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ABSTRACT 
\ < @*ST81 

Seiection of final waste forms to be used for disposal of DOE’S mixed low-level waste W L W )  depends 
on the waste form characteristics and total life cycle cost. In this paper the various cost factors associated 
with production and disposal-of the final waste form are discussed and combined to develop life-cycle 
costs associated with several waste stabilization options. Cost factors used in this paper are based on a 
series of treatment system studies in which cost and mass balance analyses wer? performed for several 
*mixed low-level waste treatment systems and various waste stabilization methods including vitrification, 
grout, phosphate bonded ceramic and polymer. Major cost elements include waste form production, final 
waste f D r m  volume, unit disposal cost, and system availability. 

Production of grout costs less thy the production of a vitrified waste form if each treatment process has 
equal operatingtime (availability) each year; however, because of the lower volume of a high 
temperature slag, certification and handling costs and disposal costs of the final waste form are less. Both 
the total treatment cost and life cycle costs are higher for a system producing grout than for a system 

- producing‘high temperature slag, assuming equal system availability. The treatment costs decrease with 
increasing availability regardless of the waste form produced. If the availability of a system producing ’ 

grout is suficiently greater than a system producing slag, then the cost of tieatment for the grout system 
will be less than the cost for the slag system, and the life cycle cost (including disposal) may be less 
depending on the unit disposal cost. Treatment and disposal costs will determine the return on investment 
in improved system availability. Waste volume reduction through the use of high waste loadings and/or 
high density final waste fo,rms typically reduce disposal costs;.however, if by reducing the volume the 
radionuclide concentration is increased to the point where the waste acceptance criteria for disposal is I 

exceeded, or the unit disposal cost is increased, then volume reduction may not be ah economically 
viable option. 

INTRODUCTION ’. 
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During 1993 to 1997, the Department of Energy (DOE) Office of Science and Technology (OST) 
sponsored a series of analyses of various waste treatment sydems to guide its future research and 
development programs on mixed low-level waste (MLLW). MLLW consists of organic and inorganic 
solids and liquids which contain both radioactive materials and hazardous materia1 regulated under 
RCRA. Treatment of MLLW is required to destroy organic hazardous materials and to immobilize 
inorganic hazardous materials. Treatment qualifies the waste for disposal under the Environmental 
Protection Agency (EPA) promulgated RCRA requirements for land disposal, or disposal as low-level 
radioactive waste if the waste is delisted or granted other exceptions after treatment. ‘The studies that 
evaluated thermal systems are termed the Integrated Thermal Treatment Systems (ITTS) studieslt2. 
Following these studies nonthermal3 and enhanced nonthermal4 systems were evaluated, a detailed . 
comparison of selected thermal and nonthermal systems was performeds, and a sensitivity analysis of 
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assumptions made the original studies was perAurmed to Ldermine the effect o these assumptions on 

These studies were conducted to compare technologies assembled as complete systems to determine the 
effect of various technologies and operating scenarios on total life cycle cost. Common assumptions * 
were used to provide aconsistent basis for comparison among the various systems. Each system 
consisted of 
a single, centralized goyernment owned and contractor operated (GOCO) facility capable of treating 107 
million kilograms (236 million pounds) of the DOE MLLW inventory over the system lifetime of 20 
years. Waste was treated at a rate of 1,360 kg/hr (3000 lbs/hr) with 45% percent on-line availability 
(4032 hourdyear of operation out of 8760 hours) due. to uncertain equipment life and maintenance - ,  

requirements with radioactive operations. 

To ensure all incoming waste is processed, all systems required the same set of subsystems. Following is 
a summary description of these subsystems: 

' ' cost6 ' 

, 

Receiving and preparation (or front-end handling) in which the.w'aste is received and 
characterized using real time radiography (RTR), gamma spectroscopy, and passive/active 
neutron (PAN) assay. The'waste is remoyed from the incoming drums, sorted, separated, size 
reduced, and transferred to the next process. 
Aqueous waste treatment in which all aqueous waste, including secondary waste generated 
internally, is treated. 
Primary treatment for the thermal systems considered in this paper consists of a rotary kiln, 
secondary combustion, and a high efficiency air pollution' control system. 
Melters are used in the thermal systems for ferrous inet;?l wastes that cannot ,be 
decontaminated to produce ingots for subsequent recycle. 
Metal and lead decontamination consisting of an abrasive water jet to decontaminate metals 
for recycle and to decontaminate drums for reuse. 
Primary stabilization in thermal systems is accomplished by a high temperature .vitrifier (or 
slag former) or grout. Both systems require polyethylene for secondary stabilization of 
soluble or volatile salts. Stabilization in nonthermal systems was by grout, polymer or 
phosphate bonded cera&. 
Special wastes are highly variable and treatment processes are undefined. Although finds 
were identified for treatment no treatkent processes were identified; however, these wastes 
were assumed to contribute to the waste volume requiring.disposa1. 
Waste form certification a d  handling includes receiving waste from final waste form 
production subsysteqs, waste assay, shging of certified waste, and loading shipping 
containers and trucks. 

, 

~ 

, .  
Several conclusions can be drawn from'this previous work including the following: 

* 
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0 

The treatment cost of a central facility using a rotary kiln followed by vitrification is $1.8 
billion less than five similar regional facilities. 
Treating waste in 10 years.vs. 20 years can save $SOM primarily in storage costs. 
For centralized treatment of MLLW, the life cycle cost for non-thermal systems is $1-1.5 
billion more than thermal systems. Hybrid combinations of thermal and nonthermal 
technologies (e.g. vitrify residues from nonthermal treatment) decreases the disposal cost but 
the total life cycle cost is still $1 billion more than thermal systems. 
Beyond differences between non-thermal and thermal, the type of technology makes little 
difference if operating availability (hours operated per year) are the same for each. 

, 0 

2 

I 



/ "  

i 
* A 50% increase in availablility (e.g., an increase from 50% up-time to 75% up-time each 

year) can save %400M 
Operations and maintenance are the major cost elements - a 50% decrease can save $700 M. 
Investigation of cost incentives for alternative equipment concepts (Replaceable Hearth and 
Portable Systems) indicate little incentive for a replaceable hearth (in-can processing)7, and 
portable treatment systems can be a factor of 4 more expensive compared to shipment to a 
central faciIity8. 

The purpose of this paper is to evaluate the effect of vaiious cost factors associated with production ahd 
disposal of the final waste fomi on the life-cycle cost associated with several waste stabilizition options. 
In  the discussion of these options only rotary kiln systems with various methods of stabilization will be 
considered. Costs identified in this paper are based on the initial assumptions and,system designs in the 
ITTS studies; However, designs and,assumptions have been varied to determine the effect on waste form 
production, treatment, disposal and life-cycle costs. Production costs include all the subsystems required 
to process the waste including production of the final- waste form.(but excluding certificatioqand final 
waste form handling costs). Treatment costs include production costs plus the waste form certification .I 
and handling costs. Life cycle costs includetreatment and disposal costs for a20 year operation. In the 
following discussion the cost impact of varying the waste loading, volume reduction; system*availability, 
unit disposal cost, delisting, and radionuclide concentration will be evaluated. 

In addition to slag, grout and polymer evaluated in the previous studies, phosphate bonded ceramic was 1 

evaluated for this study as a final waste form. Phosphate bonded ceramic.is a fast setting ceramic 
material produced at low tempeiature from a blend of MgO and phosphoric acid or sodium phosphate 
and water. These materials are blended with the treated waste and allowed to cure into a high strength, . 
low porosity waste form using equipment similar to that used to produce grout. Because thisjs a process 
similar to that used to produce grout, production costs equal to those of a grout system were assumed. 
However, tests have indicated that phosphate bonded ceramic may be capable.of 50 to 70 wt% waste 
loadings compared to approximately 30 wt% for grout. 

. 

FACTORS AFFECTING COST 

The selection of a waste form based on cost will depend on production and treatment costs, waste form 
volume, unit disposal cost, and the availability of the treatment system and the equipment used to 
produce the final waste form. The interactions between these factors and their effect on system life cycle 
cost are discussed in the following sections. ' 

Production and Treatment Costs: Inthe context used in this paper, waste form production costs 
include all costs associated with treating the incoming waste and.producing the final waste form. These 
costs are insensitive to the volume of the final waste form but are a function of the waste volume to be 
treated and stabilized. Since all treatment subsystems, except the stabilization subsystem, are identical 
for the systems considered here, the differences in production costs are due only to the capital and 
operating costs of the stabilization process. These costs, and the volume of stabilized waste for the rotary 
kiln systems evaluated in the ITTS studies are shown in Table I. 

Insert Table I here. 

Thus, the final waste form.volume impacts total treatment costs through the functions of certifLing and 
handling the waste prior to shipment to disposal. For the assumptions used in this study, the baseline cost 
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of stabilization by high-temperature vitrification is approximately $140 million greater than the cost of 
grouting the same amount of treated waste. However, certifying and handling the higher volume of grout 
prior to shipment to disposal costs $200 million more than for vitrified waste. Thus, the total treatment 
cost using grout stabilization is $60 million more than the treatment cost using high-temperature 
vitrification. . 

Changing the vitrified ,waste forin from,a high temperature slag to borosilicate glass with.33 wt% waste 
loading, and changing the low-temperature waste form from grout to phosphate bonded ceramic, will 
have little effect on the respective cost of stabilizatibn (e.g., capital and operating cost). However, the 
differences in waste loading will cause the volume of vitrified waste to increase to about 50,000 m3 and 
the volume of non-vitrified waste to decrease to 41,000 in3 'thereby changing thexelative total treatment 
cost to $2,280 million and $2,090 million, respectively. 

Waste Loading and Unit Disposal Cost: As indicated above, waste form'volume affec& total treatment 
cost through the certification and handling subsystem, and it affects total life cycle cost through the cost 
of disposal. Waste form volume, in turn, is a function of the waste volume to be stabilized, the waste 
loading, and the density of the waste form. Approxiinate densities of the waste forms considered in this 
paper are as follows: slag/glass monolith, 2996 kg/m3; phosphate bonded ceramic, 2200 kglm3; 
slag/glass marbles, .1794 kg/m3; groui, 2035 kg/m3; and polymer, 12S2 kg/m3. The density of vitrified 
marbles is the effective density in a container and b'ased on a 60% packing factor for randomly packed 
spheres of equal size?. 

The volume and therefore the disposal cost decrease with increasing waste loading. The waste form 
volume as a function of waste mass to be stabilized and waste form density is given by Equation 1 where 
VWF is the 

waste form volume, M w  is the mass of the waste to be stabilized (i.e., the mass of the waste after 
treatment), LM is the loading factor on a weight percent basis, and p w  is the waste form density. For ' 
the rotary kiln systems in the ITTS studies, the mass of the waste to be stabilized is approximately 50% 
of the mass of the waste entering the incinerator. As. the waste loading increases, the volume of the lower 
density waste forms decreases at a faster rate so that the treatment cost also decreases at a faster rate. 
Because of this more rapid decrease in treatment cost and the smalllr production costs of grout and PBC, 
there is a cross-over where, for a certain waste loading, the treatment cost of these waste forms becomes 
less than that for a slag waste form. This cross-over also occurs for the total life cycle cost and depends 
on the unit disposal cost. The effect of waste loading and unit disposal costs on total life cicle cost of 
systems producing various waste forms is shown in Figures 1 and 2. 

' 

Insert Figure 1 here. 

Insert Figure 2 here. 
. 

The results shown in these figures'indicate how waste loading and unit disposal costs affect the relative 
economics of the waste forms and final disposition. At a disposal cost of $706/m? ($2O/ft3) the-TLCC of 
borosilicate glass and grout (at 30 wt% waste loading) are essentially the same within the accuracy of 
this analysis and for the same availability, whereas the TLCC for PBC is significantly less than that for 
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high temperature slag (at 70 wt% waste loading). At a disposal cost of $8475/m3 ($240/ft3) the TLCC of 
PBC and slag are identical at 70 wt%'loading and the TLCC of borosilicate'glass. is less than that of grout 
at 30 wt% loading. In all cases the TLCC for vitrified marbles is significantly greater than the other 
waste forms evaluated, and the TLCC for grout or glass (at 30 wt% loading) is greater than slag or PBC 
(at 70 wt% loading). Thus, for the same'availability, higher waste loading implies lower TLCC; however, 
the TLCC of the waste form at a given loading depends on the unit disposal cost. 

Disincentives for Volume Reduction: The waste volume is typically reduced during the treatment 
process, and the resulting treated waste volume may be reduced or increased as a result of stabilization, 
Conventional wisdom indicates that significant effort should, be expended to reduce the'waste volume 
thereby decreasing handling and disposal yolume and cost. However, this may not always be the 
optimum cost option. As the waste form volume is reduced, the concentration of radionuclides 'increases, 
although this increase is less for higher density waste forms. If the concentration of radionuclides, and 
therefore the activity per unit mass of the waste form, increases'due to volume reduction the waste form 
may exceed the waste acceptance criteria for the disposal site. This may cause the unit disposal cost to 
rise significantly as the class of low level waste changes fiom'class A to Class B or Class C. 

Availability: In addition to waste form volume, treatment costs are also affected by system availability 
determined by the reliability and mahtainability of the system and equipment, and the ability to 
consistently maintain the quality of the final waste form. The treatment costs in Table I assume equal 
availability of 46% (Le., 4032 hours of operation per year). Assuming all other things are equal, 
increasing the reliability of one of the stabilization technologies, and therefore system availability, can 
significantly change the relative treatment cost of the systems being compared as shown in Figure 3. For 
example, increasing the availability of the grout system fiom 46% to 70% decreases the time required to 
treat the 107 million kgs of MLLW from 20 to 13 years and decreases the treatment cost by 
approximately $460 million. Thus, a grout system with 70% availability would cost $460 million less 
than a grout system with 46% availability, and $400 million less than a slag system with 46% 
availability. 

Insert Figure 3 here. 

Unit disposal costs will also affect the choice of waste form based on system. availability and the 
investment decisions to improve system availabiIity. Increasing availability for vikfication or grout 
systems from 50% to 75% decreases treatment cost and therefore TLCC for either system by -$400 
million regardless of disposal cost as indicated in Figure 3. This illustrates the importance of system 
availability. However, since production of grout or PBC uses simpIer equipment that may be considered 
more reliablethan vitrifiers, the grout and PBC systems might be expected to have a higher availability. 
As shown in Figure 4, for an availability of 70%, the grout system has a lower TLCC than a vitrification 
syste'm with a 50% availability for unit disposalcosts less than about $7415/m3 ($2lO/ft3). 

Insert Figure 4 here. ' 

Estimates of system availability may be based on past experience or the maturity of 'il technology, and 
improved availability can provide significant savings. However, costs associated with increasing system 
availability include investment in additional testing to identify flaws-in equipment and improvement's in - 
equipment design andor operations, or investing in backup equipment. The latter option will increase 
capital costs for the additional equipment 'and increased facility space to house the equipment. 

. ,  
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The unit disposal cost affects the cost incentive to improve the availability of vitrification sysiems to be 
at least equal to that of grout systems. For example, for an availability of 70% and a disposal cost of 
706/m3 ($2O/ft3) the slag system TLCC is $1,780 million and the grout system TLCC is $1,820 million. 
Thus, the cost saving incentive to improve the availability of the slag system to 70% is $40 million. 
However, at a disposal cost of $7062/d ($2OO/ft3) the slag system TLCC is,$1,980 million and the 
grout system TLCC is $2,270 million at 70% availability indicating a cost saving incentive of $290 
million to improve the availability of the slag system. The higher the unit disposal cost the greater is the 
incentive for investment to improve the availability of a system producing a slag fmal waste form. 
However, when compared to a phosphate bonded ceramic system operating at 70% availability, there 
appears to be no economic incentive to improve or use a vitrification system. 

/' 

- 
Delisting: The possibility of delisting certain final waste forms offers the opportunity for cost savings. 
The assumption in the ITTS studies is that the disposal cost is $8580/m3 ($243/fi3) based on an'average 
size RCRA-permitted engineered disposal facility using $2,366/m3 ($67/ft3) for receiving and 
$6,2 15/m3 ($1 7 6 ~ 3 )  for engineered disposallo. However, if vitrified waste produced in the thermal 

, treatment processes can be delisted for the RCRA constituents, the waste form could be managed and 
disposed in a manner consistent with the requirements of the Atomic Energy Act of ,1954 as implemented 
by DOE Order 5820.2A, Radioactive Waste Management. Delisting the vitrified final waste form would 
allow disposal of low-level radioactive waste at an existing shallow land disposal facility, such as the * 

Hanford facility, at a cost of $1,412/m? ($40/ft3)11. Applying the shallow land disposal cost to the 
volume of slag from the vitrification process (approximately 0.23m3/hr or 8 ft3/hr), and the disposal cost 
of a RCRA engineered disposal facility for the remaining stabilized waste, the total estimated cost of 
disposal for the..systems employing vitrification for stabilization is reduced by as much a3 $130 million, 
or 6% of the TLCC. 

Packaging: As indicated in'Figures 1 and 2, vitrified marbles have the highest TLCC due to the high 
production cost associated with vitrification, and'the high volume associated with packaging uniform 
size marbles at a 60% packing factor. The cost of a vitrified monolith may also be penalized if the I 
monolith is formed in a container *at, after being subjected to high heat loads, cannot meet the . 
Department of Transportation (DOT) shipping container requirements or the disposal site waste 
acceptance criteria. In this case an overpack would be required thereby increasing the packaging and 
disposal volume. If the 
monolith were formed in a 30-gallon container and a 55-gallon drum were used as an overpack, the 
packing factor would be-,about 55% producing a slightly greater penalty in terms of volume than vitrified 
marbles. However, if an overpack is not required for disposal, then there is no volume penalty associated 
with disposal of a vitrified monolith. 

, I  
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The void space among the marbles, or between the inner container and the overpack, may be filled with 
polymer stabilized waste if a physical means of blending the two waste forms were developed. It should 
be recognized that polyethyltne is extremely viscous andLwill not flow into void spaces. Rather, it must 
be mixed with particles of another waste form to produce a' combined waste matrix. The volume of 
polyethylene microencapsulated waste was only about 10% of the total volume of stabilized waste in the 
ITTS studies so that the void volume between the marbles is greater than the volume of available 
polymer stabilized waste at 50% waste loading in polymer. Thus, the cost incentive for filling the void 
space with polymer is the cost avoided by separately disposing of the polymer waste form producing a' 

' potential saving of $4 million at a,unit disposal cost of $706/m3 ($2O/ft3), and $50 million for a unit 
disposal cost of $8475/m3 ($240/ft3). 
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CONCLUSIONS 

In this paper we have attempted to point out the various factors that should be considered in determining 
a cost effective waste form for treated MLLW. One ofthe most.important factors affecting total life 
cycle cost is the overall system availability. This emphasizes the need to use reliable and easily 
maintained equipment, and to insure the complete system is designed with avaiIabiIity in mind. Other 
factors associatediwith the’waste form that affect the system life cycle cost include waste form volume 
and ,associated cekification, handling and disposal cost; volume reduction and associated radionuclide 
content of the waste form; unit disposal cost; and the potential for delisting. 
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