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ABSTRACT 

This report describes the technical background and economic and process 

parameters used to develop a single purpose conceptual plant for processing 

irradiated High-Temperature Gas-Cooled Reactor (HTGR) fuel. Information 

on the plant design criteria, plant capital cost, operating cost estimate, etc, 

is also provided. 
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SUMMARY 

Facility and process descriptions are given for a conceptual processing 

plant capable of processing graphite-based HTGR fuel. The single-purpose 

plant is designed to process annually 260 tonnes (metric tons) of heavy metals 

from HTGR reference fuel. The design incorporates a burn-leach type headend, 

a modified Acid-Thorex solvent extraction system for recovery of heavy metals 

from fertile particles, and a denitration system for the U-233. The fissile 

particles are packaged and placed in retrievable storage. Extended storage of 

thorium as a nitrate solution is assumed, and radioactive waste solutions are 

stored for up to two years before conversion to granular solids in a fluidized-

bed calciner. These solids are stored (permitting retrieval) on-site for four 

years prior to being canned and shipped to a Federal Repository for final storage 

along with the fissile particles. 

An independent architect-engineering firm, Bechtel Corporation, prepared 

the design and capital cost estimate for plant construction and equipment; Idaho 

Nuclear Corporation estimated the operating costs and those capital costs p r i 

marily associated with owner's costs and not estimated by Bechtel [^]. Capital 

and operating costs for the conceptual plant are incorporated into a present 

worth evaluation to determine a daily processing charge for the plant. The 

basic processing complex is estimated to have an initial capital cost of about 

70.6 million dollars and an annual operating cost of 8.79 million dollars. An addi

tional 11.4 million dollars for capital equipment is required for supplemental 

facilities after startup. 

[a] A detailed breakdown of the capital costs is given in i^pendix C. 
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AEC CONCEPTUAL HIGH-TEMPERATURE GAS-COOLED 

REACTOR (HTGR) F U E L PROCESSING PLANT 

I. INTRODUCTION 

The AEC policy for receiving and making financial set t lement for spent 

fuels as announced in the Federal Register in March 1957 and superceded by 

33FR30'- ^ on January 3, 1968, allows a commercia l reac tor operator to deliver 

spent fuel elements to the AEC for financial set t lement if commercia l process ing 

se rv ices are not available at reasonable t e r m s and p r i ce s . The financial 

set t lement involves charges for processing (based on cost data for a reference 

process ing plant), and credits for the contained nuclear mater ia l in the spent 

fuel. Since the reference processing plant does not have the capability to 

p rocess HTGR fuels, cost data were needed for a conceptual plant, with this 

capabili ty, to develop a process ing charge for these fuels. 

[21 A modified thorium fuel cycle '• ^ is planned for those HTGR fuels that would 

be handled in the conceptual plant. In this fuel cycle, ferti le fuel par t ic les 

containing pr imar i ly Th-232 are used for conversion to U-233. The U-233 in 

turn sustains crit icali ty as the U-235 is depleted from the fissile fuel pa r t i c les . 

Eventually, when enough U-233 has been generated in the reac to r s and reclaimed, 

U-233 may be substituted for some or all of the U-235 in the fissile pa r t i c l e s . 

Initially, however, both U-233 and U-235 are in the fuel, and they must be 

separated to prevent the U-233 in fertile par t ic les from becoming unnecessar i ly 

contaminated with U-234, U-235, and significant quantities of U-236 from the 

fissile pa r t i c les . Current thinking is that the fissile par t ic les should not be 

processed, but should be s tored because the desirabili ty of recycling this 

mater ia l to a reac tor is highly questionable. 

The development of cost data for HTGR fuels involved the preparat ion of 

(a) design c r i t e r i a for a s ingle-purpose, self-contained plant, (b) a conceptual 

plant design, (c) a capital cost es t imate , (d) an operating cost es t imate , and 

(e) an economic analysis of all cost data to establish a daily charge for oper

ating the conceptual plant. The conceptual plant was designed as a s ingle-

purpose , self-contained, commercia l plant capable of processing 260 tonnes of 

heavy meta ls (Th + U) annually (HTGR reference fuel). In addition, the uranium 
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product was to be shipped to i ts owner as a canned bulk oxide, and all rad io

active wastes were to be shipped as a solid to a Federal Repository for long-

t e rm storage or disposal . 

Design c r i t e r i a were prepared by Idaho Nuclear Corporation, 

assumptions and bases were defined, and the type of fuel to be 

conceptual flowsheets were described in the design criterija. In addition, 

design c r i t e r i a for the s i te , p rocess equipment, buildings, and 

p repared . 

Based on these design cr i te r ia , conceptual design and capital 

were prepared using the following as a general bas is : 

Plant Owner: 

Plant Location: 

Construction Wage Rates: 

Engineering Constructor 
Scope and Responsibili t ies: 

A private concern. 

Assumed to be s imi la r 
National Reactor Testing 
Idaho. 

All necessary 

processed and 

services were 

cost es t imates 

The est imate was based 
wage ra tes for a near 
Denver, Colorado. 

to that of the 
Station (NRTS), 

(pn construction 
U. S, area . average 

Complete installation, ^nu 
engineering, procuremeni , 
and mechanical checkout 
fuel process ing plant 
fuel. 

Accuracy of Est imate: All costs were as of July L969. Assuming 

inqluding detailed 
, construction, 

of a spent 
fbr HTGR-type 

s s and equip-
neglecting e s -

that the specified proems 
ment were satisfactory, 
calation costs , but including contingency, 
the accuracy of the est imate was expected 
to be within 20 percent of the cost of 
the plant described. Assuming no e s 
calation of costs over the design and 
construction period was a simplification 
and would resul t in a lower cost than 
would be anticipated for an actual plant. 

Considerable effort was expended in this study to take advantage of all 

available information relative to the HTGR fuel cycle. All processes and 

flowsheets used in the study are based on information gathered at Oak Ridge 

National' Laboratory (ORNL), on published work from ORNL, Gulf General 

Atomic (GGA), and others , and on development and operational experience at 

the Idaho Chemical Process ing Plant (ICPP). An independent architect-engineering 
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firm (Bechtel Corporation) performed the design and cost estimate for the con

ceptual plant. 



II. BRIEF DESCRIPTION OF PROCESS 

Process, plant, and equipment designs for the Conceptual HTGR Fuel 

Processing Plant in this study are based on proven technology whenever 

possible; in a few cases, the design is based on available research, and some 

additional development in these areas is desirable. Totally unproven schemes 

are not considered since capital costs for such schemes are highly speculative. 

There are, of course, some alternative possiblities that could be used in place 

of the facilities assumed for the conceptual plant in this study. However, the 

alternative possibilities are in varying stages of development and none have 
r3 4 51 been completely demonstrated. The crush-bum-grind-leach process"- * ' 

assumed for this study is the best developed of the alternative headend processes. 
161 

Likewise, the fluidized-bed waste calcination process is the best developed 

waste disposal method. Consequently, these processes are designated for use 

in the conceptual plant. Although the plant is designed primarily for processing 

the HTGR reference and Fort St. Vrain fuels, it is also capable of processing 

Peach Bottom I fuel, and probably other future HTGR-type fuels. 

The design capacity of the process is 260 tonnes per year of heavy metals 

(after burnup) from HTGR reference fuel. Irradiated fuel is cooled 210 days 

prior to processing to allow essentially all Pa-233 to decay to U-233. With 

this cooling time, radioiodine decays to a negligible level. 

The U-233 product is shipped in the form of UO„ as a free flowing powder 

and essentially free from thorium contamination. The metallic and other 

specified impurities meet AEC specifications'- . 

Since the fissile material from any high-burnup HTGR fuels contains 

large quantities of U-234 and U-236, the desirability of recycling this material 

to a power reactor is highly questionable. Therefore, the fissile particles are 

packaged in high-integrity stainless steel containers, stored in a water-filled 

canal for a period of four years, and then shipped to a Federal Repository for 

ultimate disposal. 

Because of the presence of Th-228 from the decay of U-232, thorium 

recovered from irradiated HTGR fuel elements has a significantly higher radiation 

level than naturally occurring thorium. Cost of reactor-grade thorium is low 

enough that immediate reuse of irradiated thorium probably is not justified. 
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After 15 years of s torage, however, the Th-228 and daughters decay to levels 

comparable to that of natural thorium ^ ^ at which time the thorium could be 

processed through extraction facilities to separate all radioactive daughter 

components. Therefore, thorium solution is s tored as a second cycle raffinate 

(after reduction in volume by evaporation) in large underground tanks for 

eventual r euse . 

1. FUEL 

The reference fuel described in Table 1 is the type originally intended for 
r91 use in future HTGR's including the Fort St, Vrain reactor'• ••. This fuel consists 

of two types of fuel par t ic les bonded in graphite blocks. The par t ic les (fertile 

and fissile) have consecutive coatings of buffer carbon, silicon carbide (SIC), 

and pyrolytic carbon. However, it is recognized that other types of fuel, such 

as the Peach Bottom I type, could be employed; these could be handled by 

modifying the p rocess slightly with little or no change in capital c o s t s . 

If recycled U-233 is used to replace the U-235 in the fissile par t ic les 

during fuel fabrication, the process could st i l l be used to handle the fuel, 

r egard less of (a) the part ic le type, (b) the desire to process the fissile par t ic les , 

or (c) whether or not the fer t i le-par t ic le U-233 is to be kept separa te from 

the f iss i le-part ic le U-233. 

2. PROCESS FLOWSHEET 

The flowsheet chosen for processing the graphi te-matr ix HTGR fuel employs 

a crush-burn-gr ind- leach type headend, a modified Acid-Thorex solvent e x t r a c 

tion sys tem ' , and a denitration system for the recovered U-233. Engineering 

and economics were the p r imary considerations in all flowsheet design and equip

ment select ions. A block flow diagram of the conceptual plant process is given 

in Figure 1. 

In the process chosen, fertile par t ic les are processed to sepair^t^ thorium 

and fission products from the bred U-233, and the fissile par t ic les are s tored 

for an interim period to permi t fission product decay pr ior to burial . As received. 
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TABLE I 

HTGR REFERENCE FUEL DESCRIPTION 

Length (in.) 
Width (in.) 

31.22 
1^.17 (across flats of hex. 

block) 

Unirradiated Fuel 

Type 

Thorium (fertile particles) 
Uranium ('fissile particles) 

Weight 
(kg/element' 

11.19 
0.^7 

Total Heavy Metal Content 11.76 

Irradiated Fuel 

Fertile Particles 

ThO kernel 
Witn buffer carbon coating 
With SiC intermediate coating 
With pyrolytic carbon coating 
Thorium 
Uranium (83 percent U-233) 
Fission products 
Oxygen (oxides) 
SiC coating 
Pyrolytic carbon and buffer carbon coatings 

D i a m e t e r 
(M) 

350 
1+10 
1+30 
610 

Weight at 
Discharge 

(kg/element' 

T o t a l 

10.1+8 
0 .30 
0.1+1 
1.55 
0 .87 

1 0 . 9 0 

2I+.5I 

Fissile Particles 

UO2 kernel 
With buffer carbon coating 
With SiC intermediate coating 
With pyrolytic carbon outer coating 
Uranium (primarily U-231+ and U-236] 
Fission products 
Oxygen (oxides) 
Buffer carbon 
Silicon carbide 
Pyrolytic carbon 

Boron carbide 
Graphite fuel block 
Carbon binder 

200 
260 
280 
1+00 

Total 

Minimum cooling time (days) 210 
Average burnup (MWd/tonne of heavy metals) 68,000 

0.15 
0.1+2 
0.08 
0.30 
0.36 
2.22 

3 

0, 
97 

1+, 

.53 

.15 

.1+6 

.91^ 

Total Weight of Fuel at Discharge 130.59 
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HTGR fuel elements are placed in reusable containers and stored in a dry 

vault. Storage containers are used to minimize contamination of the storage 

area, and of the cooling and ventilation air. 

Preparation of fuel for processing starts with transferral of elements 

to the crushing cell. Reference-type fuel is added remotely to crushers where 

the fuel elements are mechanically reduced in size to pieces less than one 

inch in diameter to (a) assure a more continuous (rather than intermittent) 

feed to the burner and (b) to promote efficient burner operation by providing 

a larger surface area for combustion of the graphite. 

The crushed fuel elements are burned in a continuous fluidized bed of 

inert alumina particles to separate SiC-coated fertile and fissile particles from 

the bulk graphite. The combustion process, conducted in the temperature range 

of 1300 to 1400*F using varying concentrations of oxygen, allows the SiC-

coated fuel kernels to remain intact'- •'. The fissile and fertile particles 

are separated by screening. The fissile particles are stored; the fertile particles 

are crushed and fed to a fixed bed burner.The ash from the burner is leached 

and the leachate fed to a three-cycle solvent extraction system. 

To minimize solvent degradation, the first extraction cycle utilizes a 

six-stage centrifugal contactor similar in design to those developed at the 
fl3 14 151 Savannah River Plant^ ' ' •'. Pulsed columns similar to those used in most 

of the existing nuclear fuel processing plants are used for the remaining 

solvent extraction, scrubbing, andstrippingprocesses. Separate solvent treatment 

systems, one for the 30 percent TBP and one for the 5 percent TBP, are 

used to remove fission and TBP decomposition products from the organic 

solvent. 

The uranium product is concentrated, denitrated in a fluidized bed de-

nitrator, and packaged for shipping. A more detailed process and facility 

description is given in Appendix A. 
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III. ECONOMICS 

The basis for all cost estimates used in this study was that the processing 

plant would be built and operated by private industry; therefore, all costs 
f a ] 

(excluding taxes"^ ) normally encountered by private enterprise are incorporated 

into the economic analysis. A cash-flow procedure was employed and allowance 

for the time value of money was made by using a present worth evaluation. 

A daily plant operating charge of $130,000/day was calculated for the HTGR 

conceptual plant. The economic model and the basic economic and operating 

parameters used in the study are provided in Appendix B. 

1. CAPITAL COST ESTIMATES 

The construction capital cost estimate for the Conceptual HTGR Fuel 

Processing Plant was prepared by Bechtel Corporation using procedures for 

the most part which are routine with modern engineering-construction firms. 

However, any cost escalation that might occur during construction is omitted, 

and site characteristics similar to those at the NRTS, Idaho, are assumed. In 

all other aspects, the cost estimate is treated as if it were an actual project 

for which a construction contract were contemplated. Based on the specified 

process and equipment, omitting escalation costs but including a contingency, 

Bechtel believes the accuracy of the capital cost is well within 20 percent 

of the final cost of such a plant were it built. 

The capital cost estimate for the conceptual plant is summarized in Table II; 

a more detailed breakdown is given in Appendix C. The construction costs 

estimated by Bechtel Corporation included all costs associated with the engi

neering and construction of the plant, including the engineering-constructor's 

fee. Bechtel's estimate did not include land costs, process development, prelimi

nary design and licensing activities, and other owner's costs, nor costs for a 

waste calcine canning facility and additional thorium storage tanks. These costs 

were estimated by Idaho Nuclear Corporation. 

[a] Taxes will be encountered by any commercial reprocessor; their omission 
in this study is done to simplify the analysis. The proper tax rate to employ 
for an analysis such as this is dependent on the corporate tax structure as 
well as federal and state tax rates. 
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TABLE II 

CAPITAL COST SUMMARY FOR THE CONCEPTUAL PLANT [a] 

I. Direct Construction Costs 

A. Structiires and improvements 
B. Process equipment 
C. Auxiliary equipment 

II. Indirect Construction Costs 

A. General and administrative 
B. Engineering, design, and inspection 
C. Miscellaneous construction 
D. Contingency 
E. Spare parts 
F. Non-installed equipment spares 
G. Quality assurance 

Bechtel 
Estimated 
Costs 

$11,360,000 
12,680,000 
8,960,000 

9,600,000 
9,1+00,000 
7,700,000 
200,000 
100,000 

Idaho Nuclear 
Estimated 

Additional Costs 

$3,620,000!^ 
2,970,000'-^ 

2,238,000 
97l+,000 
1+52,000 

1,097,000 

1,91+0,000 

[ c ] 

III. Owners Costs 

A. Land and land rights 
B. Research and development 
C. Interest during construction 
D. Preliminary design and licensing 

Total Construction Costs 

IV. Working Capital 

Total Capital Costs 
(Bechtel and Idaho Nuclear) 

21+0,000 
1,000,000 
1+,900,000 
1,500,000 

$60,000,000 $20,931,000 

1,100,000 

$82,031,000 

[a] Including capital costs of $11,1+15,000 incurred after plant startup 
for waste calcination and canning facilities and added thorium storage 
tanks. 

[b] Composed of $1,1+50,000 for a calcine canning facility, $1,61+0,000 for 
an additional extraction system, and $3,500,000 for two additional 
thorium nitrate storage facilities (one of the three required storage 
facilities was included in the estimate by Bechtel). 

[c] Based on seven percent of the direct construction costs incurred before 
plant startup. 
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In prepar ing the construction cost es t imate , the following assumptions, bases , 

and procedures were used by Bechtel. 

(1) The single-purpose, self-contained plant would be owned and 
operated by a private company. 

(2) The engineer-constructor would be responsible for the com
plete installation of the fuel process ing plant including 
detailed engineering, procurement , construction, and mechan
ical checkout. 

(3) Cost es t imates were based on the flowsheets and c r i t e r i a 
prepared by Idaho Nuclear Corporation. 

(4) Equipment pricing was based on actual commercia l plant 
equipment quotations with allowance for cost escalation to 
July 1969. 

(5) Pr ic ing for other mater ia l and subcontracts was made from 
pre l iminary drawings, flow diagrams, and design data. 

(6) Construction wage ra tes for a near -average U. S. a rea (Denver, 
Colorado) were used. Payrol l taxes, insurance, and fringe 
benefits were included in direct labor r a t e s . 

(7) Engineering design and inspection costs were determined 
from a man-hour est imate based on past experience and on 
current projects of a s imi la r magnitude. Man-hours were 
pr iced using 1969 ra tes and include overhead of 75 percent 
of s a l a r i e s . Estimating andprocurementfunctions are included 
in this category. 

(8) Miscellaneous construction costs cover temporary field 
construction, field r ecords , equipment renta l , and other costs 
incurred at the construction si te which are not directly 
chargeable. 

(9) Contingency was added to cover costs which were not 
specifically identifiable at this stage of the project , but 
which would be absorbed as the project p rogressed into detailed 
design. It does not cover escalation or major changes in 
plant scope. 

(10) Costs of spare par ts were based on an average value of 
par t s which would be kept on hand to immediately cor rec t 
malfunctions in essent ia l i tems such as p rocess equipment, 
ut i l i t ies , manipulators, instrumentation, e tc . P a r t s r e q u i r e 
ments were est imated as a varying percentage of direct 
mater ia l costs considering equipment complexity, se rv ice , 
and the likelihood of local warehousing of required i tems. 
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(11) Non-installed spares are those items, especially fabricated 
for the plant or vital to continued operation, which would 
be stored on-site for immediate replacement. 

Bases for owner's costs estimated by Idaho Nuclear Corporation are: 

(1) A land cost of $400 per acre was assumed. 

(2) General and administrative costs were assumed to be seven 
percent of the direct construction costs before startup as r e 
commended in the Guide to Nuclear Power Cost Evaluation [16]. 

(3) Interest during construction was assumed to be eight percent 
per year based on the debt portion of the capital expended 
during construction. 

(4) Working capital requirements were based on 45 days of 
operating expense. 

(5) Development costs before startup were included as part of 
the capital investment since this work primarily would be 
required only for this project. These costs were assumed 
to be $200,000 per year for five years prior to startup. Sig
nificant research and development work was assumed to have 
been completed at an earlier date. 

(6) Quality assurance costs based on refinery and chemical plants 
were included in the Bechtel estimate; however, its estimate 
does not reflect quality assurance costs anticipated for a 
nuclear fuel processing plant being built in the near future. 
An additional cost of three percent of the Bechtel estimate 
has been assumed to reflect costs for more stringent quality 
assurance than originally considered in this study. 

(7) Preliminary design and licensing costs were estimated to be 
$1.5 million ($1 million per year for 1-1/2 years). 

Capital costs for a facility for canning and shipping solid wastes to a Federal 

Repository and for added thorium storage (Bechtel's estimate included thorium 

storage capacity for only five years of processing) were determined as follows: 

(1) Capital costs for the solid waste canning and shipping facility 
were based on an estimate for similar facilities to handle 
calcined wastes from the Waste Calcining Facility at the Idaho 
Chemical Processing Plant (ICPP). 

(2) Capital costs for added thorium storage were taken from 
Bechtel's estimate. 

The project schedule and annual capital expenditure distributions are 

provided in Figures 2 and 3, respectively. 
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2. OPERATING COST ESTIMATES 

Operating costs for full production ra te were developed for the conceptual 

plant based on published cost factors as shown in Table III and from past 

experience in the operation of ICPP. Costs summarized in Table III are divided 

into four p r imary groups - - costs proportional to labor, investment, and p roduc

tion r a t e , and miscellaneous cos ts . Depreciation i s not included in the operating 

costs because the economic model includes recovery of the capital invest 

ment and is on a before-tax bas i s . Interest on the debt is not included as an 

operating cost but is included in the uniform annual repayment of the debt. Chem-

ical costs are based on published pr ices ^ 

Costs proportional to labor include wages and sa la r i es for 305 personnel , 

a labor burden of 26 percent of wages and sa la r ies for benefits, and a four-

percent allowance for supplies; total annual costs proportional to labor amount 

to $3,696,000. The est imated number of personnel for the conceptual plant and 

their sa la r i es are itemized in Appendix D. 

Costs proportional to investment include those for maintenance mater ia ls 

and an allowance for equipment replacement , insurance, and property taxes . 

Maintenance mater ia ls are assumed to be one percent , insurance costs (in-
r -I g i 

eluding nuclear liability) eight-tenths of one percent^ •", and property tax 

one percent of the capital investment (excluding working capital and in teres t 

during construction). Interim replacement costs were determined for es t imated 

service lives of the equipment. This cost covers only the replacement of major 

equipment. Costs for minor equipment replacement such as valves , s c r eens , 

piping, and instrumentation are included in annual costs for maintenance 

ma te r i a l s . A onetime s tar tup cost is es t imated at 10 percent of the initial 

capital investment (excluding the $11,445,000 capital cost incurred after plant 

s tar tup) . In the economic analysis , funds for replacement are disbursed in 

the year of occurrence. Total annual costs proportional to investment are e s t i 

mated to be $2,129,000. 

Those costs proportional to the production ra te amount to $2,290,000 annually 

and consist of allowances for chemicals , ut i l i t ies , and waste disposal . Annual 

chemical requirements for the conceptual plant are i temized in Appendix E . 
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TABLE III 

CONCEPTUAL PLANT OPERATING COST SUMMARY^ "' 
(Dollars per Year) 

I. Costs Proportional to Labor 

A. Wages and s a l a r i e s $2,81+3,000 
B. Labor burden (26^ — benefits, etc) 739,000 
C. Other burden ( W — supplies) lll+,000 

Subtotal $3,696,000 

II. Costs Proportional to Investment (Fixed Costs) 

A. Maintenance material (1% of capital investment) 760,000 
B. Equipment replacementL*^ J r -1 
C. Insurance (0.8^ of capital investment)'-rj^-, 609,000 
D. Property tax il% of capital investment)'' •' 760,000 
E. Startup costsLdJ 

Subtotal $2,129,000 

III. Costs Proportional to Production Rate 

A. Direct materials (chemicals, etc) 530,000 
B. Utilities 395,000 
C. Calcined waste disposal 1+21,000 
D. Fissile particle disposal 91̂ 1̂ 0̂00 

Subtotal $2,290,000 

IV. Miscellaneous Costs 

A. Research and development 100,000 
B. Home office expense (7% of operating costs) 575,000 

Subtotal $ 675,000 

Total Operating Costs $8,790,000 

[a] Based on full production rate through conceptual plant. 

[b] Excluding working capital and interest during construction. 

[c] Equipment replacement costs were assumed to occur during the year of 
replacement. A total expenditure of $2,31+0,000 was estimated for re
placements over the lifetime of the plant. 

[d] Startup costs were estimated to be 10^ of the capital investment before 
startup or a total of $6,l+5l+,000. This onetime cost occurs in the 
year prior to production processing. 
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Waste disposal costs include those for canning, shipping, and government 

charges at the reposi tory. These costs are itemized in Appendix F . 

Miscellaneous costs for r e sea rch and development amount to $100,000 

annually and an annual home office expense of $575,000 is assumed (seven 

percent of operating costs) . 

3 . METHOD OF DETERMINING THE BATCH PROCESSING CHARGE 

The daily process ing charge ($130,000/day) for the conceptual HTGR 

fuel process ing plant i s based on an operation in which separa te accounta

bility of each batch of fuel i s not required. The plant i s assumed to p rocess 

260 tonnes (after burnup) of thorium and uranium annually during 250 actual 

process ing days (except during the first two yea r s after hot s tar tup) . Two days 

each month are reserved to heel-out the facilities for cr i t ical i ty cons idera 

t ions . Based on these assumptions, the plant could p rocess a maximum of 1.04 

tonnes of thorium and uranium p e r day. The charge for process ing a batch 

of reference fuel i s determined by using the following equation: 

Process ing charge = D ( W / R ) 

where 

D = $130,000 (the daily charge for operation of the conceptual 
HTGR plant) 

W = weight in ki lograms of thorium and uranium in the fuel 
batch to be processed through the extraction system 

R = 1040 (daily process ing ra te in ki lograms of thorium and 
uranium to be processed through the extraction system and 
containing a maximum of 120 1^ uranium). 

For fuels other than the reference fuel, R, the daily plant process ing 

r a t e , would have to be determined and substituted in the above formula in place 

of the 1040 kilogram figure used for the reference fuel. The calculated charge 

for the process ing service excludes all shipping cos ts both for the incoming 

spent fuel and for outgoing purified product . No product losses are assumed in 

the process ing charge determination. 
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4. ADJUSTMENT OF THE DAILY CHARGE 

The daily process ing charge is adjusted for changes in the economy by 

applying cost indices to the capital and operating portions of the daily charge. 

The portion of the daily charge related to capital cost can be adjusted to reflect 

changes in pr ice levels since the July 1969base date by using monthly cons t ruc-
ri9i 

tion cost indices"^ \ Likewise, the portion related to the operating cost can 

be adjusted by using an index such as the inorganic chemicals cost index*- . 

Sensitivity analyses indicate that 80 percent ($104,000) of the daily charge 

for process ing i s capital related and 20 percent ($26,000) is operating rela ted. 

These dollar amounts are adjusted from the July 1969 basis by the following 

equation: 

D^ = $104,000 M + $26,000 N+-

where 

Dĝ  = daily processing charge adjusted for escalation 

$104,000 = capital portion of the daily process ing charge 

M -
IC. - IC 

f P 
IC 

p 
ICo - official Monthly Construction Cost Index for some future date 

IC = Official Monthly Construction Cost Index for July 1969 

$26,000 = operating portion of the daily p rocess i r^ charge 

lO. - lO 
N = - i p 

10 
P 

lO^ = Index for Inorganic Chemicals for some future date 

lO = Index for Inorganic Chemicals for July 19Hy 
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IV. CONCLUSIONS 

Capital and annual operating costs for the AEC Conceptual HTGR Fuel 

Processing Plant are estimated to be $82,031,000 and $8,790,000, respectively. 

The daily charge for plant operation is calculated to be $130,000 as of July 

1969. 
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APPENDIX A 

DESCRIPTION OF PROCESS AND FACIL ITY 

The Conceptual HTGR Fuel Processing Plant is a single-purpose, self-

contained plant designed to process 260 tonnes of heavy metals per year from 

HTGR reference fuel. A brief description of the process is given in Section II; a 

more detailed description of the process and a facility description are given 

in the following sections. 

I, DESCRIPTION OF PROCESS 

When received, HTGR fuel elements are placed in containers in a dry storage 

vault to await processing. The fuel elements are then transferred to a headend 

facility where they are crushed. The crushed fuel is continuously burned in a 

fluidized bed to expose the fertile and fissile particles. The particles and a 

portion of the bed material are continuously removed from the burner and sepa

rated by screening. Alumina particles are recycled to the burner, and the fissile 

particles are placed in storage. The fertile particle stream is then processed 

to recover the contained U-233. A condensed chemical flowsheet for processing 

HTGR reference fuel is shown in Figure A-1. 

1. HEADEND 

Preparation of burner feed starts when fuel elements which have been cooled 

for the specified 210 days are transferred either to the fuel cutting equipment 

or directly to the crushers, depending upon the particular fuel type under 

consideration. Significant portions of certain fuel elements may not contain 

any fuel meat or may not be compatible with either the crushing or burning 

operations. This tj^e of fuel is to be diverted, therefore, to the fuel cutting equip

ment for the purpose of reducing its size or removing undesirable constituents. 

1.1 Bulk Fuel Process 

Following their transfer, either directly from storage or via the fuel cutting 

equipment, the fuel elements are mechanically reduced in size by crushers to 

pieces about one inch in diameter. The primary objectives of the size reduction 

are (a) to assure a more continuous, rather than intermittent, feed to the burner 
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and (b) to promote efficient burner operation by providing a l a rger surface 

area for combustion of the fuel. 

Each of the burners has a separate crushed fuel hopper and ai r - lock feeder 

associated with it. Thus, following the fuel block crushing operation, the crushed 

fuel is collected in hoppers and then fed to the burners at a controlled ra te by 

the individual a ir- lock feeders . Alumina par t ic les are added continuously to 

the fluidized-bed burners through separate entry l ines. 

The combustion p rocess , conducted in the tempera ture range from 1300 

to 1400°F with varying oxygen concentrations, allows the s i l icon-carbide-coated 
[121 

fuel par t ic les to remain intact "̂  '. However, up to ten percent of both the fissile 

and fert i le par t ic le coatings may be fractured from a variety of causes . This 

resu l t s in (a) coatir^ of alumina par t ic les with quantities of thorium, uranium 

and fission products oxides and (b) the re lease of both gaseous and volatile fission 

products in the burner . Therefore, routine leaching of the alumina is necessary . 

During combustion, re leased halides, noble gases , and volatile fission 

products largely exit with the burner off-gas. The s intered metal fi l ters within 

the burners serve to remove entrained par t ic les from this s t r e a m . Then the gas 

is cooled and passed through a packed-bed s i l ica-gel adsorber to remove 

ruthenium oxides; any cesium oxide escaping the s intered fi l ters probably 

is removed also, but to a l e s se r extent than ruthenium. P r i o r to discharge 

via the plant stack, res idual particulate mat ter is removed from the off-gas 

by roughing and high-efficiency f i l te rs . Gaseous fission products a re diluted 

in the stack with ventilation air to maintain concentration levels below re lease 

l imi t s . 

Burner ash, a mixture of alumina, fuel par t ic les , heavy meta l s , and fission 

products , is withdrawn through a side removal line near the bottom of the 

bed; a bed drain line is also provided to allow removal of the ent i re contents 

of the bed pr ior to maintenance operations or during emergenc ies . Normally, 

the burner ash is t ransported pneumatically to a hopper p r ior to screening. 

However, during emergencies , the entire bed is dumped to a bed s torage 

hopper. The ash may contain a significant quantity of fines, some of which may 

be unreacted graphite. The exact quantity of graphite depends largely on burner 

operating conditions. Any fines entrained in coolir^ air s t r e a m s are removed 

by s intered metal f i l ters ; a pulse blowback sys tem is used to re turn the fines 

to one of the fluidized-bed burne r s . 
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A screener divides the burner ash into the following three main streams: 

(a) fertile particles, (b) alumina, and (c) fissile particles. The fissile particle 

stream contents are placed in containers and the containers are stored in a 

water-filled storage basin prior to shipment to a Federal Repository. 

1.2 Fertile Particle Process 

The fertile particles are collected in a hopper or interim storage vessels 

after screen separation and prior to entering a crusher. The particle crusher 

breaks the silicon-carbide-coating on the particles. Crushed fuel particles pass 

from a collection hopper to a weigh hopper before being introduced into a fixed-

bed burner, where the buffer carbon is burned. Sintered-metal filters retain 

the solids within the burner while silica-gel adsorbers remove the bulk of the 

volatile fission products. The ash from the fixed bed burner is transferred 

to a storage hopper prior to leaching in a batch-type operation. The acid is 

added to the leacher and heated to boiling before introduction of the burner ash. 

The burner ash is added to the leacher over a several-hour period of time for 

adequate control of the foamir^ which initially occurs. 

The leacher slurry is jetted to a centrifuge for separation of the leachate 

from the solids, and solids washing. Solids from the centrifuge, consisting mainly 

of alumina, silicon carbide hulls, and boron carbide, as well as some insoluble 

fission products, enter a drying hopper where they are dried with nitrogen and 

are then used as a diluent for the high-activity-level waste solids produced 

from calcining waste raffinate streams. The leachate and rinse solutions are 

combined with the leachate-rinse solution produced in the alumina cleanup 

cycle. The composite leachate then enters the feed adjustment system. 

Feed adjustment consists of a nitric acid stripping operation and is required 

for the modified Acid-Thorex process, since the feed solution must be acid-

deficient. Pilot plant studies '̂  ' ^ have shown that the acid stripping can be 

satisfactorily accomplished by evaporating and steam-sparging the leachate in 

the steam stripper. The overhead from the stripper is a high molarity nitric 

acid solution which is reclaimed for recycle purposes. 

The acid-deficient stripper product is continuously withdrawn from the 

stripper and enters a receiver tank. While the stripper product is being held 

in the receiver tank, an aqueous solution of sodium bisulfite, NaHSOq, is added 

to improve ruthenium decontamination^ during solvent extraction. After the 
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addition of the sodium bisulfite, the adjusted feed solution is t ransfe r red to the 

feed tank for the solvent extraction p roces s . 

1.3 Alumina Cleanup P rocess 

As indicated previously, some coating of the alumina bed mater ia l is ant i 

cipated from heavy metals and fission products because of fuel par t ic le breakage 

during reac tor operation and headend process ing. In addition, some contamina

tion of the alumina s t r eam with fuel par t ic les is expected due to car ryover from 

the screening operation. The est imated contamination level from these two 

sources is controlled at an equilibrium level of two percent of the alumina 

mass . Cleanup of the alumina on a once a month basis is believed adequate to 

remain at or below this level of contamination. To minimize downtime, the a lu

mina is processed on a continuous bas i s , that i s , approximately one-thir t ieth 

of the alumina s t r eam is processed daily. 

Following separation of the alumina s t r eam from the bulk of the burner 

product ash, a diversion valve splits the s t r e a m of solids into two par ts with 

the major portion being recycled directly back to the burners , while the alumina 

to be processed is sent to an alumina s torage hopper. The coating is leached from 

the lat ter in a batch-type operation s imi la r to that of the ferti le par t ic le p roces s . 

Alumina losses can occur by two independent means . The f i rs t loss can 

occur in the screening operation in which up to ten percent may be lost to the 

fert i le and fissile part ic le s t r eams as a resul t of par t ic le at tr i t ion. The second 

loss of alumina can occur in the leacher operation where it is est imated that 
[41 up to two percent may go into solution"^ . These losses are compensated by 

adding fresh alumina to the recycle s t r eam just p r io r to its entry into the burner . 

After completion of the leaching operation, the s lu r ry is jetted to a cen

trifuge where the following operations take place sequentially: (a) leachate is 

removed, (b) the solids are r insed, and (c) the solids are discharged and 

t ransported to a drying hopper. The alumina is dried using a heated a i r s t r e a m 

and then returned to the recycle s t r e am. The leachate and r inse solutions 

are combined with the leachate r inse solution produced in the ferti le par t ic le 

cycle for further process ing. 
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2. SOLVENT EXTRACTION OF FERTILE MATERIAL 

A modified Acid-Thorex flowsheet^ ' ' is used in processing the heavy 

metals leached from the ferti le pa r t i c les . Each of three cycles utilizes extraction, 

scrubbir^ , and str ipping s teps . The f irst cycle separa tes the bulk of the fission 

products from thorium and uranium, while the second cycle parti t ions thorium 

from uranium. Finally, the last cycle consists of an additional uranium purif ica

tion cycle. The solvent wash sys tem for five percent tributyl phosphate (TBP) 

is common for the extractant from the second and third cycles, while the f i rs t 

cycle extractant — 30 percent TBP — uses an independent solvent wash sys tem. 

In the f irs t extraction cycle, thorium and uranium are co-extracted from 

the feed solution by a solvent composed of 30 volume percent TBP in an inert 

diluent. The acid-deficient feed is continuously metered into a mult i -s tage centrif

ugal contactor. Greater than 99,9 percent of the fission products are removed 

in the waste raffinate s t r e a m . This s t r e a m is subsequently routed to waste 

processing for disposal with other high level wastes . The scrubbed extractant 

s t r e a m containing thorium and uranium is then fed to the s t r ip column where 

thorium and uranium are str ipped from the organic extractant . The f i rs t cycle 

product is reduced in volume by evaporation and fed into the second solvent 

extraction cycle. 

In the second solvent extraction cycle, thorium and uranium are partit ioned 

from each other and the uranium receives an additional decontamination. The 

second cycle feed is contacted in a pulsed column with an extractant containing 

five percent TBP in Amsco. By adjustir^ the relat ive feed and extractant flow 

ra t e s and by selecting a suitable scrub s t r eam, virtually all of the thorium 

remains with the aqueous raffinate. In addition, the acid sc rub s t r e a m provides 

additional decontamination of the uranium-bear ing solvent s t r e am. The uranium is 

s tr ipped back into the aqueous s t r eam which is reduced in volume by evaporation. 

Because of the presence of Th-228 from decay of U-232, thorium from i r r a 

diated HTGR fuel elements has a significantly higher radiation level than 

naturally occurr ing thorium. Cost of natural thorium is low enough that r euse 

of thorium in a fuel fabrication plant is not justified. After 15 years of s torage , 
[81 

the Th-228 and daughters decay to levels comparable to natural thorium "• . 

Therefore , the recovered thorium is s tored after being reduced in volume by 
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evaporation to the l imits of thorium solubility. The concentrated thorium 

solution is subsequently sent to s torage tanks. 

The third extraction cycle provides the final uranium purification s tep . 

The final product (U-233) from the third cycle extraction is essential ly free 

of fission product radioactivity; however, should product shipment be delayed 

by s t r ikes , bad weather, etc , fission product activity would bui ldup due to the 

daughters of the impurity U-232. To cope with possible shipping delays and 

insure that only freshly decontaminated product is shipped, the sys tem contains 

inter im storage tanks to collect second cycle product and oversized third 

cycle extraction equipment to handle the increased load due to the holdup. 

Waste raffinate from the third cycle is sent to intermediate level waste collection 

tanks for process ing. Uranium solution is concentrated p r io r to being fed to 

a uranium product deni t rator . 

Two solvent wash sys tems are provided to remove impuri t ies formed by 

radiolytic and chemical degradation of TBP and paraffin hydrocarbons during 

process ing. Independent wash sys tems are required for the 5 and 30 percent 

TBP solutions. Removal of solvent degradation products is necessa ry for proper 

chemical and mechanical operation of the solvent extraction sys tem. In both 

solvent wash sys tems , the solvent effluent from the s t r ip column(s) is contacted 

with a dilute solution of sodium carbonate in a pulsed column and then with dilute 

ni t r ic acid in a packed column. The washed solvent overflows to a solvent 

s torage tank for re turn to the extraction columns. Periodical ly, the wash waste 

is t ransfer red through a decanter to the intermediate- level waste system for 

disposal . When necessary , fresh makeup solvent may be added to the sys t ems . 

After long process ing periods, cer tain degradation products , which were not 

removed in the solvent washing sys tem, build up in the extractant and form 
[211 complexes with some fission products , namely, zirconium and niobium'-

Periodically as these degradation products build up in the solvent, the solvent 

must be discarded and replaced. For disposal , this degraded solvent is burned 

as a fuel in the waste calcining facility. 

3. PRODUCT 

The concentrated U-233 product could be routed to the uranium loadout 

a rea for t ranspor t to a fuel refabrication plant as a ni trate solution if the 
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refabrication plant were adjacent to the processing plant. In the event that the 

refabrication plant is not located in the vicinity of the reprocessing facility 

(as is assumed in this report), denitration and conversion to solid uranium 

trioxide are desirable. Denitration of the U-233 product stream is accomplished 

in a fluid-bed denitrator and the product is subsequently packed for shipment 

to the fuel refabricator. 
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n. CONTROL OF NUCLEAR HAZARDS 

The general philosophy for control of nuclear hazards in the plant requires 

control of the radiation dose to operating and maintenance personnel, freedom 

from contamination by radionuclides in controlled areas, and the elimination 

of any risk of a nuclear excursion due to the accumulation of critical quantities 

of uranium. Finally, control of nuclear hazards outside the plant requires 

the elimination of risk to the population at large which could result from the 

uncontrolled release of gaseous, liquid, or solid wastes. 

1. RADIATION CONTROL 

Throughout the plant, radiation control is effected by concrete shielding 

of appropriate thicknesses as the primary protection. Shielding in the process 

building is adequate to protect plant personnel from radiation during normal 

operation, based on AEC guidelines'^ . Penetrations through shielding walls, 

floors, windows, piping, etc, are designed to provide shielding equivalent to 

the wall, as required. 

2. CONTAMINATION CONTROL 

Traffic flow and ventilation paths within the plant prevent the flow of con

taminants from a high-concentration to a low-concentration area; health-physics 

checkpoints serve areas of potentially high contamination. A slight vacuum on 

the entire processing building prevents any unfiltered leakage from the building. 

Egress from and access to the building are through vestibules or normally non-

contaminated areas that serve as buffer zones between the outside and areas of 

contamination within the building. Radioactive areas operate at a negative p res 

sure with respect to operating areas, with exhaust capacity adequate to insure that 

a pressure difference of at least 0.5 in. water is maintained at all times between 

radioactive and operating areas. 
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3. CRITICALITY CONTROL 

Normally accepted radiochemical safety design practices are assumed for 

protection of both personnel and equipment. Nuclear criticality is controlled 

in process equipment and vessels by one or a combination of the following: 

(1) Designing geometrically safe systems 

(2) Limiting mass concentrations 

(3) Usii^ soluble neutron poisons in solutions 

(4) Using grids containing nuclear poison. 
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m. EFFLUENT DISPOSAL 

During fuel process ing, radioactive contaminants in the gaseous waste are 

removed to levels that permi t safe environmental r e l ease . P roces s off-gas is 

passed through s i l ica gel adsorbers to remove pr imar i ly ruthenium, then filtered 

through roughing and high-efficiency fi l ters and monitored before discharge 

via a 400-foot-high stack to the environment. The stack height is based on a 

maximum dose limit of 170 mR/yr to a general population as listed in 10CFR20 

of the Federal Regis ter . The dose is assumed caused from Kr-85 . However, 

most of the tr i t ium in the fuel elements is also discharged through the stack. 

Ventilation air from the cells is also filtered through both roughing and high-

efficiency fi l ters and then monitored before discharge. Some liquid waste, 

after being str ipped of essentially all radioactivity by ion exchange facili t ies, is 

discharged to the ground water, but only if it meets permiss ib le c r i t e r i a . All 

other liquid wastes are concentrated by evaporation to high-level waste, s tored 

for a minimum of two y e a r s , converted to solid par t ic les by the fluidized-bed 

calcination p roces s , and s tored in underground vaults in smal l diameter bins. 

The bins are constructed such that the calcine is re t r ievable , after sufficient 

cooling, for shipment to an off-site Federal Repository. Other less radioactive 

bulk-solid wastes are packaged for off-site buria l . 
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IV. PLANT DESIGN 

The Conceptual HTGR Fuel Process ing Plant is developed to be a minimum-

cost plant within the framework of current and proposed AEC regulations 

governing the licensing and operation of such facil i t ies. 

1. PLANT SITE AND GENERAL PLANT LAYOUT 

The location of the conceptual plant is assumed to be s imi la r to that of 
roQ 24 25] 

the National Reactor Testing Station, Idaho ^ » * , in an are a of low population 

density. The si te is relatively level with local drainage handled by a sys tem 

of ditches and pipe culver ts . The type of soil precludes any unusual or elaborate 

foundation requi rements , and the si te has adequate underground water and 

e lec t r ica l power available. Ready access to the si te by ra i l road and highway is 

assumed. 

Most of the plant facilities are contained within a smal l securi ty a rea located 

in the center of a 600-acre area , approximately 1-1/4 miles long and 3/4 mile 

wide aligned with the long axis in the direction of the prevai l i r^ wind. The securi ty 

a r ea is enclosed by a chain link fence and is lighted. Access to this a rea is 

through a guard gate house. A parking a rea is provided for approximately 200 

ca r s outside the securi ty a rea adjacent to the gate house. Paved roads , extending 

from the main highway to the plant s i te , connect all buildings, and smal l a reas 

a re provided for parking at most of the plant buildings. A ra i l road spur t rack is 

extended from the main ra i l lines in the a rea to service the fuel s t o r ^ e a rea . 

The general plant layout is shown in Figure A-2. 

The plant is composed of four main buildings. The process ing building 

contains all of the radioactive process ing equipment and other required r ad io 

active operations such as spent fuel s torage, analytical, decontamination, and 

waste t reatment , plus some office space. The administration building contains 

offices, reception and conference rooms , medical and f i rs t -a id offices, as well 

as a lunch room, a modest l ibrary, and a mail room. The auxiliary building 

houses the boi lers , emergency diesel genera tors , compresso r s , and d r y e r s . 

A combination warehouse and plant-equipment maintenance shop is provided. 
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The process building incorporates a compact arrangement and plot plan 

to minimize shielding concrete and the lei^th of piping runs. The processes 

are arranged so that storage and handling of highly radioactive material are 

below grade where practical. The majority of normally clean operations 

are carried out on one side of a linear arrangement of process cells, while 

those which might be a source of radioactive contaminants are carried out 

on the opposite side. All waste storage is at the rear of the facility while offices, 

laboratories, and access are at the front. 

A package air separation plant, located near the process building, is 

provided to supply oxygen to the graphite burners. This plant also provides 

nitrogen gas for conveying and cooling solids in the headend process. Nitrogen 

is used to provide an inert atmosphere should the fuel contain carbide rather 

than oxide fuel. The nitrogen is obtained at essentially no cost as it would be 

a waste gas from the oxygen plant if not utilized. The use of nitrogen, even 

with oxide fuels, lessens the probability of accidental burning of finely divided 

graphite or fuel in the transport lines or collection vessels. 

2. FUEL RECEIVING AND STORAGE 

Spent fuel, canned or uncanned, is received in large shielded shipping casks 

at the fuel receiving facility. This facility is designed to receive shipments by 

either rail or truck. A cask is removed from the vehicle by an overhead crane, 

placed in an upright position for examination, and then lowered into the unloading 

pit. In the unloading pit, the cask is washed to remove dirt and dust prior to 

unloading. A shield plug is then placed over the unloading pit and the cask lid 

is removed and clamped to the plug prior to unloading the fuel from the cask with 

remote manipulators.Uncanned fuel elements are placed in reusable containers 

before being transferred into the fuel storage area. 

Fuel elements are transferred from the shipping cask to the storage 

containers in the cask unloading pit by a telescoping boom manipulator. The 

manipulator also is used to attach a lifting lid to the loaded containers and 

transfer the containers to a remotely operated dolly which shuttles back and 

forth in a tunnel between the loading pit and fuel storage vault. Fuel received 

in storable containers is transferred directly from the cask to the dolly. 
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The fuel s torage containers are moved from the t ransfer dolly to a location 

in the vault by a remotely operated overhead crane. This crane also moves the 

containers from the vault to the fuel cutting and crushing cell where the p r o 

cessing operations s t a r t . 

The fuel s torage vault is a part ial ly underground s t ruc ture providing 

storage space equivalent to 60 days of process ing. The storage containers 

r e s t on spring-loaded t rap doors which open under load to a plenum and allow 

cooling air to flow around the containers . The containers are supported laterally 

near their tops by an angle iron lat t ice. 

3. PROCESS AREA ARRANGEMENT 

The major process areas are arranged in a line with specialized functions 

being car r ied out in separate cel ls . In the dry headend p rocess , flow of mater ia ls 

is by gravity within the cells and by pneumatic t ransfer between cel ls . In the 

aqueous p roces ses , t ransfer is by gravity, s team jet, or air lift, as appropriate. 

The general layout of the process cells is shown in Figures A-3 and A-4. 

The arrangement of equipment within the cells is also shown in Figure A-4. 

The cell name descr ibes the major equipment in the dry headend cel ls . For the 

aqueous process ing cel ls , the remote chemical process cell contains leachers , 

centrifuges, and f i rs t -cycle contactors; the high level cell contains the high 

level waste sys tem, the s t r ipper , and the waste rework sys tem; the high-

intermediate level cell contains the intermediate level waste sys tem and the 

remaining f i rs t -cycle extraction system; the intermediate level cell contains 

the front end of the f i rs t -cycle solvent cleanup sys tem, the second-cycle 

extraction equipment, and the low-level waste sys tem; the low level cell contains 

third-cycle extraction equipment, a second solvent cleanup sys tem, and the tail 

end of the f i rs t -cycle solvent cleanup sys tem. 

4. EQUIPMENT MAINTENANCE 

A combination of remote and contact maintenance is used in the plant. Equip

ment in high radiation a reas with a high expected maintenance frequency are 

e i ther repairable or replaceable remotely; all other equipment is designed for 

contact maintenance. 
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All cells have roof hatches which provide access to the equipment within 

the cells. Equipment in the cells is located to facilitate vertical removal without 

disturbing adjacent pieces of equipment. Contaminated equipment can be t rans

ferred from the process cells to the washdown and decontamination cells through 

the access hatches. 

Within the headend cells, provisions are made for some remote maintenance 

of a simple nature. Operations of this type would include replacement of filters, 

bed heaters, and instrumentation; freeing of valves; and makii^ and breaking 

connections. More complex operations involving major equipment overhaul 

would require decontamination prior to opening the cells and retrieving the par 

ticular equipment involved for transfer to the hot maintenance cell. Where 

required, operations within cells are normally viewed through strategically 

located shielding windows. Closed circuit television is provided in areas where 

only inspection and viewing are required. 
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APPENDIX B 

ECONOMIC MODEL AND ASSUMPTIONS 

The daily processing charge for the conceptual plant is calculated using a 

present worth analysis of the disbursements and receipts for the project 

considered in this study. The following economic model is used to determine 

the daily charge: 

O K K 
E ECj (1 + i)*̂  = r £ ^ d (1 + i)"K -EAEJ^ (1 + i)"^ - E Q ECJ^ (1 + i)-^ 

where 

J = number of years prior to startup 

K = number of years after startup 

EC- = equity capital expenditures in year J 

D = daily charge, $/day 

d = processing days available for year K 

AE = annual expenses (interest, debt repayment, operating 
cost, local taxes, etc.) 

EC„ = equity capital expenditure in year K 

(1 + i) = present worth factor for year J 

-K (1 + i) = present worth factor for year K 

i = rate of return desired before income taxes . 

Using the following economic and operating assumptions, the daily processing 

rate (D) for the plant is calculated to be $130,000/day: 

Economic Assumptions 

(1) Debt to equity ratio — l / l 

(2) Annual return on equity — 25 percent before taxes 

(3) Interest rate on debt — 8 percent per annum 
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Operating Assumptions 

(1) Qn-stream plan efficiency — 250 days/yr (~70%) 

(2) Attainment of full processing rate — start of third processing 

year (1st year-half rate, 2nd year - 3/4 rate) 

(3) Years of plant operation — 15 years . 

Table Bpresentsthecashflowworksheetusedin determining the daily processing 

charge for the Conceptual HTGR Fuel Processing Plant. 
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TABLE B 

PHESEBT WORTH ASAIYSIS - DAILY HATE BASIS 

Y e „ -5 -It -3 -2 -1 0 1 2 3 It 5 6 7 8 9 10 11 12 13 H 15 l6 17 18 19 

A. Operating days: 

1. Regular — — — — — — 125 l88 250 250 250 250 250 250 250 250 250 250 250 250 250 
2. Discounted e 25!t — — — — — — 100 120.32 126 102.li 81.93 65.53 52.143 1(1.95 33.55 26.85 21.1i6 17.18 13.75 11.0 8.80 — 

B. Capital Costs ($1,000) 

1. Equity 250 720 5508 13078 III156 1809 — 2575 — — ~ 901 13I1I1 — — 901 — — — — (SW) — (65) — (53) 
2. Debt — — — — — — U385 lt385 1<711 lt711 1<711 k711 WI16 5061 5061 5061 5287 5287 5287 5267 5287 — 

Subtotal 250 720 5508 13078 llli56 1809 I1385 696O lt711 1711 lt711 5612 6190 5061 5061 5962 5287 5287 5287 5287 lt9ltl — (65) — (53) 

C. Operating Costs ($1,000) — — — ~ — 6906 6591 6953 7756 T756 8510 8lOlt 6511 lOOlk 8735 9292 8790 8790 8790 8790 8790 1636 1636 I I I6 I I I 6 

D. Total Annual Costs 
($1,000) 250 720 5508 13078 11*56 8715 10976 13913 12lt67 13221 13716 H701 15075 13796 1525I1 llt077 111077 llt077 llt077 lli077 13731 1636 1571 1II6 IO63 

E. Present Worth of Costs 
e 25!( ($1,000) 763 1758 10758 20li3lt llt320 8715 8781 890I1 6383 5106 k332 3595 3083 2530 I851 1638 1209 967 77li 619 1163 1<6 35 20 15 

Daily Charge = * " ^ ' ^ | ^ ' ° ° ° I $129,831 = $130,000/day 

(86) 

603 

3,563 
625.17 

37,992 
7lt,078 

(86) 112,070 

669 6S9 139,960 

252,030 
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APPENDIX C 
CONCEPTUAL PLANT CAPITAL COSTS 

A detailed breakdownoftheconceptualplant capital costs is given in Table C. 

The Bechtel portion of the estimate includes all costs associated with the engi

neering and construction of the basic plant. Bechtel's estimate does not include 

land cost, process development, preliminary design and licensing, and other 

owner's costs, nor costs for a waste calcine canning and shipping facility and 

additional thorium storage tanks. These costs were estimated by Idaho Nuclear 

Corporation and are shown separately. 
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TABLE C 

CONCEPTUAL PLANT CAPITAL COSTS 

BECHTEL ESTIMATE ^ ^ Cost 

($1,000) 

I. DIRECT COSTS 

A. Structures and Improvements 

Site improvements 
Main process "building 
a. Fuel storage 
b. Headend cell(s) 

(l) Fuel cutting 
(2) Fuel crushing and burning 
(3) Screening, particle crushing 
(k) Alumina recycle process 
(5) Fissile particle storage 

c. Solvent extraction cells 
d. Product cell (U-233) 
e. Waste disposal cell(s) 

(1) Evaporation, calcination and 
(2) Offgas cleanup 

f. Miscellaneous 
Waste storage 
a. Thorium storage vault 
b. Aqueous storage vault 
c. Calcine storage vault 
Utilities building 
Administrative building 
Other 

and burning 

ion exchange 

1 

1 
1 

1 

230 

,330 

80 
750 
510 
380 
8U0 
960 
270 

320 
180 
270 

,350 
,350 
270 
330 
520 
,)+20 

B. Process Equipment 

Fuel unloading and storage 
Headend 
a. Fuel cutting 
b. Fuel crushing and burning 
c. Screening 
d. Alumina recycle process 
e. Fissile particle handling 
f. Fertile particle process 
Solvent extraction (U-233) 
a. H extraction cycle 
b. Second extraction cycle 
c. Third extraction cycle 
Product (U-233) 
Waste disposal equipment 
a. Aqueous waste storage tanks 
b. Evaporation, calcination and ion exchange 
c. Calcined solids storage 

1 

1 
1 

kko 

20 
520 
90 
220 
60 
600 

,010 

k^O 
620 
Uo 

,UlO 
,280 
890 
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TABLE C (contd.) 

700 
!+00 
770 

2,000 
l,l60 

i+,770 
2,720 
1,^70 

9,600 

9,i+00 

7,700 

200 

100 

Cost 

($i,ooo: 
d. Offgas cleanup 
e. Thorium storage tanks 
f. Fissile particle storage (including containers) 

6. Remote manipulators, shielded windows, and cranes 
7. Chemical storage and makeup 

C. Miscellaneous Equipment 

1. Utilities 
2. Services 
3. Non-process 

II. INDIRECT COSTS 

A. Engineering Design and Inspection 

B. Miscellaneous Construction 

C. Contingency 

D. Spare Parts 

E. Installed Equipment Spares 

Subtotal, Bechtel Estimated Capital Costs $6o,000 

IPAHO NUCLEAR ESTIMATE OF ADDITIONAL COSTS 

I. DIRECT COSTS 

A. Structures and Improvements 

1. Calcine canning 280 
2. Thorium storage vaults 2,700 
3. Additional extraction system 6̂ +0 

B. Process Equipment 

1. Calcine canning 1,170 
2. Thor 11.30 storage tanks 800 
3. Additional extraction system 1,000 

C. Land and Land Rights 2ii0 

II. INDIRECT COSTS 

A. General and Administrative 2,238 

B. Engineering, Design, and Inspection 97^ 
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TABLE C (contd.) 

Cost 
($1,000) 

C. Miscellaneous Construction ^52 

D. Contingency 1,097 

E. Research and Development 1,000 

F. Interest During Construction U,900 

G. Quality Assurance 1,9^0 

H. Preliminary Design and Licensing 1,500 

III. WORKING CAPITAL 1.100 

Subtotal, Idaho Nuclear Estimated Additional Capital Costs $22,031 

Total Capital Costs for Conceptual Plant $82,031 
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APPENDIX D 

ESTIMATED MANPOWER AND SALARY 

REQUIREMENTS FOR STAFFING THE CONCEPTUAL PLANT 

Estimated manpower and salary requirements for staffing the conceptual 

plant are given in Table D. Salaries and wages are based on July 1969 rates; 

it is assumed that operating personnel would be experienced in chemical plant 

operations and licensed for nuclear fuel processing; also, key personnel and 

supervisors would have a background in radiochemical processing. 
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TABLE D 

CONCEPTUAL PLANT 

Management 

Plant Manager 

Assistant Plant Manager 

Production Superintendent 

Administrative Superintendent 

Technical Superintendent 

Secretary-Clerk-Typist 

Subtotal 

Engineering 

Supervisor 

Group Leader 

Design Engineer 

Process Engineer 

Instrument Engineer 

Mechanical Engineer 

Chemist 

Technician 

Draftsman 

Secretary-Clerk-Typist 

Subtotal 

Production 

Production Engineer 

Shift Supervisor 

Assistant Shift Supervisor 

Utility Foreman 

Operators 

Utility Operators 

Helpers 

Secretary-Clerk-Typist 

Subtotal 

Nximber 

1 

1 

1 

1 

1 

5 
10 

1 

2 

1 

1+ 

1 

1 

2 

U 

2 

1 

19 

2 

5 

5 
1 

76 

9 
2k 

1 

123 

PERSONNEL 

Salary and Wages 
($/yr) 

35,000 

30,000 

25,000 

25,000 

25,000 

5,000 

20,000 

17,000 

15,000 

15,000 

15,000 

15,000 

12,000 

8,000 

8,000 

5,000 

12,000 

li+,000 

12,000 

10,000 

8,500 

9,000 

7,000 

5,000 

Total 
($/yr) 

35,000 

30,000 

25,000 

25,000 

25,000 

25,000 

165,000 

20,000 

3i+,000 

15,000 

60,000 

15,000 

15,000 

2l+,000 

32,000 

16,000 

5,000 

236,000 

2i+,000 

70,000 

60,000 

10,000 

6i|6,000 

81,000 

168,000 

5,000 

i,o6i+,ooo 
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TABLED (con td . ) 

Maintenance 

Supervisor 

Mechanical Engineer 

Electrical Engineer 

Foreman 

Coordinator 

Draftsman 

Tool Crib 

Electrician 

Instrumentation 

Mechanic 

Welder 

Insulat or-Paint er 

Sheet Metal-Carpenter 

Machinist 

Fitter 

Helpers 

Laundry 

Janitor 

Secretary-Clerk-Typist 

Subtotal 

Health Physics/Safety 

Supervisor 

Foreman 

H. P. Technician 

Safety Engineer 

Decontamination 

Issue Room 

Secretary-Clerk-Typist 

Subtotal 

Niomber 

1 

1 

1 

3 

1 

1 

1 

6 

10 

6 

2 

1 

1 

1 

6 

6 

2 

h 

1 

55 

1 

1 

10 

1 

2 

1 

1 

17 

Salary and Wages 
($/yr) 

17,000 

15,000 

15,000 

12,000 

12,000 

8,000 

7,000 

9,000 

9,000 

9,000 

9,000 

8,500 

8,500 

9,000 

8,500 

7,500 

7,000 

6,000 

5,000 

li+,000 

12,000 

9,000 

12,000 

8,000 

7,000 

5,000 

Total 

17,000 

15,000 

15,000 

36,000 

12,000 

8,000 

7,000 

5i+,000 

90,000 

5i+,000 

18,000 

8,500 

8,500 

9,000 

51,000 

i+5,000 

li+,000 

2l+,000 

5,000 

i+91,000 

lit,000 

12,000 

90,000 

12,000 

i6,ooo 

7,000 

5,000 

156,000 
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TABLE D ( c o n t d . ) 

Analytical Laboratory 

Supervisor 

Group Leader 

Chemists 

Technicians 

Secretary-Clerk-Typist 

Subtotal 

Support 

Industrial Relations Supervisor 

Employment 

Records and Benefits 

Employee and Public Relations 

Materiel Supervisor 

Purchasing/Contracts 

Receiving/Expediting 

Stores and Delivery 

Special Services 

Security 

Nurse 

Doctor (Part Time) 

Accountability 

Accounting Supervisor 

Finance 

Plant and Equipment Records 

Budget and Cost Control 

General Accounting 

Payroll Clerks 

Secretary-Clerk-lypist 

Subtotal 

Total 

Niimber 

1 

2 

7 
21 

1 

32 

1 

2 

1 

1 

1 

2 

2 

2 

1 

9 
1 

1 

1 

1 

1 

1 

2 

2 

3 

Ik 

k9 

305 

Salary and Wages 
($/yr) 

IT,000 

15,000 

12,000 

8,000 

5,000 

20,000 

11,000 

11,000 

15,000 

20,000 

11,000 

11,000 

11,000 

11,000 

6,000 

7,000 

5,000 

15,000 

20,000 

12,000 

11,000 

11,000 

11,000 

8,000 

5,000 

Total 

(Vyr) 
17,000 

30,000 

81+, 000 

168,000 

5,000 

30l|,000 

20,000 

22,000 

11,000 

15,000 

20,000 

22,000 

22,000 

22,000 

11,000 

5it,ooo 

7,000 

5,000 

15,000 

20,000 

12,000 

11,000 

22,000 

22,000 

2i+,000 

70,000 

1+27,000 

2,81+3,000 
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APPENDIX E 

ESTIMATED CHEMICAL REQUIREMENTS FOR THE CONCEPTUAL PLANT 
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APPENDIX E 

ESTIMATED CHEMICAL REQUIREMENTS FOR THE CONCEPTUAL PLANT 

The chemical requirements of the process are given in Table E. The annual 

consumption was determined by flowsheet requirements; the unit costs were 
ri71 obtained from the Oil, Paint, and Drug Reporter ^ •* with the exception of the 

alumina unit cost. The cost of high-grade, sized alumina was based on actual 

charges incurred at the NRTS for this material. 

TABLE E 

CHEMICAL REQUIREMENTS OF THE CONCEPTUAL VLMT 

Unit Cost Annual Cost 
Chemical 

AI2O3 

HNO^ 

HF 

Cd(N03)2 

NaHSO 

Na^B^O^ 

Ca(N03)2 

Fe(NH2S02)2 

^3^°U 

NagCO^ 

NaOH 

TBP 

Amsco 

Kerosene 

Annual Consumption 

3.1+8 X 10^ l b 

1 .27 

1.92 

1^.32 

8.1+9 

3 .29 

9 . 9 5 

l+.Ol 

1 .59 

I+.25 

3 .37 

1 .18 

5 .12 

5 . 6 1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10^ 

103 

10^ 

io3 

10^ 

103 

i o3 

103 

10^ 

10^ 

105 

10^ 

10^ 

l b 

l b 

l b 

l b 

l b 

l b 

l b 

l b 

l b 

l b 

l b 

g a l 

g a l 

Cont 

($ ) 

. 688 / lb 

.05l+/ lb 

. 3 5 5 / l b 

1.1+1+5/lb 

.Ol+/lb 

. 0 2 7 / l b 

. 3 0 / l b 

. 3 1 / l b 

. 069 / lb 

. 0 2 5 / l b 

.0535/113 

. 5 2 5 / l b 

. 637 /ga l 

. 1 6 / g a l 

S u b t o t a l 

i n g e n c y ( lO^) 

T o t a l 

($ ) 

239,1+21+ 

68,580 

682 

62,U2l+ 

3I+O 

9 

2 , 9 8 5 

1,21+3 

110 

1 ,062 

1 ,803 

6 1 , 9 5 0 

32,6li+ 

8 ,976 

1+82,202 

1+8,220 

530,1+22 
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APPENDIX F 

ESTIMATED SOLID WASTE DISPOSAL COSTS 

The annual costs for disposal of solid waste at a Federa l Repository are 

given in Table F . These include the solids containers costs , shipping costs , and 

reposi tory costs , but do not include calcination or on-si te s torage costs , which 

are included in plant cos t s . 

TABLE F 

ANNUAL SOLID WASTE DISPOSAL COSTS 

Calcined Waste Disposal 

Containers (ll+l § $ll+l+0 ea) 

Shipping'-^-' (36 @ $l+080/shipment) 

Reposi tory cos t s (ll+l @ $50l+ ea) 

F i s s i l e P a r t i c l e Disposal 

Containers (822 @ $700 ea) 

Shipping^^•^ (30 § $l+080/shipment) 

Reposi tory cos t s (822 @ $300 ea) 

To ta l 

To ta l 

$203,000 

ll+7,000 

71,000 

$1+21,000 

$575,000 

122,000 

21+7,000 

$91+1+, 000 

[a] Based on 1500 miles per shipment, 
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