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COMPARATIVE EVALUATION OF SOL-GEL FUEL
FABRICATION COSTS

T. N. Washburn, A. L. Lotts,
and F. E. Harrington

ABSTRACT

Estimates were made of the costs of fuel preparation
and fabrication of sol-gel metal-clad (U,Pu)0, fuel elements.
Four processes were compared, and their costs, including
hardware, were: low-energy packing of microspheres, $331/kg;
vibratory compaction, $337/kg; pelletizing, $342/kg; and
sol-gel extrusion, $331/kg for 0.220-in.-diam U0,~18% PuO,.
These costs include only the plant operating expenses and
capital charges at a fixed annual rate of 22%. The hypo-
thetical plant produces 500 kg of core fuel per day to
support a fast reactor industry of 15,000 Mw (electrical).

- Costs of fuel material, fuel losses, inventory, and scrap
recovery were not included, since they are the same for all
the processes. Projected technology indicates little
economic difference among the four processes, and each could
be an excellent contender for production of fast reactor fuel.
Continued development is needed to define more adequately the
technical and economic capabilities and limitations of the
four methods. ' '

INTRODUCTION

Jince ‘the col-gel process praovides a variety of fuel materials for
different fabrication Schemes, it is most attractive for préparation of

advanced reactor fuels. We are developing and evaluating various sol-

'gél-based‘methods of fuel preparation and fabrication that may be used

to reduce the contfibutions of reactor fuelAcycle costs to energy costs.
. Since the ultimate goal of our research and development is a com-
mercial process, cconomic factors must be considered carefully along
with the technical capabilities and performance of the fuel materials.
Thus, we begin economic evaluations when process feasibility is estab-
lished and refine the economic study concurrently with the process

development and product characterization. At first the economic estimate



is of uncertain accuracy, since so many areas of technology are unknown.
As development proceeds and these areas are defined and problems are
solved, the economic study is refined and cost uncertainty is reduced.
There are several advantages to this approach. The choice between com-
peting processes is more meaningful, since for a given quality level the
process with the lowest cost is obviously desired. A guide is available
for deciding which wofk should be pursued if funds are inadequate for
all approaches. Since areas of high cost are identified early, one can
seek process improvements to reduce these costs rather than discover at
the end of the program that the process is not competitive.

Accordingly, we héve assesged the economie merit of thé sol-gel-
based schemes being developed for preparing and fabricating oxide-fueled
metal-clad elements for fast reactors. The four methods are microsphere
loading by low-energy vibratory compaction (Sphere-Pac), loading of
angular shards by high-energy vibratory compaction (Vi-Pac), pelletizing,
and extrusion.

| The chemical process development, fabrication, and irradiation

programs are discussed in other papers at this symposium.l"'3

PROCESS DESCRIPTION

The ORNL sul-gel process, shown simplified in Fig. 1, is quite
versatile in terms of the fuel forms that derive directly and simply
from it.

The sols, which are fluid at 2 M (and often higher concentrations),

may be mixed to form homogeneous mixtures of materials such as ThO,, PuOj,

and U02. These have all been used to form microspheres, which have been

pyrolytically carbon coated or packed with low energy into fuel rods.

Gels made from these snls may also be dried, crushed, and flrcd (at 1150°C

for 1 hr for 'Th0z) to produce high-density angular shards for high-energy
vibratory compaction. The crushed gel can also be ground and calcined
at about 200 to 400°C for 1 hr to produce a sinterable powder for fabri-

t

cation into pellets. A fourth product, called sol-gel "clay," is formed
by concentration of the sols. The concentrate has the general mechanical
characteristics of a natural clay. Like all sol-gel materials, it is

homogeneous and sinters at relatively low temperature.

4
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SOL-GEL
PROCESS
SOL
SFHERE FORMATION SHARD FORMATION : PASTE OR CLAY FORMATION
(SPHERE COLUMN) (TRAY DRIER) _ (PARTIAL -TRAY DRIER)
MICROSPHERES FIRED SHARDS SINTERABLE POWDER SOL-GEL CLAY
(SPHERE—-PAC) (VIBRATORY COMPACTION) (PELLETIZATION) (EXTRUSlON)

Fig. 1. Simplified Flowsheet of Sol-Gel Fuel Preparation Processes.
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Our discussion of each topic will be in two parts: first, a
discussion that pertains to the sol-gel preparation method, and second,

a discussion that pertains to the subsequent fabrication.

Fuel Preparation

The sol-gel process consists of three major operations: sol prepara-
tion, gel formation, and firing at contfolled conditions. Figure 2 out-
lines the alternate routes from the purified nitrate solutions to the
desired products. Each numbered block represents a process step.

Sols are stable colloidal suspensions ot 30- to 100-A-diam hydrated
metal oxide particles.4 They are fluid and can bé combined to form
homogeneous mixtures. This feature is a principal'édvantage over
processes requiring mechanical mixing, adsorption, or coprecipitation.
Uranyl and plutonium nitrate solutions, which come from aqueous processes
for recycle of spent reactor fuel, are converted to stable sols in several
steps: adjustment to the IV state, conversion to the hydrated oxide,
removal of excess electrolyte, and dispersion as a sol. These steps can
be combined in different orders and performed by & variety of.methods.
Several possible methods are discussed by McBride! and Haas.?

Sols can be gelled by water removal, change in electrolyte concen-
tration, chemical reactions, and temperature changes. Gelation by
removal of water simplifies handling, storing, and subsequent dfying
and firing. Water may be removed by a variety of methods; it is
evaporgted in tray driers to form shards and solvent extracted to form
spheres.‘

Firing is necessary to remove volétile conétituents and sinter the
gel particles to a high density. The firing procedure depends on the
starting'material and the desired product. An inert or reducing atmo-
sphere is required as a final step for products containing uranium. We
have assumed that the fuel materials preparation facility delivers
either high-fired microspheres, high-fired shards, sinterable powder,
or an extrudable sol-gel clay to the fabrication portion of the plant.

The U0, sol used in step 1 of Fig; 2 for the preparation of spheres,

shards, and powders is prepared by solvent extraction as shown in Fig. 3. ' j}
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Fig. 2. Alternate Sol-Gel Fuel Material Preparation Routes.
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No economic evaluation of the alternate precipitation-peptization process
is presented, because we believe that solvent extraction approach can be
more readily scaled to larger throughputs and adapted to remote operation.

Figure 4 is a simplified block diagram for steps 2 and 3, the
preparation of UOQp shards and powders, respectively. Figufe 5 similarly
shows the preparation of UOQ, microspheres, step 4. '

Figure 6 presents the preparation of the plutonia sol, step 7. The
sols produced. by this procedure are stable indefinitely and are compatible
in all ratios with our thoria and urania sols. A nitrate-rich plutonia
sol is produced by.the first peptization, and the nitrate level is
reduced to an acceptable level by baking. This baking. step has been
demonstrated as a batch operation at the 200-g scale. '

Steps 9, 10, and 11 parallel steps 2, 3, and 4 with the addition of
a procedure for the mixing of the urania and plutonia sols. The presence
of plutonium requires containment, criticality control, and shielding
for these steps.

Figure 7 outlines the approach estimated for steps 5 and 6 to yield
the extrudable UO, sol-gel clay product. One would prepare UO,-PuO,
similarly. ‘The development of extrudable material is in an early stage.
We believe the approach shown to be the most conservative of several
alternate approaches under development. It probably exemplifies rather

than defines the process that will finally be chosen.
Fabrication

Flowsheets for the four alternate fabrication processes are shown
in Fig. 8. All fabrication steps from closure Welding to the end of the
process are the same for all four processes_and'are not shown in detail.

In the Sphere-Pac process, sintered microspheres are classified to
assure the desired distribution for loading. The coarse microspheres
(420 to 450 p in diameter) are loaded to the desired fuel column height,
and the fine microspheres (< 44 p in diameter) are infiltrated into the
existing void spaces as previously described. LoW-enefgy vibration is
sufficient to achieve the desired density of 85% of theoretical.? A

parous stainless steel spacer separates core fuel (UO;-Pu0,) from the
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axial blanket fuel (depleted UO2). The loaded fuel rod is gamma scanned
to determine both the average fuel density and variations in fuel mass
per unit length.

For the Vi-Pac process sintered shards are crushed, and the coarse
fraction (1 to 3 mm) is seﬁarated. Material smaller than 1 mm is ball-
milled to further reduce its average particle size and to provide a
relatively consistent particle size aistribution. The two size fractions
are weighed to a predetermined ratio, blended to a homogeneous mixture,
loaded, and compacted by high-energy vibration. Subsequent process steps
are the same as for Sphere-Pac. '

In the pelletizing process we assume the same process steps as
would be required for coprecipitated ceramic-grade powder. The powder
is ball-milled, mixed with binder and lubricant, agglomerated, and
granulated to achieve suitable flow characteristics for feeding into
the aptomatic pellet press. We assumé that pellets will need a higher
sintering temperature than extrusions to remove the binder and lubricant
and that the fired pelletsiwill require grinding to final dimensions.

In the sol-gel extrusion process, the clay is blended with process
scrap to provide maximum control of shrinkage during sintering.’ At
first, sintered shards are used in lieu of process scrap. If the process
should produce very little scrap, it might be necessary to recycle some
of the sintered material into the clay. The mixture is extruded, dried,
and sintered at conventional sol-gel sintering temperatures of less than
1200°C., Our early results indicate that it may not be necessary to
centerless grind the sintered extrusions if a diametral tolerance of
+0.001 in. is acceptable; however, until we can establish that grinding
is definitely not required, we include a grinding step in our economic
studies. The extrusions may be loaded into cladding by the same technique

used with pellets.
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ESTIMATION METHOD

The estimates for the fuel preparation and for the fabrication
methods were done in separate studies; because the methods used are

somewhat different, each will be discussed separately.

Fuel Preparation

In this portion of the study we have attempted to present realistic
conservative estimates of costs for preparing urania and plutonia-urania
binary mixtures as spheres, shards, powders, and sol-gel clays. These
estimates, combined with the fabrication estimates, reveal the compara-
tive'economic potential of the four alternate tfuels.

Each step outlined in Fig. 2 is estimated as a unit. The cost for
any combination of products is the sum of the costs for the individual
steps to the desired products at the required capacity for the steps.
For example, the cost of producing 2000 kg/day of UO, shards and
400 kg/day of Pu0,~75% U0, microspheres is the sum of the costs for
2300 kg/day for step 1, 2000 kg/day for step 2, 100 kg/day for step 7,
and 400 kg/day for step 11..

In these estimates the fuel materials facility is an integral part
of the fabrication plant, which is located on the same sjte as the plant
for the recovery of plutonium and uranium from irradiated fuel. Although
there would undoubtedly be common use of utility and site facilities, no
attempt is made to evaluate the resulting savings. A cost for these
factors is included in the capital cost estimate.

Plant throughputs estimated are: 300, 1000, and 10,000 kg of
uranium per day for steps 1 through 6; and 30, 100, and 300 kg of
plutonium per day tor steps 7 through 11. The actual plant throughput
is sufficient materiél'to guarantee the delivery of the stated quantity
to fhe reactor. In steps 8 through 11 the total uranium and plutonium
throughput is estimated for 10, 17.5, and 25% PuO, in the mixed oxide.
Costs for paraﬁetér values not calculated are graphically interpolated.
Fuel cycle makeup requirement and possible sale of plutonium are not

considered.
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The steps in the capital cost estimates follow:

1. Size the equipment to perform the necessary operations.

2. Determine the size building to house the above equipment.

3. Estimate the installed equipment cost.

4, Estimate the building cost with normal .services.

5. Estimate the cost of site improvements at 15% of items 3 and 4.

6. Estimate the cost of construction overhead at 30% of the sum
of items 3, 4, and 5. 5

7. Estimate the cost of architect-engineering fee at 15% of the
sum of items 3 through 6.

8. Apply a 30% contingency factor to the sum of items 3 thrdugh 7.

Operating cost estimates are the sum of the estimated chemical costs,
operating and maintenance labor, utilities, materials, and overhead.
Labor was priced at $7500/man-year; overhead is allowed at 100% of all
labor. A

The above procedure has been followed on a series of feed material
estimates.® 8 Where applicable, data from earlier estimates® were

adapted for this study.
Fabrication

Most of our previous economic evaluations of the sol-gel process
have treated the preparation and fabrication of thorium and thorium-
uranium oxides. Typical of earlier evaluations are the Spectral Shift
Control Reactor (SSCR) design with fuel elemeénts of high-density bulk
oxidc loaded by vibratory compaction (Vi-Pac) into Zircaloy-2 claldcling,s—'lo
the Heavy-Water Organic-Cooled Reactor (HWOCR) design with the same fuel
but in Sintered Aluminum Product (SAP) cladding,” and the High-Temperature
Gas-Cooled Reactor: (HIGCR) designs with carbon-coated thoria, urania,
and thoria-urania microspheres.a“ll

Since we often have to estimate fuel fabricatidn costs for a variety
of designs, production rates, methods of fabrication, and economic assump-
tions, we developed a methéd of cost estimating that is especially
adapted to comparative economic evaluation. A computer program, FABCOST,

is used to perform the large number of -calculations involved in evaluating
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fabrication costs tor different fuel types and process schemes. In
addition to providing the obvious advantage of saving time, the computer
program permits the storage of cost information about equipment, mate-
rials, buildings, and manpower. This information can be readily recalled
and applied to each estimate in a consistent and unbiased manner. Since
the method is especially useful in comparing the relative fuel fabrica-
tion costs of different fuel designs or alternate fabricationlprocesses,
we have used it to conduct this study of fabrication costs.

Uncertainties are present in these estimates and comparisons because
of incomplete technological development, the lack of fabricating experi-
ence at the production rates postulated, the lack of details on some
fuel element designs, and the yuestion of appropriate basic economie
assumptions. Most of our studies relate to advanced fuels, which are
not yet being produced on any significant scale, but we have gained
substantial confidence in our methods by using our computer code to
estimate costs of fuel elements for which production costs have been
estabhlished. Even more accurate than our absolute cost estimates are
our comparative evaluations; that is, comparison of the costs of differ-
ent designs, ditferenl proeccooes, or fahrication under different basic
economic assumptions.

The validity of our fuel fabrication cust estimates is a question
often asked and one that we ourselves do not disregard. The relatlve
costs or the differences between concepts being compared are of prime
importance, and FABCOST was specifically designed to determine these
differencco. But since the absolute value of the estimated cost is also
of significance, we recently analyzed the General Electrie~Teunessec
Valley Authority (GE-TVA) Brown's Ferry Boiling Water Reactor design.12
Mur computed costs for six cases (i.e., three production rates at two
rates of annual capital charge each), as shown in Tuble l, were compared
with the October 1966 G-E catalog prices'? for their "Fuel Fabrication
Service" (see Table 2). We believe that their costs represent plants
designed for operation at capacities in the range of 500 to 1000 kg/day.
The proper fixed charge to assume is uncertain, but the range of 22 to
30% is realistic. PFabrication cost is plotted against production rate

in Fig. 9 for fixed charges within this range. The rates 22 and 30%
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Table 1. Calculated Fuel Fabrication Costs

Cost at Production Rate

(kg/day) in $/kg

500 750 1000
22% Fixed Charge Rate
1. Conversion UFg to UO» (9.60)a ('7.70)a (6.59)%
2. TFabrication 7. 20 67.05 60.93
3. Shipping Fuel Element 2.50 290 290
4. Losses, 1.5% 3.2 3,38 3414
5. Inventory at 4£% and 16 months 13517 LSR7 13517
6. Scrap Recovery 2856 2056 2.56
TOTAL 98.55 88.40 82.28
30% Fixed Charge Rate
1. Conversion UFg to UO; (9.60)% (7.70)% (6.59)%
2. Fabrication 82.32 71.29 64 .69
3. Shipping Fuel Element 200 2500 250
4. Losses, 1.5% 3.3 3.12 £ e
5. Inventory at 4% and 16 months 13,17 13.1% 33,17
6. Scrap Recovery 2.56 2,56 2496
TOTAL 103.67 92.64 86.04
#Included in fabrication cost (item 2).

Table 2. General Electric Price List (October 1966)

Fabrication Price, $/kg®

Core
1971 1972
1st 99, 36 O eBs
2nd 95,33 93.99
3rd 89.29 88.62

aFor two dates of initial core delivery.
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establish the boundaries of the ORNL fabrication cost estimate and the
corresponding curves depict our projection of declining cost as produc-
tion throughput is increased. The G-E catalog prices for first, second,
aﬁd third cores are plotted as horizbntal dashed.lines,' These prices

are based upon the customer's order of 1, 2, or 3 cores at one time with
delivery of the first core in'the early 1970's. The fact that prices
decrease as a function of core number and year indicates the confidence

of industry that fabrication costs will decrease as a result of greater
volume production. We believe this is a significant Verification of the
calculation methods and assumptions of the fuel fabriéation cost estimates,
and that these estimates reflect not only realistic differences in cost
but also give reasonable approximations of the absolute values of interest

in today's nuclear economy.

Computer Code Description

The code calculates costs for both rod-bundle and nested-tube fuel
elements with oxide, carbide, metal, or cermet fuels fabricated by
vibratory compaction, pelletizing, ceramic extrusion,bslug castihg,
swaging, extrusion, and coextrusion processes. Table 3 gives the total
capability of the code. We have used the code in the advanced converter
study,® the 233U value study,* the HWOCR study,” and studies of various
reactors with possible desalination applications.

The first step in the development of data for the code was the
selection of appropriate detailed flowsheets for the fabrication processes.
Figure 10 is a typical, though simplified, flowsheet for fabrication of
pelletized fuel in fuel elements of the bundle type for light-water
reactors. Each of these process blocks was actually subdivided into its
basic elemental steps in our cost‘estimating procedure.

The next step was to consider the modes of fabrication required.
Operations performed on the incoming hardware items referred to in Fig. 10
are always performed with contact-type fabrication. Depending upon the
isotopic content of the fuel material, however, those steps directly
associated with the fuel fabrication might be performed with varying
degrees of separation of the fuel from the worker. For example, the

HWOCR Lhorlum fuel cycle begins with 2337 and thofium, but thc rcactor
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Fuel Element Tyﬁes for Which Fabrication Costs
are Computed by FABCOST 5

Type of
Fuel Element

Fuel Material

Fabrication Process

Type of Core-to-
Cladding Bonding

Rod bundle
Rod bundle

Rod bundle
Rod bundle
Rod bundle
Rod bundle
Rod bundle
Rod bundle
Nested tubes
Nested tubes
Nested tubes
Nested tubes
Nested Lubes

Oxide shards

Oxide
microspheres

Oxide
Oxide
Carbide
Cermet
Metal
Metal
Oxide
Oxide
Carbide
Metal
Metul:

Vibratory compaction

Vibratory compaction
(low energy)

Pelletization
Ceramic extrusion
Slugs

Hot swaging
Extrusion
Coextrusion
Vibratory compaction
Pelletization

Slugs

Extrusion

Coextrusion

Gas or sodium

Gas or sodium

Gas or sodium
Gas or sodium
Gas or sodium
Metallurgical
Diffusion (Ni)
Metallurgical
Gas or sodium
Gas or sodium
Gas or sodium
Diffusion (Ni)
Meétallurgical
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Fig. 10. Fabrication Flowsheet for Rod Bundles Containing Pelletized Fuel.
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is later fueled with 233U and thorium.'® Metallurgical and ceramic

processing of 235y with virgin thorium must be done in a closed environ-

ment to control alpha activity; however, with such fuel there is no
problem with beta or gamma activity. Processing 233U-thorium, on the
other hand, must provide for control of beta and gamma radiation from
products of the 232y decay chain. Plutonium recycle must be considered
for utilization in light-water converter reactors and in fast breeders

- in the‘same manner. The degree of shielding required for refabrication

is highly dependent upon tlie burnup levels achieved prior to recycle and

upon the decontamination factor obtained in reprocessing.
The computer code was developed to estimate costs associsted with
five modes of fabrication:

1. Contact — in which physical handling of' the fuel is permissible, Such
as wilth natural uranium metal.

2. Hooded — in which air flow 1s directcd in a manner to prevent human
ingestion of the fuel, as with natural ThO, powder.

3. Glove Bnx — in which the fuel is hermetically sealed from the worker

" either as a health precaution ur fer meintaining the fuel in &
specific atmosphere other than air.

4, Semiremote — in which radiation is sufficient to require shielding
of the fuel up to an equivalent of 3i-in. thickness of steel,

5. Remuvte — in which high radiation levels require shielding greater
than 3% in. of steel. Usually this shielding would be concréte and
the facility would, in principle, be similar to the EBR-II Fuel
Recycle Facility16 and the Thorium-Uraniwum Recycle Facilityl7 at
ORNL.

After the fabrication flowsheets and the modcs of fabrication were
established, the capital, operating, and hardware costs were estimated.

Figure L1 1llustratcs the gencral form nf the curves that we devel-
oped for basic equipment cost plotted as a function of the number of units
to be processed per day. One must determine tor each step of the proress
what fabrication unit confrols the cost of equipment for that process
step. For instance, the amount of chemical compound to be processed
through an oxide sizing operation determines the equipment size and number

of pieces required. For a wclding operation the number of fuel rods being
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processed is the determining parameter. The number of fuel elements is
the controlling factor in the assembly and inspection steps. We estab-
lished the nominal capacity rating and the cost of each piece of equipment
for several throughput rates. An interpolation equation was fitted to
these data and stored in the computer program. When we are estimating a
fuel element design; the numberlof units fo be processed in step "i"
will be calculated. Then for this production rate Xi’ the basic equip-
ment cost c, can be determined directly (see Fig. 11). Note that the
¢cost ¢y i3 not necessarily a value of any specific piece of equipment

for which we have obtained prices. However, since each unit ot equipment
has some flexibility in its true production capubility ond since we
performed this same method of cost caleulation for a large number of
items, the total equipment cost for the entire process should be
representative.

In addition to the basic¢ equipment coet, allawuuces wero made far
the ihstallation and instrumentation of the equipment, the engineering
dcoign of the equipment, and the process layout. Costs were also esti-
mated for the plant design and uuustruction, the Taboratory uud offico
eyulpment; and starting up the plant. All capital costs for a fuel
fabrication plant were included except the cost of development of the
plant site beyond the building strueture. All of these costs are capital-
jzed and charged against the plant output at any desired annual capital
charge rate. The capitai cost estimates are based uvn & number of earlier
estimates, both published6’18 and unpublished, that have been made at
ORNT.. |

Similarly, we developed curves to repredent the manpower require-
ments for operating a fabriecation plant. We estimated requirements for
each step of Lhe proccoe at several rates of production and plotted
these like we did the equipment coato in Fig. 11. These manpower require-
ments are expressed inlprocessing time units ot operator man-hours per
day at 100% efficiency. Factors are applied to correct thesec for shop
efficiency, vacations, sick leave, and personal absences. From these
adjusted times we calcu;ate the number of operators necessary to perform

thevprocess steps. We studied organization to find factors to determine
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the number of supervisors, engineers, managers, and staff, clerical,
maintenance, and other personnel required to staff the plant completely.
- Operating costs are calculated similarly to the capital costs. The
sources of data for these costs are the same reports6’18 aﬁd unpublished
data. Data and information that are being derived for the Thorium-Uranium
Recycle Facilityl7 are used together with the results of -an ORNL Kilorod
Facility time and motion study.l? - |

Hardware costs have been obtained for tubing, end caps, springs,
retainers, and fuel element structural components. These costs are
stored in the computer program and can be retrieved as a function of
quantity purchase as well as of quality requirements. Tubing costs,
including the effect of wall thickness and diameter, were obtained from
manufacturers for orders of various quantities. This information,
coupled with information contained in the Guide to Nuclear Power Cost

20 was used to develop equations for tubing cost in terms of

Evaluation,
length required per day, diameter, and wall thickness. Similar equations
were developed for the cost of end Caps and springs as well as hardware -~
for the complete fuel element; that.is, the rod cage, end fittings, and
spacers. A cost coefficient is used to adjust the baée price of any
hardware item that would appear to differ significantly .in quality from

the base case.

Code Operation

The data requirements for the computer calculations are shown in
Table 4. Figure 12 is a simplified diagram of the calculation path for
estimating the cost of rod bundle fabrication by vibratory compaction.
The input information that we have just discussed is used to calculate
the production rate for each step of the process. Based upon these ‘
calculations, the quantities of fuel element hardware — tubing, end caps,
spriugé, and retalners — and their respective costs are extracted and
summed. The operating man-hours and overhead are converted to dollars;
the equipment costs are converted to capital investmént to which the
specified capital charge rate is applied. BEach of these costs is then
converted to a unit basis. In our case, we use dollars per kilogram of

heavy metal as the comparative cost unit.



Table 4. Input Data to Computer Code for Calculation
of Estimated Fuel Fabrication Costs

Tuel Element Design Description

Type fuel element
Fuel rods per element
Cladding
' Material
Length
OQutside djameter
Wall thickness
Corrosion test
Fuel
Material
Diameter
Length
Theoretical density
Attained density
Stoichiometric factor
Enrichment

Basic Economic Assumptions

Production rate
Capital charge rate

Hardware Overage Allowances

Tubing

End caps

Fuel rod springs

Fuel rod retainers
Fuel element components

Hardware Cost Coefficients

Tubing
End caps

. Fuel rod springs

Fuel column retainers
Fuel element components

Fabrication Plant Factors

Mode of fabrication
Number operating days
per year

Plant load factor

Process turnaround
penalty

Bhicld typc and thickness

Average process rejecét
rate




27

ORNL-DWG-66-6085

INPUT
CALCULATE PRODUCTION RATES
JFUEL ELEMENT| | .— '
- HARDWARE Ah-[l OXIDE POWDER SIZING
K . [7]
| .
£ .
| 3 HARDWARE PREPARATION |, _|%
<= TUBES £ AND INSPECTION 5
: | 3
<[ END CAPS |  Ele=[ VIBRATORY COMPACTION ||~ |
| ® 3
= FUEL ROD FABRICATION =
‘ - le ) : P
~=__SPRINGS < “AND INSPECTION 2
(1 O
E. .
- ol [FUEL ELEMENT ASSEMBLY
RETAINERS _] ~ AND INSPECTION ~
— i
HARDWARE OPERATING CAPITAL
COSTS CO5TS | cosTs
L - —J
y

CONVERSION TO
UNIT COSTS

Fig. 12. Diagram of Computer Code Path for Estimation of Cost of
Rod Bundle Fabrication by Vibratory Compaction. 4




28

Basic Economic Assumptions

We have selected certain basic economic assumptions to apply to the
particular fabrication cost study in this paper. We assume that the
fabrication plant is centrally located at the same site as the fuel
reprocessing plant but has a completely independent management, operation,
and maintenance. There is common use of utility facilities such as
electrical power substations, water supplies, steam heating systems,
natural gas lines, access roads, and waste treatment and disposal
facilities,

We assume that the plant is to be designed for fabricating a single
type of fuel element. A reference value of 22% per year is specified
for the fixed charge rate on depreciating capital.

Operating costs include wages, salaries, fringe benefits, mainte-
nance, general supplies, utilities, and overhead expenses inherent in
the plant operation.l We also assume that the plant wiil operate
260 days per year, with three-shift operation for throughput rates of
1 metric ton/day or greater.

All materiéls other than nuclear fuel that form a part of the
finished product are included as hardware costs. Use charges for fuel
are not included in fuel tabrication costs but are considered in the
fuel cycle cost analyses.

To compensate for fluctuations in product demand, the fabrication
plant must have a éapacity, both in equipment and manpower, for 125%
of specified average throughput.

Fuel material according to plan is to he supplied by the fuel
conversion plant at 105% of average throughput quantity and in one nf

the following forms:

Fabrication Process Physincal Form of Fuel Material
Low-energy vibratory compaction Sol-gel microspheres
(SphereaPac)

High-energy vibratory compaction High-density sol-gel oxide shards
(Vi-Pac) :

Pelletization Sol-gel unsintered powder

Sol-gel extrusion Sol-gel clay
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The excess 5% of material is to be returned to the fuel conversion plant
for chemical recovery and reconstitution. This scrap recovery cost is
included in fuel preparation costs.

The cost of fuel element fabrication for a given production rate
is assumed to remain constant with time; that is, no escalation allow-
ances are provided. Finally, we assumed that the plant is to be designed
for equilibrium recycle fuel and that equilibrium cycle plutonium
requires remote fabrication facilities with 36 in. of normal concrete

shielding.

Fuel Element Description

We have used as the reference design a fuel element having fuel rods
of the type shown in Fig. 13, which we believe to be representative of
oxide-fueled IMFBR designs. This fuel rod is not vented; all fission gas
released from the fuel is retained in the 36-in.-long plenum at the
upper end. The radial blanket consists of 18 in. of depleted U0, both
above and below the core fuel. The core fuel is (U~18% Pu)O, and its
24-in. length is typical of the so-called "pancake core" designs.
Cladding is type 316 stainless steel with 0.010-in.-wall thickness.

These fuel rods are assembled into a square bundle of 13 X 13 rods.

Additional parameters are shown in Table 5.

Industry Scale

We have calculated the costs as a function of production rate from
35 to 1000 kg/day of heavy metal and for a range of fuel diameters.
However, in our preseﬁtation of results, we shall emphasize fuel prepara-
tion and fabrication plants to serve 15 fast breeder reactors, each
1000 Mw (electrical), for a total industry of 15,000 Mw (electrical).”

*This assumption of an industry size served by a single fabrica-
tion plant is consistent with earlier ORNL reactor evaluations.”>8 The
basis of this choice is that it represents a significant penetration of
the nuclear reactor industry by a specific reactor type. If the reactor
fails to make a significant penetration of the market and only one or
two are built, its economics are not of general interest.
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Table 5. Fuel Element Description for Comparative
Estimates of Sol-Gel Fuel Fabrication Costs

Fuel '
Composition (U-18% Pu)0,
Diameter, in. : 0.200, 0.220, 0.250, 0.280
Length, in. 2%
Theoretical density, g/cm’ 11.06
Smear density,® % 0.85
Burnup, Mwd/tonne _ 100,000

Fuel Rod Cladding

Material Stainless steel

Outside diameter, in. 0.220, 0.240, 0.270, 0.300
Wall thickness, in. 0.010

Overall length, in. 96

Fuel Assembly
Type - Rod bundle

Rods per assembly 169

Fabrication Plant

Mode of operation Remote
Operating days per year 260
Load factor 4 | 0.8
Capital charge rate, % 22
Reject rate, % 5

aThis is a term used to denote a density calculated from the
mass of fuel loaded and the inside diameter of the cladding.
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An average core fuel exposure of 100,000 Mwd/tonne of heavy metal
requires an average fuel output of 500 kg (U + Pu) each operation day.
With an assumed reject rate of 5% and a plant 25% oversize to accommodate
fluctuations in demand and procesé equipment on-stream time, the required
design capacity of the facility becomes 650 kg of heavy metal per fabri-
cation day. Table 6 shows for 0.220-in.-0D fuel the relative quantities
of oxide weight, fuel length, and number of pellets, fuel rods, and fuel

assemblies required as average output and for the plant design capacity.
RESULTS OF COST ESTIMATES

The costs of material preparation and fuel element fabrication are

presented in separate discussions.

Fuel Preparation -

The estimated costs, both capital and operating, are summarized in
Tables 7 and 8. A single estimate is presented for steps 2 and 3, since
the processes for producing shards and powder are identical through the
low firing (500°C) step. The estimates for the tube furnace and roll
crusher for the shards and the ball mill and accessories (to grind to
—325 mesh) for the powder were comparable.

The estimate for step 4 is for producing large and fine microspheres.
As shown on Fig. 4, separate equipment is provided for the forming, dry-
ing, and firing of the fines. We did not try to evaluate possible cost
reduction from the use of a single production line for both pro@ucts.

The cost estimate for plutonia sols (step 7) is based on our current
procedure. Any processing with recycle plutonium requires criticality
control, strict accountability, shielded remote operations, and "hot"
maintenance. The critically safe processing equipment is assumed arranged
in a canyon shielded by 24 in. of ordinary concrete. A separate cell is
allotted to each major process step. In-cell electromechanical manipu-
lators and shielded viewing windows are provided for nonroutine operations
and maintenance. Routine operations are automatic.

The formation of the binary products, steps 8 through 11, has the

same criticality, containment, and shielding requirements as step 7.
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~ Table 6. Fuel Production Rates for a 15,000 Mw (electrical)
Industry and Core Fuel Exposure of 100,000 Mwd/tonne®

- Production Rate per Fabrication Day

Average . Plant

Qutput Capacity
U+Pu, kg - - 500 650
UO2-Pu0a, kg 565 : 735
Linéar feet of fuel 8,038 10,450
Pellets, 0.5 in. in length . 192,916 250,000
‘Fuel rods . : 4,019 5,225
Fuel assemblies - 24 31

&For 0.220-in.-0D fuel.
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Table 7. Cost Estimates for Sol-Gel Preparation of UOQ,

Production Cost, $/kg Heavy Metal
Step Rate " :

(kg/day U) _ Operating Capital Total
(1) 300 3.16 3.95 7.11
(Prepare U0, sol) 1,000 1.62 1.88 3.50
- _ 10,000 0.45 0.46 0.91
(2) or (3) 300 3.74 3.02 6.76
(Prepare UQ, shards 1,000 1.89 1.44 3.33
or powder) 10,000 0.59 - 0.47 1.06
(4) 400 4.30 4,23 8.53
(Prepare UO» 1,000 2.30 2.01 4,31
spheres) 10,000 0.82 0.66 1.48
(5) 300 3.64 4.51 2.15
(Prepare U0, sol 1,000 1.91 2.35 4,26
for extrusion) 10,000 0.51 0.52 1.03
(6) 300 1.63 1.73 3.36
(Prepare U0, olay) 1,000 V.82 U.83 L.6b
10,000 0.26 0.27 0.53
(1) + (2) or (3) 300 13,87
(Total for shards 1,000 6.83
or powder) 10,000 1.97
(1) + (4) 300 15.64
(Totul for - 1,000 7.81
microspheres) 10,000 2.29
(5) + (6) . 300 11.51
(Total for solegel 1,000 5.91
clay) 10,000 1.56
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Cost Estimates for Sol-Gel Steps Involving PuO:

Table 8.
Production Rate Plutonium .
Step (ke /day) in Heavy Cost, $/kg Heavy Metal
‘ — Metal, % Operating Capital Total
‘ Y Pu - - S
(7) 30 100 24,76 . 30.77 55.53
(Prepare Pu0, sol) 100 . 100 11.08  13.38 24.46
' o 300 100 - 6.28 6.69 12.97
(8) . 270 . 30 » 10 3.51 3.74 7.25
[Prepare (U,Pu)0p 900°° - 100, 0. 1.64 1.66 3.30
clay] . 2700 300 10 0.9 - 0.86  1.80
’ 141.4 - 30 . 17.5 5.80 6.33 12.13
471.4 100 - 17.5 2.68 2.81 5.49
1414 300 . 17.5 1.52 1.42 2.94
.90 - 30 - 25 7.97 8.86 16.83
300 .. 100 - . 25 3.67 3.92 7.59
900 . 300 25 2.09 1.98 4,07
(9) or (10) . 270 . . 30 - .10 . 4.29 4.59 8.88
[Prepare (U,Pu)0, 900 - 100 - 10 2.05 2.06 4,11
shards or powder] 2700 300 10 1.18 1.10 2.28
' 141.4. 30 - 17.5 6.92 7.54 14.46
. 4714 0 100 . 17.5 3.24 3.39 6.63
1414 300 : 17.5 1.83 1.74 3.57
' 90 30 25 ..9.33 10.35 19.68
300 100 .25 4,37 4,65  9.02
. 900 300 25 2.48 2.36  4.84
(11) , 270 30 10 '5.02 5.19 10.21
[Prepare (U,Pu)0> 900 - 100 ‘10 2.43 2.35 4.78
microspheres] 2700 © - 300 10 1.40 1.47 2.87
) 141.4 _ 30 : 17.5 7.96 8.40 16.36
471.4 100 17.5 3.76 3.81 7.57
1414 300 - 17.5 - 2.12 1.97 4.09
90 30 25 110.59 ©11.41  22.00
300 100 25 5.02 5.17 10.19
2.84 2.63 5.4%7

900 300 - . 25
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With the time limitation of this study, the allowances for these factors
méy not be optimum. The need for a detailed design study of the effect
of the factdrs, particularly criticality, on cost§ still exists. Cost
calculations for possible plants are outlined in Table 9.

The total costs for the various products as a function of production
rate are given in Figs. 14 through 17. The order of costs of preparing
the four desired products from lowest to highest cost are: (1) sol-gel
clays, (2) shards or powder, and (3) microspheres.

The magnitude of coéts may be loﬁer than estimated. The use of
the 30% contingency factor is higher than normal. A conservative approach
was used on scaling up all steps not completely developed. Three areas
of possible reduction in comparative costs are (1) the use of nitrate sol
production for clays, (2) a reduction in the number of lines for large
microspheres, and (3) the elimination of independent lines for large and
fine microspheres. The remote maintenance feature for steps 6 through 11
may also offer considerable area for cost improvement, but this would

affect all products.
Fabrication

The fabrication costs of the four reference fuel diameters for the
four processes are presented in Fig. 18 as a fpnction of production rate
ranging from 34 to 1000 kg of heavy metal per day. included in these
costs are the §pefating, capital, and hardware costs. The costs decrease
with increasing production rate, as is usually the case with mass produc-
tion. The cost of the four processes are given in Figs. 19 through 22
as a function of fuel diameter for a range of production rates. The
costs decrease as the diameter increases, since the number of units to
be fabricated per kilogram of fuel decreases.

Since we have assumed the need for remote fabrication of plutonium-
bearing fuels, the capital investment in the fabrication facility is an
appreciable sum. Table 10 is a detailed breakdown of the capital costs
t'or each of the four processes tor a 50U kg/day production rate. The
process would be fully automated to perform the high level of production

required (approx 4000 fuel rods per day). The personnel requirements
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Plant Product step? Rate Cost Comment
- | (kg/day) ($/kg) (3/aay)
400 kg/day (U—25% Pu)0, (1) 3000 1.95 5,850  Interpolated
microspheres and (2) 2700 2.06 5,562 Interpolated
2700 kg/day UO, shards (7) 100 24,46 2,446 :
, : (11) 400 10.19 4,076
Total 3100 5.79 17,934 Core and
blanket
~ Blanket 2700 4,01 10,827 90%(1)+(2)
400 kg/day (U-25% Pu)Oz . (1) 300 7.11 2,133
powder only (7) 100 24,46 2,446
‘ (10) 400 9.02 3,608
Total 400 20.47 8,187
400 kg/day (U-25%.Pu)0, (5) 300 8.15 2,445
sol-gel clay (7) 100 24.46 2,446
' (8) 400 - 7.59 3,036
Total 400 19.82 7,927

S Numbered steps are defined in Fig. 2.
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Table 10. Capital Cost Components of Sol-Gel Fuel
Fabrication Plants with an Average Fuel Throughput
of 500 kg U+Pu Core Fuel per Daya
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Cost, $ x 10°, for Each Process

Component Sg:gre- Vi-Pac Pellets Extrusion
Equipment 7.323 7.868 7.580 6.954
Installation 1.245 1.338 1.289 1.183
Instrumentation 1.133 1.218 1.173 1.076
Process and Equipment Design 5,762 6.191 5.964 5.472
Laboratory Equipment 0.888 0.954 0.920 0.844
Building Construction 10.092 .10.842 10.446 9.583
Building Design 2.358 2.533 2.441 2.239
Contingency 5.762 6.190 5,964 5.472
Startup Costs 11.404 12.252 11.804 10.829
Nonremote Facility Costs 5.700 5.700 5.700 5.700
Office Equipment 0.234 0.238 0.259 0.248
Total 52.0 55.4 53.6 49.7

8For 0.220-in.-0D fuel.
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and operating costs are shown in Table 11. Our cost analysis of these
four competing processes indicates there is little economic distinction

between them.

Summary of'Fuel Preparation and Fabrication Costs

As shown in Téble 12, which is a summary of all costs for 500-kg
of heavy metal per day production rate and for 0.220-in.-diam fuel, sol-
gel extrusion and Sphere-Pac have the lowest anticipated cost, $331 per
kilogram. The costs of vibratory compaction, $337, and pelletizing,
$342, are believed to be discernibly higher than the costs of Sphere-Pac
‘and sol-gel extrusion. The differences in estimated cost are small,
however, and subsequent process developments could significantly change

these rankings.

Discussion of Results

Pellets, while currently estimated to be most expensive of the four
form of fuel to produce, would probably enjoy the highest potential of
acceptance by industry at this time. The excellent performance of pel-
letized fuel in light-water reactors is impressive, and demonstrated
performance is certainly a major criterion for commercial application.
The pellet process, however, would appear to be one of the most difficult
of the competing processes to adapt to remote fabrication, and we judge
it to have the least potential for cost reduction.

In our opinion, the sol-gel extrusion process offers the greatest
chance f'or major cost reduction. Aé previously mentioned, we have
assumed that centerless grinding would be required, although dimensional
control of the as-sintered body was within +0.001 in. in our previous
testing program with thoria.l® We consider the probability quite high
that further development work could eliminate the need for grinding of
the extruded bodies and significantly reduce costs of scrap recovery and
fuel losses. (Neither of these costs in included in our current analysis,
since we have assumed them to be equivalent for each of the four processes).

Since the sol-gel extrusion product is a solid ceramic body, it should
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Table 11. Operating Costs of Fuel Fabrication Plants .
for Four Sol-Gel Processes at 500 kg/day Heavy Metal®

. . . Annual

Process Personnel Required Operating

_ Operators Total ’ Cost -

' (3)

x 10

Sphere-Pac - 315 831 _ ' , 10.8
Vi-Pac . 320. 845 J1.0

. Pellets 348 918 . . 12.0
Extrusion : 333. 878 - 11.4

aFor 0.220-in.-0D fuel. .

Table 12. Fuel Preparation and Fabrication Costs for
Four Sol-Gel Processes at 500 kg/day Heavy Metal®

Cost for Each Process, $/kg Heavy Metal.

Cost Component — Sphere- i o,  pellets  Extrusion

Pac
Operating Costs 87.15 88.71 96.74 92.36
Capital Charges 87.97 93.76 90,75 84.07
Fuel Preparation 16.21 15.01 15.01 14.51
Hardware Costs  139.88 139.88 139.88 139.88
Total 331.21 337.36  342.38 330.82

SPor 0.220-1n.-0D fuel.
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perform very similarly to pelletized fuel. Its acceptance for industrial
use should be second only to that of pellets.

Both Vi-Pac and Sphere-Pac have & subjective disadvantage, since
they consist of packed beds of particulate matter. The potential for
release of significant quantities of fuel into the coolant in the event
of cladding failure is often questioned. Our initial irradiation tests
indicate that these fuels form solid bodies when irradiated.? Further
tests are being conducted to investigate this phenomenon more thoroughly
and to define the times and temperatures required for its occurrence.
Both Vi-Pac and Sphere-Pac processes are quite adaptable to remote fabri-
cation, and we would judge Sphere-Pac to be the easiest of the four
processes to perform in a remote tacility.

We conclude now that each of these processes could be an excellent
contender for fabrication of fuel t'or tast reactors. Additional devel-
opment work is warranted to define more adequately the technical and
economic capabilities and limitations of fabrication by Sphere-Pac, Vi-

Pac, pelletization, and sol-gel extrusion,
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