 
but not necessarily select a specific technology based on a high numeric score. This screening 
process should thus indicate which treatment and disposal systems appear to provide greater 
benefits than other competing systems. For this purpose, a method that provides a format for 
developing objectives, listing alternatives, and weighing the alternatives against the objectives 
and against each other was used (4). The method is commonly referred to as the Kepner-Tregoe 
method (5). The comprehensive ranking system developed for use at RFETS, the Technology 
Evaluation Framework (6), was considered but not chosen for use in this project. The principal 
reason for this was that it was not currently being used for OU4 work and was judged to be 
unduly rigorous for the state of knowledge and input that was anticipated to be available for 
evaluation and screening. Based on the outcome of this screening process, a more rigorous 
selection process (e.g., by the Technology Evaluation Framework), possibly supported by 
treatability studies, may be necessary and appropriate. 

The rational ranking process began with the assembly of a team of professionals that participated 
in the evaluation process. The team developed a consensus of the problem and generated a list of 
objectives. The objectives were divided into those that absolutely had to be met (the 
performance criteria or the "musts") and those that were desirable but not necessarily essential 
(the screening criteria or the "wants") (Table 1). 

Next, weighting factors were assigned by the team to the "wants". Team members individually 
ranked each of the "wants" in accordance with its perceived importance, on a scale of 1 to 10 
(l=lowest, 10=highest). The central tendency (i.e., average) of the individual team member 
weights was then used as the weighting factor for each of the "wants". Technology description 
fact sheets and flowsheets were distributed for comment and review at a working meeting of the 
team. The treatment and disposal alternatives that were judged to be feasible were scored and 
ranked individually by team members. The "musts" were evaluated first. Only yes/no 
evaluations were required because the "musts" are the truly essential objectives and any 
alternative that failed to meet a "must" was rejected outright. Alternatives that met all of the 
"musts" were carried on and evaluated against the "wants". 

Because the "wants" are items that do not provide clear rejection criteria, alternatives meeting all 
of the "musts" were rated for each "want" using a scale of 1 to 10. The individual team member 
scores were compiled into an average team score and these values multiplied by the weighting 
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factor of each "want" to create a matrix of ratings. Ratings for each alternative were summed, 
forming the basis for a numerical comparison of the candidate systems. Nonparametric statistical 
tests were performed to determine if there were significant differences within the overall scoring 
of the systems. The alternative(s) with the highest score(s) was identified as the one(s) that met 
all performance criteria (i.e., "musts") and met the other desired objectives (i.e., "wants") to the 
greatest extent. Several working team meetings were held to discuss and concur on the candidate 
technology list and the methodology for evaluation and screening. Further details on the 
screening and evaluation process may be found in Evaluation and Screening of Treatment and 
Disposal Options for the Solar Pond Sludges at Rocky Flats (3). 

For the purposes of this work, heavy metals were used as target parameters for process 
performance criteria ("musts"). These are the eight metals regulated by virtue of toxicity 
characteristic as identified in 40 CFR 261.24, with the addition of nickel based on its waste 
listing and presence in the sludge. While other potential contaminants are present within the 
sludge (i.e., nitrates, radionuclides and organics), heavy metals were selected as targets based on 
their prevalence in the sludge at concentrations above land disposal restrictions (LDRs). 

It is important to note that at the time of this work, final disposition of the sludges had not been 
determined by DOE nor approved by state and federal regulators. Possible scenarios included 
both on-site disposal (e.g., in-place OU4 burial and closure or a new RCRA cell) or off site 
disposal (e.g., NTS or Envirocare of Utah). Regardless of the ultimate disposal scenario, it was 
envisioned that the sludge would, at a minimum, have to be treated to meet LDRs. The possible 
exception was on-site disposal under a corrective action management unit (CAMU) permit. 
Evaluation of waste acceptance criteria as performance criteria was required, but the final waste 
form did not need to satisfy those for all disposal options. In other words, each disposal option 
(i.e., waste acceptance criteria) that could be facilitated through treatment had to be identified, 
but all disposal options did not have to be satisfied. For these reasons, the technology evaluation 
team agreed to add flexibility of the final waste form to the criteria for evaluation. 

If the above basic performance criteria were met, the technologies were then evaluated and 
screened based on nine criteria presented in the National Oil and Hazardous Substances Pollution 
Contingency Plan and the statutory requirements in CERCLA Section 121, with the addition of 
flexibility of the waste form. Listed on Table 1 (order of presentation does not reflect priority of 
the criteria), these criteria were chosen because they were being used for other environmental 
restoration Interim Measures/Interim Remedial Action projects at OU4 and encompass broad 
evaluation areas of concern for sludge treatment and disposal (7). 

RESULTS 

Available sludge characterization information indicated that the sludges consisted of low-level 
mixed waste but that there were two different waste compositions depending on the source of the 
sludges (8 and 9). Ponds 207A and 207B were characterized as a brackish solution in 
equilibrium with a mixed chemical and mineral sediment sludge. In contrast, pond 207C sludges 
were characterized as a brine solution in equilibrium with a chemical sludge. Sludges from the 
207 A/B ponds exceeded LDRs for cadmium, whereas sludges from pond 207C exceeded LDRs 
for cadmium and nickel. Alpha and beta radionuclides were also present but at low levels, 
typically, below 10 nCi/g. Radionuclides present were plutonium-239, americium-241, uranium-
234, uranium-235, and uranium-238 . 
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A review of published literature and selected remedial action data bases revealed that S/S with 
cement-based processes was the most common sludge treatment method employed. Relatively 
few sites had chosen innovative technologies for sludge treatment, and where innovative 
technologies were originally chosen, they were often abandoned for more conventional 
approaches. Factors that led to changes in technology selection after an innovative technology 
was initially chosen included (1) demonstration of technology infeasibility during treatability 
studies, (2) discovery of new contaminants, (3) discovery of contaminants in higher 
concentrations than anticipated, (4) inability of the selected technology to handle the variability 
of wastes, (5) community concern over the selected remedy, and (6) lack of commercial 
availability. 

A focused survey of sludge treatment projects at other DOE sites indicated that only a few 
technologies were used to treat most sludges and that, like Superfund sites in general, established 
technologies were chosen most frequentiy, specifically stabilization. Only four sites had 
completed treatment and disposal, with the remaining sites currently in the evaluation or 
treatment phases. Approximately half of the sites with sludges had either used or were planning 
to use S/S by cementation or grout. Other options either under consideration or being 
implemented included in situ vitrification, fly-ash immobilization, dewatering, thermoplastic 
encapsulation, chemical stabilization, and denitrification (3). 

Disposal options in use or being considered by DOE sites were also surveyed and it was found 
that approximately 75% of the sites have disposed of or plan to dispose of the treated sludges off-
site. Of the sites that have considered on-site disposal, approximately half of the disposal actions 
were completed prior to new stringent land disposal regulations (mid 1980s). DOE sites 
considering or currently operating on-site sludge disposal options include larger sites such as 
NTS, Hanford, Idaho National Engineering Laboratory, LANL, Savannah River, and 
Portsmouth. 

DOE sites were also queried regarding consideration and implementation of the CAMU concept. 
Of those questioned, all were familiar with the CAMU concept, but were not pursuing it for 
sludge treatment and on-site disposal. Disposal planning was still focused on off-site disposal 
options. Reasons given included political constraints, space limitations, environmental setting, 
and/or regulatory considerations. Perhaps more importantly, many of the sludge waste streams 
identified at the other DOE sites were from current operations and thus CAMUs were not 
applicable. Hanford was the only site that had actual experience working with the CAMU 
permitting process. After reviewing a CAMU option at Hanford, EPA denied the permit 
application because it felt that the proposed option could not be defended to the public and other 
stakeholders. Feraald has implemented CAMUs for solid waste landfills only. 

A formal survey of environmental technology developers and providers was designed to obtain 
detailed information regarding potentially applicable sludge treatment technologies and their 
operation and performance characteristics. Seventeen vendors (out of 86 queried) responded, 
proposing a total of 24 processes. These processes can be generalized into six types of treatment 
technologies (of varying development stage): S/S, chemical extraction/precipitation, 
polyethylene immobilization, vitrification, molten metal, and pyrolytic concentration. 
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Assimilation and integration of information obtained through literature reviews, the DOE site 
survey, and the environmental technology vendor survey led to development of a candidate list 
of treatment and disposal options. A total of 22 different systems developed from nine different 
treatment technologies and three different disposal options were considered in this analysis 
(Table 2, Fig. 1). An ad hoc technology evaluation team of 11 scientists and engineers from Oak 
Ridge National Laboratory (ORNL), LANL, and EG&G/RF was assembled to review and 
consider, and then score and rank, different candidate treatment and disposal systems. 

Each of the 11 evaluation team members scored each of the treatment and disposal systems listed 
in Table 2 for each of the screening criteria areas or "wants" listed on Table 1. Results from 
nonparametric statistical analysis revealed that the different treatment and disposal systems could 
be differentiated into three groupings (Fig. 2). The top-ranked system was cement-based S/S. 
The middle-ranked systems were: simple stabilization, biochemical stabilization, 
biodenitrification followed by cement S/S, pressure S/S, and polymer S/S. The lower-ranked 
systems were: vitrification, microwave S/S, and plasma hearth S/S. Because treatment and 
disposal systems were evaluated, each treatment technology was evaluated with different likely 
disposition options, including on-site burial in OU4 or a new disposal cell or off-site disposal at 
Envirocare of Utah, Inc. While on-site disposal was generally preferred, preferences for one 
disposal option over another were not as strong as those for the treatment processes. 

DISCUSSION 

A rational method was used to evaluate and rank the candidate treatment and disposal systems to 
facilitate selection of a technology or a set of technologies. For this purpose, a method that 
provided a format for developing objectives, listing alternatives, and weighing the alternatives 
against the objectives and against each other was used (i.e., Kepner-Tregoe). The evaluation 
and screening processes are discussed in this section. 

The final weights assigned to each of the ten technology "wants" were analyzed to determine the 
central tendency and deviation. There was a wide variation in the weights assigned to the 
different "wants", although values tended to cluster around an average value for each "want". 
The greatest average weight (9.6) and the least variation was for the overall protection of health 
and the environment. This is not surprising as this "want" encompasses the fundamental goal of 
environmental restoration. In contrast, the lowest weight with the most variation was short-term 
effectiveness, and this was attributed to the most varied perception by individual team members. 

It was recognized by the team that the "wants" as defined for this project were broad and 
qualitative, which resulted in cross over between "wants" when assigning weighting factors. 
Additionally it was noted that compliance with ARARs and regulatory agency acceptance appear 
to be similar but were weighted very differently. Differentiation between the two wants was 
attributed to required regulations verses regulator biases. Although a weighting factor was 
assigned to cost-effectiveness, the information available was limited (capital costs were provided 
in some cases and lacking in others). It was agreed by the team that the scoring for this "want" 
would be on a high, medium, low basis relative to the other treatment processes. High cost-
effectiveness (i.e., low overall process cost) would be assigned a high score of 8, medium cost 
effectiveness a medium score of 5, and low cost-effectiveness a low score of 2. 
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Because treatment and disposal systems were evaluated, each treatment technology was 
evaluated with different likely disposition options. In contrast to the treatment technologies, 
there were no clear trends indicating a strong preference for one disposal option over another. 

Nonparametric statistical tests were performed to determine if there were significant differences 
within the overall scoring of the 22 treatment and disposal systems. Both the Quade and the 
Friedman tests were performed (10). Both tests are appropriate for cases of several related 
samples (i.e., experiments that are designed in blocks to detect differences in different 
treatments). The tests are typically called randomized complete block designs where the "block" 
is an individual scorer, and the "treatment" is the different treatment processes. The Quade test is 
a nonparametric method that depends only on the ranks of the observations within each block 
and the ranks of the block-to-block sample ranges and may therefore be considered a two-way 
analysis of variance on ranks. The Friedman test is an extension of the sign test and has been 
found to be more powerful than the Quade test if the number of treatments is greater than five 
(10). Both tests include the following assumptions: 1) the weighting factors are constants and 
independent of the scoring, 2) the random variables are mutually independent (the results within 
one block do not influence the results within the other blocks), 3) within each block the 
observations may be ranked according to some criterion of interest, and 4) the sample range may 
be determined with each block so that the blocks may be ranked. Although some of the above 
assumptions may be questionable for these data sets, the test results are helpful as a preliminary 
step in ranking the different treatment and disposal systems. Both tests are valid even if there are 
many ties in the rankings. 

Cement S/S scored highest of the various systems considered, and this top ranking was 
determined to be statistically significant. The systems included in the middle-ranked grouping 
were significantly different from those in the top- and lower-ranked groupings, but were not 
statistically different amongst themselves (i.e., simple stabilization does not differ significantly 
from biochemical stabilization, which does not differ significantly from biodenitrification 
followed by cement S/S, which does not differ significantly from pressure S/S, which does not 
differ significantly from polymer S/S). The lower-ranked systems (i.e., vitrification, microwave 
S/S, and plasma hearth S/S) were statistically different from the top- and middle-ranked systems. 

CONCLUSIONS 

The sludges were clearly low-level mixed waste of variable character and composition and that 
while numerous candidate treatment and disposal options appeared potentially applicable, S/S 
with burial in OU4 or a new disposal cell appeared most appropriate for further consideration. 

Sludges similar to those from solar evaporation ponds are typically treated prior to ultimate 
disposal. Based on practices to date across the DOE complex and industrial facilities in general, 
S/S using cement-based processes is the most common strategy for sludge treatment. Disposal of 
treated sludges includes both on-site and off-site options. While on-site options are increasingly 
used due to stringent off-site disposal requirements and high costs, 75% of the DOE sites queried 
are still using or pursuing off-site disposal. 

Numerous sludge treatment processes were identified that had potential application to solar pond 
sludges. All involved some form of stabilization, in some cases with pre-treatment and/or with 
solidification. The candidate processes included simple stabilization, cement S/S, biochemical 
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stabilization, pressure S/S, biodenitrification with cement S/S, polymer S/S, vitrification S/S, 
microwave S/S, plasma hearth S/S. Disposal options included on-site burial in OU4 or in a new 
disposal cell and off-site disposal at Envirocare of Utah, Inc. 

Using a rational scoring and ranking process, a total of 22 candidate treatment and disposal 
options were evaluated and screened by a team of 11 scientists and engineers from ORNL, 
LANL, and EG&G/RF. This team included representatives intimately familiar with RFETS and 
representing diverse disciplines including environmental sciences, environmental and chemical 
engineering, radiological engineering, project engineering, industrial hygiene, and environmental 
regulations. Of the systems considered, the one that ranked highest as the preferred alternative 
included sludge treatment by S/S (cement-based process) with on-site disposal in OU4 or a new 
cell. This alternative must be reviewed and integrated with other past, present, and future 
activities related to solar pond sludge treatment and disposal. Prior to selection, design, and 
implementation of any treatment and disposal option for the containerized solar pond sludges, 
additional testing and treatability studies are necessary and appropriate. 

The rational approach described in this paper is notably useful for technology evaluation and 
screening because it provides a format for developing objectives, listing alternatives, and 
weighing the alternatives against the objectives and against each other. This approach considers 
and incorporates the objectives of various organizations and personnel involved in environmental 
restoration decision making (e.g., engineering, regulatory, health and safety, and management 
etc.). The methodology described in this paper for establishing an evaluation and screening 
framework has wide-spread application throughout the DOE complex and has been successfully 
used at several DOE sites on different environmental restoration problems (e.g., heavy metals in 
sludge, volatile organic compounds in soil). By establishing a detailed framework that 
incorporates the objectives of environmental restoration decision makers and evaluates a 
comprehensive list of potential treatment alternatives, the time and costs associated with 
treatability studies and field demonstrations can be minimized. 
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Table 1. Decision framework for technology evaluation and screening. 

Objectives: 
1. Reduce or immobilize metals to meet land disposal restrictions (LDRs) 
2. Produce a final waste form that meets waste acceptance criteria for disposal 
3. Protect worker health and the environment 
4. Meet all applicable site, EG&G, DOE, and regulatory requirements 
5. Provide reliable protection of human health and the environment over time 
6. Maximize treatment performance and minimize secondary waste streams 
7. Minimize human health and environmental impacts during treatment implementation 
8. Minimize time and effort for implementation of treatment 
9. Minimize costs for equipment installation, processing, and decommissioning 
10. Address regulatory concerns 
11. Address public concerns 

Performance criteria ("musts"): 
1. Reduction or immobilization of metals so that the constituent concentration in waste 

extract meets LDRs, or where LDRs are not applicable, the constituent concentrations 
are below national hazardous waste criteria levels. 

2. Physical form that meets waste acceptance criteria. 
3. Treatment process that controls and contains radioactive substances in accordance with 

as low as reasonably acheivable. 

Screening criteria ("wants"): 
1. Overall protection of human health and the environment 
2. Compliance with applicalbe or relevant and appropriate requirements 
3. Flexibility of final waste form to meet waste acceptance criteria 
4. Long-term effectiveness and permanence 
5. Reduction of toxicity, mobility, and volume through treatment 
6. Short-term effectiveness 
7. Implementability 
8. Cost effectiveness 
9. Regulatory agency acceptance 
10. Community acceptance 
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Table 2. Revised list of candidate treatment technologies. 

Treatment Treatment and Disposal Components 
System 
Number 

1A Simple physical/chemical stabilization and on-site disposal, OU4 burial 

2A Cement stabilization/solidification and on-site disposal, OU4 burial 
2B Cement stabilization/solidification and on-site disposal, new cell burial 
2C Cement stabilization/solidification and off-site disposal, Envirocare 

3A Biochemical stabilization and on-site disposal, OU4 burial 
3B Biochemical stabilization and on-site disposal, new cell burial 
3C Biochemical stabilization and off-site disposal, Envirocare 

4A Pressure stabilization/solidification and on-site disposal, OU4 burial 
4B Pressure stabilization/solidification and on-site disposal, new cell burial 
4C Pressure stabilization/solidification and off-site disposal, Envirocare 

5A Biochemical stabilization/solidification and on-site disposal, OU4 burial 
5B Biochemical stabilization/solidification and on-site disposal, new cell burial 
5C Biochemical stabilization/solidification and off-site disposal, Envirocare 

6A Polymer stabilization/solidification and on-site disposal, OU4 burial 
6B Polymer stabilization/solidification and on-site disposal, new cell burial 
6C Polymer stabilization/solidification and off-site disposal, Envirocare 

7A Vitrification stabilization/solidification and on-site disposal, new cell burial 
7B Vitrification stabilization/solidification and off-site disposal, Envirocare 

8A Microwave stabilization/solidification and on-site disposal, new cell burial 
8B Microwave stabilization/solidification and off-site disposal, Envirocare 

9A Plasma Hearth stabilization/solidification and on-site disposal, new cell burial 
9B Plasma Hearth stabilization/solidification and off-site disposal, Envirocare 
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Figure 1. Conceptual sludge treatment system. 
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Figure 2. Graphical illustration of Kepner-Tregoe analysis. 
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