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International 
Nuclear INFCE/DEP.A'G.8/89 
Fuel 
Cycle 
.evaluation 

Tnorex Reprocessing Characterization, 11/15/78 



November 15, 1978 

INFCE WORKING GROUP 8 

ADVANCED FUEL CYCLE AND REACTOR CONCEPTS 

SUBGROUP B: 

PROPOSED DRAFT PAPER: 

THOREX REPROCESSING CHARACTERIZATION 



iii 

Table of Contents 

Page 

1.0 INTRODUCTION 1 

2.0 THORIUM PROCESSING EXPERIENCE 1 

3.0 PROCESS DESCRIPTION 4 

3.1 Head-end Treatment 4 

3.1.1 Zircaloy-clad fuel elements 4 

3.1.2 Stainless-steel-clad fuel elements 7 

3.1.3 Graphite fuel elements 7 

3.2 Solvent Extraction 8 

3.3 Off-Gas Treatment 9 

3.4 Treatment of Liquid Wastes 9 

3.4.1 Head-end treatment wastes 11 

3.4.2 High-level wastes 11 

3.4.3 Intermediate- and low-level solvent extraction 
wastes 12 

» 
3.5 Product Radioactivity 13 

4.0 SAFETY AND LICENSABILITY 13 

5.0 RESEARCH AND DEVELOPMENT NEEDS 17 

5.1 Head End for Metal-Clad Fuel Elements 17 

5.2 Head End for Graphite Fuel Elements 18 

5.3 Solvent Extraction 19 

5.4 Off-Gas Treatment 19 

5.5 Waste Treatment 20 

6.0 ECONOMIC INFORMATION 21 



1 

1.0 INTRODUCTION 

The purpose of this report is to bring together, in highly condensed 

form. Information which would need to be considered in planning a commer-
233 

cial reprocessing plant for recovering U-Th reactor fuel. This report 

does not include a discussion of process modifications which would be re

quired for thorium-base fuels that contain plutonium (such as would be 

required for thorium fuels containing 2 3 5U or 2 3 3U denatured with 2 3 8 U ) . 

It is the intent of this paper to address only the basic Thorex process 
233 

for treating U-Th fuels. As will be pointed out, the degree of develop

ment of the various proposed operations varies widely, from preliminary 

laboratory experiments for the dissolution of Zircaloy-clad thoria to engi

neering-scale demonstration of the recovery of moderately irradiated thorium 

by a solvent extraction process (Thorex). 
2.0 THORIUM PROCESSING EXPERIENCE 

Development of the thorium-uranium fuel cycle began early in the U.S. 

nuclear power development program and continued through the late 1940:* at 

a modest level of effort. By the early 1950s, several kilograms of purified 
233 

U had been recovered from experimental lots of irradiated thorium, and 

two chemical processing flowsheets based on solvent extraction techniques 

had been developed and tested in small-scale operations. Both flowsheets 

utilized tributyl phosphate (TBP) as the solvent in hydrocarbon diluent. 

The Interim-23 flowsheet featured low-concentration TBP (3 to 10%) as the 
233 

solvent and recovered only the U as a purified product. However, the 
233 

Thorex flowsheet utilized 30 to 43* TBP, and both U and thorium were 

recovered separately as purified products. 

By the mid- to late 1950s, the Thorex Pilot Plant Demonstration Program 

had been completed, and 35 tons of irradiated thorium metal had been processed 

In a facility with a throughput of 150 to 200 kg of thorium per day to re

cover 55 kg of purified 3 3U (TabU 1). The principal emphasis was on demon

strating the Thorex flowsheet, defining flowsheet capabilities, and identify

ing problem areas In the reprocessing of spent thorium-uranium fuel. 
233 

In anticipation of the need for larger quantities of U to be used 
for a demonstration of thorlum-uranium-fueled reactor concepts such as the 
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Table 1 . Summary of thorium- U processing in the United States 
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high-temperature gas-cooled reactor (HTGR) or the light-water breeder 

reactor (LUBR), approximately 870 tons of thorium (primarily as Th02) was • 

irradiated during the next decade. This thorium was then processed in 

production-scale equipment to recover 1.4 tons of purified 3 3U. The 

large-scale programs (SRP and Hanford) utilized either the Thorex Flowsheet 

or a modified version of it (i.e., the Acid Thorex flowsheet) to effect the 

separation and recovery of and thorium. 

Four power reactors in the United States have been operated on thorium-

uranium fuel. One core loading of the Consolidated Edison reactor at Indian 

Point consisted of thorium containing S% enriched 2 3 5U which, after discharge 

and decay, was processed at the privately owned, commercial fuel reprocess

ing facility (Nuclear Fuel Services, Inc.) at West Valley, New York. The 

Peach Bottom HTGR operated 7 years at a maximum power level of 40 NW(e) 
235 

using graphite-moderated thorium- U carbide fuel. The Fort St. Vrain 

HTGR is presently operating with graphite-moderated thorium- carbide 

fuel. Although no facility is presently available to reprocess the fuel 

from these HTGRs, extensive reprocessing research and development (R&D) 

has been done under the national HTGR Fuel Recycle Program. Currently, the 

LWBR is operating with Th02-
233U02 fuel. A total of 28 metric tons of fab

rication scrap generated during the preparation of this fuel was recycled 
233 

in large-scale facilities to recover the U using di-sec-butyl 
phenylphosphonate (DSBPP) as the extractant. The dissolution of advanced 
Th02'conta1ning fuels, an important step In demonstrating the reprocessing 
of spent fuel, was proved to be feasible and practical during this task. 

Most of the development of the thorium-uranium fuel cycle In the United 
States In recent years has been conducted in connection with the HTGR program. 
The objectives of this program, however, have not Included reprocessing of 
Irradiated fuel; Instead, the emphasis has been on engineering-scale demon
strations of most of the processing steps using tracer techniques. These 
latter studies have resulted 1n the development of preliminary designs and 
cost estimates of a large-scale demonstration facility. Differences between 
HTGR and light-water reactor (LWR) fuel reprocessing are found mainly In the 
head-end treatment. 
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3.0 PROCESS DESCRIPTION 

The process described in this section is the Acid Thorex Process, 

which was developed in response to the need for recovering the Th0--^5U0, 

core of the Consolidated Edison reactor mentioned above. The irradiated 

fuel is normally stored for more than nine months to allow most of the 
233 233 

Pa to decay to U before reprocessing. Properties of fuel for a 

reference LWR thorium-based reactor are given in Table 2. For discussion 

purposes, fuel reprocessing operations are divided into four operations: 

head-end treatment, solvent extraction, off-gas treatment, and waste treat

ment. 

3.1 Head-end Treatment 

The types of thorium-based fuel elements that are being considered for 

power reactors include Zircaloy-clad elements for LWRs and HHRs, stainless-

steel-clad elements for LMFBRs, and graphite fuel elements for HTGRs. 

3.1.1 Zircaloy-clad fuel elements 

As shown in Fig. 1, the first process operation is removal of the end 

hardware from the fuel elements in order to decrease the amount of nonfuel 

materials in the dissolver. Since this material does not contain fuel, it 

can be transferred immediately to solid waste disposal. The section of the 

elements which contains reactor fuel is then chopped into 1- to 2-in. lengths. 

Because the dissolution rate of thoria in nitric acid alone is too slow to 

b2 practical, the dissolver solution contains a fluoride-ion catalyst to 

enhance the dissolution rate. The composition of standard Thorex dissolu

tion reagent is 13 K HNO3--0.04 M HF—0.1 M A1(N03)3. The fluoride greatly 

increases the dissolution rate of the thoria, and the aluminum nitrate de

creases the corrosion rate of the fluoride ion on the stainless steel equip

ment. Zirconium is also effective for this purpose when Zircaloy-clad fuel 

is processed. Also, the presence of dissolved zirconium during the dissolu

tion of thoria by fluoride-catalyzed nitric acid solutions causes a decrease 

in dissolution rate. However, at zirconium concentrations anticipated in 

practice, this effect is modest (generally less than a factor of 2). 

Present data support the practicality of the chop-leach approach for 

Z1rcaloy-clad fuel. The two major process Implications are: (1) the thoria 
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Table 2. Characteristics of a thorium-based 

fuel element for an LWR 

Fuel assembly data 

Number per core 241 

Outside dimension, in. 7.977 

Hass of heavy metal, kg 373 

Total mass, kg 656 

Fuel rod array 16 x 16 

Fuel rod data 

Cladding material Zircaloy-4 

Outside diameter, in. 0.382 

Clad thickness, in. 0.025 

Active length, ft 12.5 

Fuel pellet data 

Material U02-Th02 

Diameter, in. 0.325 

Length, in. 0.390 
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dissolution rate will be somewhat slower, by as much as a factor of 2; 

and (2) a small fraction of the cladding will dissolve, up to perhaps 5%. 

An alternative dissolution Method, the Zirflex process for dissolving 

Zircaloy cladding in NH^F-KH.NOj, has been demonstrated. However, it is 

much less attractive than a chop-leach process because of the complexity 

of the operation and the large volume of high level radioactive waste pro

duced. 

After the fuel and the cladding have been separated, the dissolver 

solution is adjusted to the feed conditions required for solvent extraction. 

This operation removes all of the free acid and a fraction of the nitrate 

from the Th(N03)« to yield an "acid-deficient" solution. The acid can be 

removed either by heating the solution or by stripping the dissolver solu

tion with steam. 

3.1.2 Stainless-steel-clad fuel elements 

Stainless-steel-clad fuel elements can be Dissolved with the same solu

tion [13 M HN03—0.04 M HF--0.1 M A1(N03)3] as used for Zircaloy-clad fuels 

without the addec complication caused by the dissolution of some of the zir

conium from the cladding. This operation was demonstrated at the Nuclear 

Fuel Service, Inc. plant during the processing of the Consolidated Edison 

thorium fuel. 

3.1.3 Graphite fuel elements 

The fertile and fissile materials in graphite fuel elements are present 

as small, spherical oxycarbide and oxide particles. Fissile particles (UOC) 

are coated with layers of porous graphite, pyrolytic graphite, and silicon 

carbide (SiC) to enhance fission product retention. Fertile particles (Th02), 

on the other hand, have only porous graphite and pyrolytic graphite coatings. 

The head-end operations for graphite fuel elements involve burning in 

a fluidized-bed burner to remove the bulk of the graphite and fuel rod matrix. 

Burning releases the fissile and fertile pai icles from the graphite matrix 

and they accumulate in the bottom of the burner to a predetermined level be

fore being removed. 

The recovered particles are fed to a particle classifer, where the Th02 

particles are separated from the S1C-graphite-coated UOC particles. The 

larger and denser fertile particles exit from the bottom of the classifier; 
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fissile particles are carried overhead with the gas stream. The ThO-

particles are free of coatings and may be sent directly to a dissolution( 

step for preparation of solvent extraction feed. The SiC coatings of the 

fissile particles must be crushed to expose the inner fuel kernel and 

burned a second time to remove the inner graphite coating and to convert 

UOC to U30g. After this treatment, the fissile particles are also sent 

to a dissolution step. 

3.2 Solvent Extraction 

The uranium and thorium are selectively coextracted in a counter-current 

contactor (pulse column) from the acid-deficient feed with 302 TBP, while 

fission products, protactinium.^and metallic impurities remain in the aqueous 

phase. Nitric acid is added below the feed point to bring the solution to 

*v2 H HNO3 to enhance the uranium and thorium extraction. The organic (TBP) 

stream is scrubbed in the upper part of the first contactor to improve de

contamination from fission products and ionic impurities. Thorium is parti

tioned from uranium in the second contactor by stripping with 0.25 M nitric 

acid. The TBP scrub stream introduced at the bottom of this contactor im

proves the separation of thorium from uranium. The uranium is stripped from 

the TBP with 0.01 M nitric acid in a third contactor. These operations con

stitute one cycle of solvent extraction. 

The uranium and thorium products are processed separately through an 

additional extraction-stripping solvent extraction cycle to achieve the de

sired degree of decontamination (decontamination factor >10 ) from fission 

products. The uranium content Is Increased 3.5-fold before being reextracted 

with TBP. The TBP 1s scrubbed with 2 M nitric acid to improve decontamination 

in the upper part of the contactor. The uranium Is then stripped back into 

the aqueous phase with 0.01 M nitric acid. The thorium stream from the parti

tion contactor 1s concentrated to the initial feed concentration (265 g/l) 
and reextracted with TBP. The organic stream 1s scrubbed In the upper part 

of this contactor to remove additional fission products. The thorium 1s 

then returned to the aqueous phase by stripping with 0.01 n nitric acid. 
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3.3 Off-Gas Treatment 

Off-gases in the treatment of metal-clad uranium-thorium fuel elements 

can be classified in two categories: radioactive gases of fission products 

and isotopic decay, and gases produced or used in chemical reactions. The 

first category include: iodine, radon, krypton, tritium and xenon; the 

second includes nitrogen oxides, hydrogen, and air. Most of these gases 

are environmentally objectionable and must be removed before the carrier 

gas can Le discharged to the atmosphere. 

The off-gas from the HTGR fuel elements contains all of the materials 

just mentioned, as well as a large volume of carbon dioxide resulting from 

the burning of graphite. Carbon dioxide contains radioactive C produced 

by nuclear reactions during irradiation. 

Figure 2, which is a conceptual off-gas treatment flow diagram, identi

fies the steps needed to treat reprocessing, product conversion, and refab-

rication off-gases. The iodine-containing streams are treated in mercuric 

nitrate sorbers to remove iodine before being joined by the iodi:ie-free 

off-gases. Nitrogen dioxide is sorbed in an aqueous medium. I f the Zirflex 

process is used to remove Zircaloy cladding, the combined gases enter a 

catalytic reduction unit where gaseous ammonia, which is a component of the 

off-gas generated by the removal of Zircaloy-4 cladding, reacts with nitro

gen oxides to yield nitrogen and water vapor. 

The next two steps utilize molecular sieves to remove tritium (as 

tritiated water) and radon. The radon is retained for decay to solid 

daughter products that are held on the bed. Finally, krypton is removed by 

absorption in a liquefied fluorocarbon an J concentrated for long-term storage 

In gas cylinders. The gas stream is then filtered to remove particulates 

before release to the environment. 

3.4 Treatment of Liquid Wastes 

Liquid wastes consist mainly of head-end treatment wastes, the aqueous 

raffinate from the first extraction column which contains the bulk of the 

fission products, and the intermediate- and low-level wastes from the other 

solvent extraction operations. 
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3.4.1 Head-end treatment wastes 

Laboratory studies strongly support the concept of a more conventional 

method utilizing a chopping operation to break down the fuel assembly and 

expose the fuel, followed by dissolution in a nitric acid—hydrofluoric 

acid solution (analogous to the chop-leach process for Zircaloy-clad UO* 

fuel elements). The leached cladding hulls are compressed and buried as 

solids. From the waste management viewpoint, this method is superior to 

the Zirflex process. 

3.4.2 High-level wastes 

The high-level waste stream from the f irst solvent extraction column 

contains most of the nonvolatile fission products, as shown in Table 3. 

Table 3. Composition of high-level liquid wastes 

Thorex HAW 

i/m\m 
Th, 9/1 

U, g/l 

Np, g/£ 

Pu, g/l 

Am, g/£ 

C m , <3/l 

Fission products, 9/I 

H+, M 

Al 3 + , M 

F \ M 

N03", M 2.50 

The first step Is concentration of the aqueous wastes followed suc

cessively by evaporation to dryness and calcination, whereby the metal 

cations in solution are converted to stable oxides or mixtures of stable 

oxides and nonvolatile fluorides. The solidification of high-level liquid 

wastes generates low- and intermediate-level off-gas and condensate efflu

ents. 

6146 
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Insofar as is practicable, the water and nitric acid from the evapo

ration are recycled within the process. This recycle helps to contain 

tritium and fission products. Calcination off-gases consist of approxi

mately 2600 g-moles of N0 X and 60 g-moles of F" per metric ton of heavy 

metal (MTHM), assuming 20% fluoride volatilization. The technical feasibil

ity of generating a glass that incorporates the calcined high-level waste 

has been established. Additional development is being conducted on the 

physical properties of the glasses under extended irradiation and on dis-

posal in stable geological formations. Approximately 0.17 m of glass 

waste per MTHM would be formed. 

3.4.3 Intermediate- and low-level solvent extraction wastes 

Intermediate- and low-level wastes from the solvent extraction cycles 

consist primarily of aqueous raffinates, intercycle condensates, and sodium 

carbonate scrub solutions from solvent regeneration. Solid wastes such as 

failed equipment, filter wastes, and interfacial crud solids are also in

cluded in this category. Gaseous wastes discharged through the vessel 

off-gas system generate additional intermediate-level solid wastes in the 

form of contaminated high-efficiency particulate and roughing filter ele

ments. 

The anticipated intermediate-level wastes from the solvent extraction 

cycles are summarized in Table 4. 

Table 4. Intermediate-level primary wastes as generated by 

solvent extraction system (per MTHM) 

Volume HNO^ 
(liters/hr) (g-moles/hr) 

Raffinates 823 591 

Solvents 5320 88 

Condensates 2356 243 

i 
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3.5 Product Radioactivity 

The quantity of cocU in the " J U product will be significant (several 

thousand ppcn) for water- or sodium-cooled reactor recycle fuel having a 
232 

high bumup. The radioactivity of the U decay chain, principally the 

2.6-MeV gamma emission of the daughter, results in a relatively 

high dose level from the uranium product (Fig. 3) within a few days after 

separation from thorium. Since n h is a member of the decay chain, both 
233 

the U and thorium products require shielding and remote handling in the 

reprocessing plant and in the conversion and fuel fabrication facilities. 

If a coprocessing option is used in which the uranium and thorium are not 

partitioned in the solvent extraction system, the costripped product is 

intensely radioactive at all times. 

The recovered thorium product contains the n"h produced by decay of 

U presant in the uranium as well as other thorium isotopes such as Mh. 

The uranium product becomes more radioactive after being separated from the 
228 

thorium, reaching equilibrium in about 10 years. The Th in the thorium 

product decays with a half-life of 1.91 years (Fig. 4); however, since the 

daughters of natural thorium grow in, the thorium will probably have to be 

reprocessed to remove daughter activity even after 15 to 20 years storage 

if it is to be refabricated into fuel elements without shielding (Fig. 5). 

4.0 SAFET" AND LICENSABILITY 

All structures, systems, and components whose failure might result in 

exceeding specified doses at the plant boundary must be identified as "im

portant to safety" of operating personnel or analyzed for possible failure 

modes and effects. All structures, systems, and "important to safety" 

structures, systems, and components constitute the primary containment of 

radioactive materials. Secondary containment will include both limited (or 

no-access) areas and controlled ventilation areas. Access will be restricted 

by a combination of physical barriers and security measures. All structures, 

systems, and components "Important to safety" will be designed to withstand 

the effects of natural phenomena likely to occur at the specific facility 

site. Redundant and/or diversion emergency backup systems will maintain 
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uninterrupted operation of all systems related to containment of radio

active materials. Special nuclear materials will use geometry, concentra

tion, or administrative controls to prevent criticality. Potentially 

combustible or explosive materials will be specially handled to prevent 

incidents that might result in radioactive release. Potentially volatile 

or leachable waste materials will receive special treatment and fixation. 

The principal differences between the requirements of the thorium-

and uranium-base fuel cycles are due to the presence in thorium fuel of 
220 

gaseous short-lived Rn and the intense gamma irradiation (2.6 NeV) from 

In order to meet regulatory requirements governing stack emissions, 

a provision must be made to retain the radon on solid sorbents until it 

decays to nongaseous daughters. Also, shielding must be increased for 

process equipment, including the uranium and thorium product storage, to 

protect operating personnel. 

5.0 RESEARCH AND DEVELOPMENT NEEDS 

The technology for recycle of thermal reactor fuels containing thorium 

is generally less well developed than that for uranium-plutonium fuels. 

Areas requiring development are in the head-end treatment, thoria dissolu

tion, off-gas treatment, and solvent extraction (the "third-phase problem"). 

5.1 Head End For Metal-CIad Fuel Elements 

Primary operations in head-end treatment are size reduction (shearing), 
tritium removal, dissolution, and solution clarification. These operations 
must be remote and have been developed for uranium-base fuels; however, 
their application to thorium-base fuels introduces significant new require
ments. 

With regard to the mechanical shearing operation, cropping the non-
fueled end-pieces from the element 1s reasonably successful for uranium-
bearing fuels, and the methods are applicable to thorium-bearing fuels. 
However, shearing the fueled section of the element needs development to 
establish the shearing characteristics of the ThO2-U0? ceramic material. 
Tritium removal In the head end is highly desirable to preclude entry of 
this contaminant Into the aqueous feed solution for the solvent extraction 
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operation. Early removal in the head end allows more convenient isolation 

for waste disposal. Current research is directed toward a thermal soak of 

chopped fuel to effect migration of tritium out of the fuel; however, the 

adequacy of this procedure needs to be established. 

I t is well known that thoria is more difficult to dissolve than urania 

and that a moderate concentration of fluoride ion is required to catalyze 

thoria dissolution. Significant R&D is needed to perfect this technology 

with regard to appropriate concentrations of reagents and dissolution ki 

netics. I f the fuel is Zircaloy-clad, an additional complication arises 

in the competition of zirconium for the fluoride catalyst which results in 

slower dissolution rates. 

An alternative procedure is to achieve dissolution in two steps: 

chemical dissolution of the Zircaloy cladding followed by dissolution of 

the exposed fuel values using Thorex dissolver solution. The Zirflex 

process, which utilizes NH.F-NH.NCL as the dissolvent, has been developed 

for removing the Zircaloy cladding. Although this process has been demon

strated, i t is being considered only as a backup scheme to direct fuel disso

lution, leaving the cladding hulls as residue. 

Dissolution of stainless-steel-clad thorium-base fuels is more straight

forward since the cladding and fuel values exhibit negligible competition 

for the fluoride catalyst. 

5.2 Head End for Graphite Fuel Elements 

Graphite fuel elements present entirely different problems in head-end 

treatment than do metal-clad fuel elements. Nonradioactive engineering-

scale experiments are in progress to develop head-end operations, and 

considerable data and equipment development have been completed. The 

principal steps are size reduction (crushing), burning to remove the bulk 

of the graphite, separation of fissile and fertile particles, particle 

crushing and burning, and fuel dissolution. 

Fuel block crushing requires massive jaw and roll crushing equipment 

that must be operated and maintained remotely, and significant development 

is needed for this technology. Similarly, both the primary burning and 

particle burning steps present problems in high-temperature technology that 
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have not been encountered previously in fuel reprocessing. Burner lifetime, 

dusting (fines) in off-gas, and maintainability are unanswered questions 

that will require considerable R&D. 

Although fertile and fissile particles are intimately mixed in a 

graphite fuel element, they may be physically separated by elutriation 

since they possess distinct particle sizes. The operation requires addi

tional research to obtain design data. Fissile particles must be crushed 

to break the SiC coating for exposure of the fuel kernel. The roll crusher 

for this task will require remote adjustment to ensure proper roll spacing. 

Particle burning technology and data are being accumulated concurrently 

with the block burning step. 

The burning steps transform the carbide and oxycarbide fuels to oxides, 

and subsequent head-end steps for graphite fuels become the same as those 

for metal-caId fuels. Fissile and fertile oxides are solubilized by using 

Thorex dissolver solution. 

5.3 Solvent Extraction 

With regard to solvent extraction, the Acid Thorex process has demon

strated the separation of thorium and uranium from fission products for 

fuels of low irradiation exposure. However, thorium-base fuels will have 

high fuel exposures, and reprocessing of these fuels needs to be demonstrated. 

A high degree of separation from fission products can be achieved in 

the solvent extraction process only if the system operates so that most of 

the organic solvent (TBP) is complexed by the metal ions. However, when 

the TBP is highly loaded with thorium nitrate, the organic solution sepa

rates into two phases ("third-phase problem") of differing densities. Three 

phases can be tolerated to a degree in a pulse column, although erratic 

performance may result. However, it cannot be tolerated in mixer-settlers. 

Alternative solvent extraction flowsheets have been proposed using acidic 

feed solutions which may be used as a head-end extraction to partially de

contaminate the fuel values. 

5.4 Off-Gas Treatment 

Similar off-gas treating problems arise 1n the off-gases from metal-

clad and graphite fuel elements. The principal difference is that air 1s 
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the carrier for metal-clad fuel off-gas, whereas carbon dioxide is the 

carrier for graphite fuel elements. ' 

Irradiated thorium-base fuels contain a derived uranium l'scop" 
220 

that releases radon ( Rn), a rather hazardous component of the off-gas. 

on decay. Radon release to the environment cannot be tolerated. Research 

is currently in progress to demonstrate its removal by sorption on solids 

such as molecular sieves for retention and decay. Its short half-life makes 

this an attractive method since down-chain decay products are solid which 

may be held on the solid sorbent for disposal. Radon removal must be demon

strated in a hot facility since no nonradioactive radon species exists. If 

the Zirflex process is used in the head end, ammonia (NH^) and hydrogen (H*) 

become additional off-gas components. No research is being carried out to 

treat off-gases containing these materials. The effect of these gases on 

other treatment steps needs to be investigated only if Zirflex becomes a 

viable head-end step. 

5.5 Waste Treatment 

Limited experience is available concerning treatment of high-level 

wastes from reprocessing power reactor fuels. Idaho National Engineer-ng 

Laboratory (INEL) has carried out engineering/pilot-plant and larger-scale 

studies on calcination of high-level wastes; Battel1e Pacific Northwest 

Laboratory (PNL) has carried out extensive R&D activities on calcination 

and vitrificatfon. Operating experience on storage of Intermediate-level 

wastes has been limited to interim storage of liquids in tanks. A wide 

range of experience exists on the treatment of low-level wastes, but its 

adequacy has recently been questioned. Long-term storage of radioactive 

noble gases ( Kr or CO*) presumably would involve Isolation and contain

ment either in gas cylinders or by incorporation into solids. 

New waste treatment requirements will arise because of thoria dissolu

tion problems. These wastes contain fluoride, and their treatment by the 

methods mentioned above might not be feasible without additional develop

ment, which might lead to process modifications. If it should become neces

sary to adopt the Zirflex process, considerable R&D effort would be required. 
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6.0 ECONOMIC INFORMATION 

Estimates have been made of the facility, equipment, and operating 

costs of a reprocessing plant that treats irradiated nuclear fuels. The 

principal plant characteristics for the cost estimate are listed in Table 

5. The charge that must be made for the product of any manufacturing 

Table 5. Bases for reprocessing plant cost estimate 

Capacity of plant 1500 Te heavy metal/yr 

Full production time 290 days/yr 

On-site storage capacity for spent fuel 90 days operation 

Cooling time of fuel before reprocessing 180 days 

facility is strongly influenced by the economic ground rules that are 

applied to the capitalization and operation of the facility. The minimum 

unit cost is obtained by "government financing" through which the central 

government constructs and operates the facility. Typical industrial financ

ing gives a higher unit cost because the owner/operator is required to take 

normal business risks and pay taxes that are commensurate with other indus

tries. Fuel reprocessing may be considered a high-risk enterprise so that 

the owner may wish to reocver this investment quickly and adopt "high-risk 

industrial fin?ncing." This method gives the highest unit product cost. 

Average estimated unit processing costs (per kg of heavy metal) range 

from $123 for government financing, to $237 for typical industrial financ

ing, to $319 for high-risk industrial financing for Zircaloy- and stainless* 

steel-clad fuels. Although the unit costs for reprocessing graphite fuel 

elements are about 12% higher than those for metal-clad fuel elements, the 

contribution of the graphite fuel element reprocessing cost to the power 

cost should be less because a reprocessing plant of a fixed size can serve 

a larger HTGR electrical industry than it can an LWR, HWR, or LMFBR electri

cal industry. 

Capital costs for reprocessing facilities and equipment, based on costs 

for the Barnwell plant, range from $1000 million for LWR, HWR and LMFBR 

systems to $1200 million for the HTGRs. 


