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1.0 INTRODUCTION

This report was prepared as part of the Special Safequards

idy. The major objestive of the study was to: “provicde a

cematic assessment of the safeguards measures identified in the
aft Generic Environmental S*atement on Mixed Oxide (GESMO) and
'velop a safequards plan for protection of plants and materials
n the plutonium recycle and high-enriched uranium cycle." Studies
're initiated to investigate potential gains frem the applicatior

new technologies such as real-time material control. Simulta-
2ously, studies were inftfatea to evaluate iLhe potential gzins
rom carrying out existing safequards measures. This study, titled
Improved Matzvial Accounting,” deals with the latter.

Presently, all facilities iicensed to process significant
juantities of special nuclear materials must establish and maintain
2 s5ystem of nuclear materials control and acccuntability. As part
of this system, limits of error based on the SNM measurement un-
certainties must be established and, to within the limit of these
uncertainties, all material must b~ accounted for.(z) This reporti
describes the safeguards characteristics of a materia)l accounting
system and then describes the material accountino characteristics
of future plutonium and 2’5y - HTGR fuel fabrication facilities.

There are always some dangers associated with any ¢z:.iem, . to
model a facility which has yet to be built. It is impcssible to
project the influence of future technological developments.

However, useful areas of future development can only ce identified

by applying present technology to future plants. If these areas

e e

- e

i G el D



ire actually subject to future study and technological developments,
the future facilities will have more favorable characteristics
than those shown in this report,

The models shown in this report are not based on the operating
-haracteristics of particular plants. However, when possible, data
used in the models are referenced to the performance characteristics
of material accounting equipment. This relevant experience is
dJocumented, thereby providing a basis for future study and

improvement.
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2.0 SUMMARY

This study described the general safeguards characteristics
7f a material measurement system and then describes typical
accounting systems for a fue! reprocessing plant, 2 plutonium
nitrate to oxide conversion facility, a LWR mixed oxide fuel
fabrication facility, and a high-enriched uranium HTGR fuels plant.
These facilities are commercial size, envisioned to be operating
in the mid-1980s.

The measurement characteristics of the commercial size plants
differ sicnificantly from presently operating facilities. Present
facilities tend to have large static inventories of material
whereas future facilities are best characterized as having a high
material throughput. Thus, many of the measurement problems
associated with present facilities will be less significant in
tuture facilities. Based on the models shown in this report,
systematic errors will pose the greatest limit on measurement
systems in future facilities. As a result, it is recommended
that:

e the existing licensing review process fcr material
accounting performance be initiated at the corceptual
design stage and follow the progress of the equipment
measurement system performance tests through startup;

e the present capability of measurement systems, particularly
with regard to reducing the limit of ;rror of calibrations,
be throughly reviewed and the results of such studies be

documented and available in the open litlerature;
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e regulations governing cumulative LEMUF and series of MUFs

i Sttt

be developed to supplement current LEMUF regulation for

" .

single accounting periods. i
esent regulations require a measurement contral program as part

© an accounting system. When used with the above recummendations,

o st -

e material accounting characteristics of future facilities should
' greatly improved. 1In addition to these general findings, '
proverents specific to a particular facility were aico identified. '
For the chemical separations plant, it is recommended that:
e formal material accounting periods be ro less frequent
than quarterly for the separations area;
e studies be initiated to demonstrate the accuracy and use- ’
fulness of "running inventory" measurements;
e formal material accounting periods be no less frequent
than monthly for the plutonium nitrate storage area;
* daily weight factor (specific gravity times liquid
height) readings to be taken on static plutonium nitrate
storage tanks to ensure that no change has taken place.
For the plutonium oxide conversion facility, it is recommended
that:
e formal meterial acccunting periods be no less frequent
than monthly;
e« formal monthly inventory measurements be supplemented
with informal inventory measurements whenever a process
runout occurs.
For the mixed oxide fuel fabrication plant, it is recommended

that:



« formal inventory reporting requirements be no less frequent
than monthly;

o the Puoz storage area be formalized as a material balance
area and that daily physical inventories using Pucz weight
be performed over this area.

The above recommendations, if carefully followed, are envi-
sioned to greatly improve the material accounting characteristics
of future plutonium and high-enriched uranium processing facilities.
In section 8.0, the benefits of an improved materfal accounting
system are compared with the costs associated with the improvements.
In most cases, the additional costs range from several thousands
to several hundred thousand dollars per year. In one case, the
requirement for a formal quarterly inventory over the separations
area of a reprocessing plant, an annuai Tost production cost of
$25M occurs. This is considered to be an extremely high penalty
and it prevents reducing the formal inventory requirement from
the present semiannual regulatory requirement. In all other cases,
the cost-benefit relationship of the improvements is considered

favorable.

i

i
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3.0 IMPROVED MATERIAL ACCOUNTING

'
~
'
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3.0 PURPOSE

The purpose of the task is to evaluate the

fmprovements in the sensitivity and timeliness of loss detec-

-t

tion that realistically can be achieved in currently planned

or future plutonium processing facilities. Improvements in
sensitivity and timeliness of loss detection depend upon
evaluating the safequards effectiveness of various material
control practices and equipment design features that could

be used to improve the perfYormance of material accounting.
Materfals accounting is used in the broad sense as a safegquards
function that provides deterrence snd detection of diversion
and assurance that diversion has not cccurred.

3.2 FEATURES OF MATERIALS ACCOUNTING

3.2.1 Objectives of Materials Accounting

The objective of materials accounting
measures is to identify the quantities, locations, and forms
of nuclear material under a particular custodial responsibility,
Urnder th2 broad objective, safequards goals are to detect the
absence of material! from the accounting records and to identify
the specific area of loss and those immediately responsible
for the material,

Materfals accounting is the cornerstone of safeguards
assurance in that it provides quantitative evidence that the
more timely measures for the prevention and detection of
diversicn have been effective. This quantitative check {s

the after-the-fact evidence that the nuclear material is
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indeed present and accounted for,

Materials accounting has the virtue of bheina independently
verifiahle. This feature has particular value to national or
international safeguards authorities who can take advantage of
their central position in the flow of materials accounting
data to obtain incependent verification of facility data. For
example, advantage can be taken of shipper-receiver data in
which two parties both testify to the presence cof the stated
quantity in the shipment,

3.2.2 Forms of Accounting

Two material accounting procedures are employed

in nuclear processing facilities: d{tem accounting and material
balance accountina. Item accounting, as with the counting of
money, is exact and can be repeated as frequently as desired.
The sensitivity of material or mass balance uccounting is
inherently limited by measurement uncertainties in its power to
detect loss. In addition, its timeliness is limited by the
need to “close” a material balance, calling for & physical
inventory to complete the balance.

Item accounting is used as a supplementary assurance
measure to mass or quantity accounting to provide visual and
immediate evidence that sealed containers, finished fuel rods,
etc., are present and accounted for.

However, item accounting 135 not a fundamental assurance
measure. The very nature of processing operations require
that ftems lose their identity. In addition, the amount of
material in finished items can be known only through measurements

of each ftem. Thus, the certainty with which all material is

ji’;,‘%’

.
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ultimately accounted for is azpendeni on the accuracy of measured
quantities.

Material bzlance accounts are taken over a specified period
of time. The material balance is fo-med by adding all measuread
receipts to the initial measured physical inventorv and tubtracting

away all measured removals. These additions to and subtracilions

from the initial measured inventory yield the so-called "book
jnventory” which is the amount of material that “"should be”
present. The measured physical inventory establishes what "is"
present. The difference between the book fnventory and the
physical inventory is termed "material unaccounted for,”
abbreviated to "MUF."

3.2.3 Limitations in Sensitivity and Timeliness

Mass accounting's value as a safequards measure
fs limited by its lack of sensitivity and its lack of timeliness
to detect loss. The limitation in sensitivity is inherent in
that there will always be some measurement uncertainties.
Materials accounting is also "blind" in that it cannot determine
whether a detected loss is due to diversion or some other cause.

The limication in timeliness is more practical than inherent.
Timaliness is limited by the fraquency of physical inventory
taking. In some instances, a loss could remain undiscovered until
the time a physical inventory is taken. There are practical
limitations on how often physical fnventories can be taken. In
many processing operations, there is a real economic need to
operate the process on a continuous basis for a reasonable
lengtn of time, without shutting down the process in order to

take a physical inventory.

ot din sl e M

~v



-10-
Sensitivity

Because of the inherent measurement
uncertainty, there is usually some difiercnce between what
"should be" and what "is" - between the book inventory anc¢ the
physical {inventory. Differences also w2y develop from unn 2asured
losies and bufldup of material 1n process equipment. The sum
of all =uch differences fs ecpressed as MUF Siace MUF f{s
derived frcm measurements and subjuct to measuremant uncer-
taintfes, 1t may be treated as a statistic. As a statistic
MUF has an expected value and a standard deviation. The

expected value is the true loss or buildup of material in

the process. The standard deviation reflects whether the
difference between what “is* and what "should be” could be due
sol;ly 10 ®%isurement uncertaintias. The standard deviation’
of MUF associated with thase measurement urcertainties {s

estimated by combining or propagating the measuremert uncer-

tainties as:zcciated with each quantity entering into the MUF
equation., The standerd deviation of MUF arisirg frem measure-
ment uncertainties 1s represented by the term Iyur (sioma MuF},
In the Federal regulations dealing with materfals accounting,
the term “1imit of error” of MUF, abbreviated to LEMUF, is used
rather than Oyyp+ The limit of error of MUF, or LEMUF, {s
defined as twice the standard deviation of MUF, e.g.,

LEMUF = Za”ur.'

The value for LEMUF may be expressed in either absolute or
relative units. It is expressed in adsolute unfts in weight
unfts of element or isotope, e.9., kilograms of plutonium.

[t s usually expressed in rejative units as a oercentage of the

plant throughrut.

* Tne statistical basfs for this equation fs discussed in Appendix A,
Basically, LEMUF, defined fn this way, s taken to have the following
significance. 1If no unmeasurec losses have occurred, then 95 times out
of 100 what "should be* and what “fc” present fs exnecrad »n Adoban n.
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The power to detect loss is roughly inversaly proportional
to the magnftude of LEMUF. The smaller the value of LEMUF
ifs, the greater is the power of detection. For a given value of
LEMUF, the probability of detecting loss is roughly directly
proportional to the amount of loss; the greater the loss, the
greater the probability of detection.

At this point, several generalizations zbout LEMUF are
useful. On the one hand, absolute measurement uncertaintie: are
always additive. Thus, “or a given plant measurement system,

the absolute value of LEMUF increases as the amounts of the

measured quantities entering into the MUF calculation are increased.

Similarly, for a constant flow process, the absolute value of
LEMUF increases with the length of the accounting period simply
due to the increase in quantities and their associated un-
certainties.

By contrast, the relative value of LEMUF, when expressed as
a percentage of throughput, tends (o decrease with increasing
throughput. This stems from two reasons, the measurement un-
certainties represented by LEMUF have both random and systematic
components. The random components decrease in a relative sense
with replication or as the number of measured items entering
into the MUF calculation increase. The systematic components
of erro., by contrast, tend to remain constant in a rel.tive sense
with replication. The second reason for the decrease in the
relative value of LEMUF as throughput increases in that uncer-
tainties arising .rom inventory measurements make a smaller

contribution to LEMUF.

. )

L



w12

It is apparent from the above discussion that the magnitude
of LEMUF, whicn is the index of the sensitivily of loss detection,
is dependent on the lengtn of the accounting period. This rela-
tionship between the sensitivity and timeliness of loss detection
is explained more fully in the following discussion.

Timeliness

The timeliness with which a loss (MUF)
can be detected is a function of both the frequency of inventory
taking and the time required to make the measurements associated
with closing the material balance. In ceneral, the former is the
predeminant factor.

In considerina the relationship betwen frequency of physical
inventory taking and detection of loss, several aspects are
irportant, These include:

e The promptness with which a diversion could be

detected and action taken to recover the material.

. he probability with which a loss "event" could be

detected.

« The probability with which a rate of loss could be

detected.

A loss event is defined as 23 relatively large loss that
occurs in a very short period of time and during a single
accounting period. A rate of loss is defined as a relatively
small loss (or buildup) that takes place continuously over a
sumbar of accounting periods.

From the standpoint of providing time for recovery and
apprehension, frequent physical inventories are always of

2advantage. Obviously, the sooner a loss is detected, the sooner

=
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action can be taken to recover the raterial,

The probability that a loss event can be detected depercs on
the amount of loss and absolute value of LEMUF. A3 was noted
earlier, the absolute limit of erruv can be reduced, thereby
increasing the probability of detection in two basic ways:
first, by improving the quality of measurements and secondly,
by reducing the length of ch2 accounting period, i.e., increising
the frequency of physical invantory takina. This lat'‘er approach,
however, has practical and technical limitations.

Physical inventory taking can incur addilional cost-
because of lost production and additional measurements. From
a technical standpoint, a ncint of diminishing return ¥s reached
where the taking of more frequent physical inventories reduces the
limit of error only slightly. This is the point where most of
the contribution to LEMUF is due to inventory measurement uncer-
tainty, with the uncertainty due to measurement of receipts and
removals playing only a small part.

B’ contrast, the sensitivity with which & "rzte of loss”
can be detected gene.ally increases with time. A small but
constant loss or buildup occurri.; over a number of material
balance periods is . st detected by evaiuation of the :umulative
MUF. In this case, the contribution c¢f the inventory error
pléeys a less important role since only the heginning irventory of
the first period and the ending inventr . «f the last period
contribute to the measurement uncertainty of cumulative MUF.

Since a constant or persistent loss accumulates in time, a4 poin:
is reached where the ratio of the accumuiated los. to the accumulated

measurement uncertainty is optimum from a getection stardnroint. '
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In summary, the best sensitivity for detecting a large
single theft or loss event is obtained by taking frequent physical
inventories. Whereas the best sensitivity for detectine a
small continuous theft or a continuous loss cccurring over a
number of accounting periods is by the evaluation of cumulative
MUF. In detecting a loss event, the observed MUF of an individual
accountirg period is evaluated against the measurement uncer-
tainty of MUF far that period. For detecting a2 rate c¢f loss,
the cumulative MUF for a number of accounting pericds is evaluated
against the cumulative measurement uncertainty.

3.2.4 Historical Limitations of Phy=ical Inventory
Measurements

In certain process designs, the assurance
that could be obtained from short accounting periods was limited
by the exactness with which the in-process inventory could be
measured. Often, large quantities of inventory were present at
locaticns in which the quantities could be only crudely cstimated
or were in forms inherently difficeit to measure. As a result
of these difficulties, research and development efforts were
initiated in recent years to provide equipment design guidelines
for reducing those limitations. The efforts have resulted in design

guidelines("d)

aimed at achieving the fcllowing objectives:

e The transfer of the bulk of the in-process inventory to
locations wherc it can be measured with a high deqree
of exactness.

e The incorporation in the process design of systems for

measuring the material in process vessels,

e The incorporation of process steps such as in-house scrap

i =
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recovery that convert difficult to measure materials to
more readily measurable forms,
Currently designed processes ire expected to include feaiures
that allow mass accounting to reach measurement sensitiviiies of
loss detection approacning the state of the art.

3.3 INTERACTINN WITH OTHER MATERIAL CONTROL AND ACCOUNTING
HEASURES

Often the irherent limitaticns of mass balance
accounting are assumed to apply to an entire facility. This
tends tu create the false impression that {1) a lo.s can be
detected only after a physical inventory has been taken and (2)
the sensitivity of detecting a loss i5 always limited by measure-
ment uncertainty.

Nermally, mass balance accounting is applied only to the
processing activities., Item accounting is usually applied to
materials held in storage awaiting processing, shipping, etc.
This form of accounting can be very timely. If material can
be properly sealed and coentained, seals can be checked without
measurement error.

Formal materials accounting is usually applied to a whole
plant or over several process steps. Usually, the best state-
of-art measurements are used for accountability purposes. These
exact measurements are often fairly expensive and often require
several days of analysis time. Lless expensive measurements with
shorter turnaround times are normally used for process control
purposes. Because of the immeaiate and local nature of process
control activities, most large loss events would be discovered
quite promntly and the area of loss quickly identified. The

staff expects that the RETIMAC concept, supplementing process

-
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control data with NDA instrumentation to obtain “Real Time
Material Control," will provide eventually a major
improvement in that form of theft detection.

As part of the evaluation of mass balance accounting, the
possibility that individual nrocess steps will be able to provide
much faster response times than the overall process balance will
be considered. If a weight balance is maintained around each
process hood or separate step, even though 1t is not a part of
the official accountability system, 1t does provide immedfiate
assurance that materials have not been simply taken from the
process area.

For some process steps, daily records of process yields are
maintained. These can also provide a quick indication of

the direct remova! of material.

g
"
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4.0 EXPECTED CAPABILITY OF MATERIALS ACCOUNTING
IN_FUTURT PLUTONTUM TROCI SSTNG GPERATITNS

it e s AT SR .LJ

As described in Section 3.2, the estimation of

the loss detection sensitivity of material balance accounting for a

TN

processing operation is a function of many parameters. All flows
into and out of the process must be described in terms of bat~h size
and the number of batches. These flow streams include not only

the streams arriving and leaving the facility but alsc the

internal flows. For each maierial transfer, the types of measure-
ments made and the measurement accuracy must be known. The
measurement accuracy should be expressed in terms of its random

and systematic components since the behavior of the balance over

time will depend on knowledge of both terms.

The ability -f a given plant to obtain a material bdalence
which is highly sensitive tc loss will depend to some extent
on the quality assurance procedures that are incorporated into
the plant measurement system., The anralysis presented here will
assume that the quality of the measurement system is extremely
good by today's standard. Since the evaluation is intended
to look at the performance of plants presently being designed,
standards which are high today should be commonplace & decade
from now.

In order to evaluate the safeguards effectiveness of material

balance accounting methods, three plants were chosen Tor
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evaluation. These are a LUWR reprocessing plant with an asso

ciated plutenium nitrate storage and oxide conversion tacilily,

a LWR plutonium fuel fabrication facility and an HTGR 2350

fuel fabrication plant. The LWR reprocessina plant was modeled
after Barnwell, (5-6) the plutonium fuel fabrication facility

afier the Westinghouse Anderson Plant.(’) and the HTGR Fuel

plant after the Youngsville Facility.(a) The HTGR fabrication
plant which involved enriched uranium fuel fabrication was included
only as an illustrative comparison of the plutonium and enriched

uranium fuel cycle as discussed in Appendix C of this report.

Although the plant models are close to the design descriptions

presented in license applications and SAR's submitted for these

plants, the material balance data were developed using state-of-

the -art measurement methods. The models obtained in this way
are thought to represent what might be achievable within the next
decade. Areas of uncertainty will be pointed out. In addition,
based on the results, it will be possible to show which variables
are most critical to obtaining highly sensitive material
balances.

The material balance accounting capabilities of presently
planned plutonium fuel cycle facilities are shown in Table 4.1.
A current HTGR fuel fabrication facility is also shown for
comparative purposes. The sensitivity with which loss can be
distinguished from measurement uncertainty is shown by the

LEMUF on Table 4.1.

e
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The lact three columns are the most important. Column 5§

shows the absolute value of LEMUF in kilograms. Column 6
shows the relative values of LEMUF as a percentage of two
forms of plant throughput - (1) feed plus inventory and (2)
feed only. Column 7 shows current Requlatory requiremants for
relative LEMUF,.

The values for LEMUF which are shown in Table 4.1 are based
on state-of-the-art measurement quality and current Regulatory
requirements for frequency of physical inventory taking. The
detailed material balance models, the estimates used for
random and systematic error of measurement, and the error
propagation models are described in Appendixes A and B.

The values presented in Table 5.1 are for plants which are
presently in the design stage or are beinag built. State of
the art measurement techniques were used in propagatine measure-
ment uncertainties. Thus, except for HTGR fabrication plants, all
piants exceed present reagulatory requirements. The followina
sections will evaluate additional improvements in the effective-

ness of material balance accounting which might be realized in

future plants.
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TASLE 4.1 Material Balance Accounting Capability of Current Processes

il LI LE) "
Special Tnventory
Accounting Nuclear Feed Level
Process Period Material kas kgs
Separations 6 months Plutonium 7568 5
Pu(NO,) Static Plutonium 9 2000
Storgge
Pu(NO,) 2 months Plutonium 2500 2000
Storige
Pu Nitrate- 2 months Plutonium 2500 1.5
Oxice
Conversion
Plutonium 2 months Plutonium 1190 772
Fuel Fab.
{
HTGR Fuel ‘)2 months 235y 1632 1520

Fab.

{3V Shown for comparative purposes only,.

3.67

36.82

*6 ”
Present Capabilit Requlatory
“(Feed+inv.)  ifeed Requirement ,%
0.72 0.72 1.0
0.26 .- 0.5
0.39 0.70 0.5

)
~n
0.38 0.38 0.5 ¢
0.19 0.3) 0.5
0.86 2.25 0.5
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5.0 DESCRIPTION AND EFFECTIVINLSS OF POSSIGLE
MATERTAL ACCOUNTING IMPROVEMENTS

The previous section illustrated material balance
accounting capabilities for currently required inventory
frequencies and state-of-the-art measurements. The material
balince areas studied extended over an entire processing operation
or 'he entire plant,

This section considers the possible increases in safequards
effectiveness which can be achieved by {mprovements in the
material balance accounting methods used in plutonium fuel cycle
facilities. To increase the safeguards effectiveness of material
balance accounting four basic improvements are desired.

These are:

e Improvement in the sensitivity of detecting loss events.

e Improvement in the timeliness of loss detection.

e Improvement in the sencitivity of detecting small losses

(or Suilduos) which occur over - long period of time.

e Improvement in the extent to which loss detection is

localized,

5.1 IMPROVED MATERIAL ACCOUNTING IN SEPARAT'ON PLANTS

The reprocessing plant evaluation presented in
sectfon 4 was bascd on a 5 M7/day plant using the Purex process.
Because this process has been used by both government and
private industry there is a wealth of experience concerning the
plant's operating characteristics.

Basically, the plant is a highly integrated facility. This
fntegration {s required in order to obtain the desired amount

of separation of the uranium and plutonium from the waste

e WA T Vel e
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products. The plant is designed for continuous operation.

Industry personnel have stated that it is hichly desirable to

run a reprocessing plant continuously for several months and

then shut down for an extended maintenance period. Thus,
plans for the AGNS plant at Barnwell contemplate continuous opera-
tion for 5 months followed by a l1-month shutdown period for
maintenance and cleanout for inventory takina. This mode of
operacion was used in calculating the LEMUF values shown
previously in Table 4.1,

The gains in safequards effectiveness which can be
achieved by increasing the frequency of inventory taking are
shown in Table 5.1. The absolute values for LEMUF shown in

Column 3 of Table 5.1 show the ‘ncreased sensitivity for detecting
a loss event which c2n be gained by increasina the frequency of

inventory taking. The relative values for LEMUF shown in
Column 4 reflect the sensitivity for detectina a rate of loss
which is proportional to throughput.
Two plant conditions for ‘nventory taking are shown in
Table 5.1. First is a cleanout inventory which entails up to
2 weeks of flushing and cleanout. Second is 2 running
fnventory in which the plant is inventoried without a process
shutdown. This second inventory method does, however, involve
careiul planning and operational adjustments to obtain the
best conditions for measurement of the inventory.
As the data in Table 5.1 shows, a running inventory yields
LEMUF values of aboul the same magnitude as those asso?iated
with a cleanout inventory. This comparison is misleadina from
the standpoint of safequards assurance. The cleanout inventory

includes all the plutonium in the process equipment.

P
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TABLE 5.1 LEMUF Sensitivity to Irventory Frequency for the
Separations Part of a & MT/0ay Reprocessing Plant

(A #2 /3 L
Accounting Inventory LEMUF x 100
period Feed Kilograms LEMUF ~ Feed
Cleanout
Inventory (kg of Pu)
1 week 303 5 4.09 1.35
2 weeks 605 5 5.85 0.97
1 month 1251 5 10.07 0.80
2 months 2523 5 18 85 0.75
3 months 3784 5 27.8 0.73
6 months 7568 5 54.4 0.72
12 months 15136.5 5 107.8 0.7
l:::;:gry(a)
1 week 303 222 5.61 1.85
2 weeks 605 222 6.99 1.16
1 month 1251 222 10.77 0.86
2 months 2523 222 19.24 0.76

Ta) Running inventory includes only the plutonium present in
liquid form. It does not include material firmly held on surfaces
or soluble forms of plutonium adhering to surfaces above the
normal liquid level of equipment.

Al b
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By contrast, the running inventory includes only the pluto-
nium present in process liquids. It does not include material
firmly held on surfaces or material adhering to surfaces above the
normal liquid level of equipment,. fxperience nas shown that such
accumulations can add up to 10-20 kilograms of piutonium,

As a consequence, there doesn't appear to be any practical
substitute to periodic cleanout inventories entailing a fairly
thorough cleanout. The running inventory does provide a rapid
assurance check and is worth evaluating on a trial basis. How-
ever, it should not be used as a substitute for a cleanout
fnventory.

Improvements in the measurements themselves are expected
to further enhance material accounting's value as an assurance
measure. Definite improvements in measurement quality are
expected to result from implementation of recent regqulations

(9)

calling for formal measurement control programs. One result
expected from implementation of such programs is 2 reduction

in the long-term systematic errors of measurement., The effect

of such a reduction is shown in Table 5.2 for cumulative LEHUF(‘O)
taken over a number of accounting pericds. The decreasing trend
in relative LEMUF with time is due to 23 partial canceling of

the sysiematic error of MUF. That is, some of the systematic
errors from one accounting period have different directions than
those from the next period and thus are cancelled.

Increasing the number of material balance areas within the
separations part of a reprocessing was not cansidered beneficial.
The current requirement of separating the plutonium nroduct
area from the separations part is considered sufficient for
purposes of localizing losses and providing extra protection
for attractive forms of material.
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TABLE 5.2 Reduction of Relative Cumulative LEMUF with Time
for the Separations Part of a 5 MT/Day Reprocessing
Plant

Length of
Accounting Number of Cumulative
Period Periods ars LEMUF, % Feed

.72
.54
.37
.29
.20

6 months
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months 53
.52
.43
.38
.34

.31
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.28
.23
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5.2 IMPROVED MATEPTAL ACCOUNTING IN NITRA) STORAGE

The plutonium nitrate st_rage area of the repro-
cessing plant consists of eight banks of slab tanks. These are
used for receiving, storing, and mixing the plutonium nitrate
product from the separations part of the process. The storage
area receives feed as concentrated plutonium nitrate solutions
from the separations MBA and ships plutonium nitrate solutions
to the conversion process for converting nitrate to oxide.

The basic materials accounting oLjective for the nitrate
storage area is to provide assurance that the plutonium
credited to the storage account is present and accounted for.
The exactness with winich this objective cen be met will depend
un operational status of the various storage hanks at any
particular time,

Several operational conditions need to he considered.
These are:

e Banks (of tanks) in static conditions where the solution
volume (or weight) is essentially constant over the
accountinug period.

e Banks in which only internal mixina has taken place
or from which only shipmer.s (transfers out) were maae
during the accounting period.

e B8anks in which sclutions of a cdifferent plutonium con-
centration were received and mixed with previously
stureod material.

The timeliness and sensitivity of materiais 2ccountinae

assurance checks will be somewhat different for each of the

above conditions.
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For banks of tanks in a static condition, nearly con-
tinuous assurance is provided through in-place instrumentation
which records the weight of solution in each tank (the weiaht
of solution above the bottom dip-tube). Also, when only
internal mixing takes place within a bank, a weiaht balance
can readily be obtained on nearly a daily basis. Similarly,
when a bank is used only for shipments, a daily volume balance
is also possible.

By contrast, the least timely and least sensitive situaticn
would be when a bank of tanks is used for receiving and
mixing new material on a continuous basis. In this case,
a material balance involving both solution weight and
plutonium concentration would have to be formed around those
banks. This balance is least timely because an accurate
irventory is not possible until the tanks are completely mixed
(a several-day operation). It is least sensitive because the
physical inventory measurement includes both volume (or weicnt)

and assay errors.

The timeliness and sensitiv-es of the various kinds of
material balances which may be used for safeauards assurance
at the plutonium nitrate storage facility are shown in Table 5.3.
The sensitivities for loss detection are shown by the LCMUF
values. As the data show, the smallest LEMUF values ar. for
material in a static conjition wnereas the largest values
correspond to the situation where material is received and
mired on a continuous basis.

The values for LEMUF shown in Table 5.3 should be regirded

as illustrative of the various operational conditions which

mavw Aaviedt don dha ctbnwens ewoe ..



TABLE 5.3

Accounting

Period

| day
1 day
1 day

1 day

1 day

1 week

2 weeks

3-4 weeks

2 months

«28-

Typical LEMUF Values for the Plutonium Nitrate

Storage Facility in a 5 MT/Day Reprocessing Plant

Operational Feed Inventory LEMUF
Conditions ——Kiloarams -
Static 0 1000 3.46
Static 0 200n 4.89
Internal Mixing 0 1600 3.65
Internal Mixing 0 2000 5.16
Shipping-Receiving 50 1000 5.85
and Mixinao
Shipping- 300 1000 6.15
Receiving and
Mixina
Shipping- 600 1000 7.47
Receiving and
Mixing
Shipping 1000 1000 10.15
Receivino
and Mixing
Shippina- 2500 2000 17.38
Receiving and
Mixing
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that a mixture of conditions will exist, 2.9., some tanks will
be static, some under internal circulation, and some in which

shipping, receiving and mixing are taking place.

5.3 IMPROVED MATERIAL ACCOUNTING IN NITRATE-TO-OXIDE
EO!‘VEESI'JI :

The sensitivity and timeliness of the
material balance performed over the nitrate-to-oxide conversion
process using oxalate precipitation was evaluated in a manner
which parallels the analyses performed for the other processes.
The results are shown in Table 5.4.

Two levels of inventory holdup are shown in the table.
One is for a cleanout inventory in which the entire process
is cleaned out, including the calciner. The second case is for
a draindown inventory which involves a nitric acid flush
of all the equipment except the calciner. In the draindown
inventory, the calciner holdup is reduced to a minimum level,
but the furnace is not flushed. The draindown inventory
requires about a one-day proces: shutdown and the cleanout
inventory requires about four days of process shutdown,.

A running inventory was also considered but is not
shown in the table. The uncertainties associated with this
type of inventory were too large to be of safequards value.
These large uncertainties stem mainly from the large quantities
of plutonium in difficult to measure forms such as highly
hydrated precipitates and powders. In addition, there are
large quantities present in piping and in the calciner. In

these locations amounts can be estimated only crudely.

I L R
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As the data in Table 5.4 show, both the timeliness of
detection and the sensitivity to detect a "loss event"™ are
improved by increasing the frequency of inventory takina. This
is contrasted by the relative values for LEMUF which show that
the sensitivity for detecting a rate of loss increases with
time.

TABLE 5.4 LEMUF Sensitivity to Inventory Level and Invertory
Frequency for a Plutonium Nitrate-to-Oxide Conversion

Facility
Accounting Feed Inventory LEMUF LEMUF
Period ———k iloqrams —— % of Feed
1 week 300 1.5 1.798 0.599
1 week 300 4.0 3.119 1.040
2 weeks 600 1.5 2.730 0.455
2 weeks 600 4.0 3.735 0.622
1 month 1225 1.8 4,922 0.401
1 month 1225 4.0 5.543 0.452
2 months 2500 1.5 9.589 0.384
2 months 2500 4.0 9.998 0.400

The improvement in leng-term assurance which is expected
to result from current requirements for formal measurement
control programs is shown by the cumulative LEMUF values given
in Table 5.5. The values shown should be interpreted as illus-
trative of the expected trend rather than interpreted in an

absolute sense.
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TASLE 5.5 Reduction of Relative Cumulative LEMUF with Time
for the Plutonium Nitrate-to-Oxide Conversion

Facility
Length of
Accounting Number of Cumulative
Periods Periods Years LEMUF, % Feed
2 months 1 0.166 0.384
2 months 3 0.5 0.234
2 months 6 1.0 0.179
2 months 12 2.0 0.144
2 months 18 3.0 0.131

5.4 IMPROVED MATERIAL ACCOUNTING IN FUEL FABRICATION

The timeliness and sensitivity of haterial

balance accounting for the plutonium fabrication facility
was evaluated in the same manner as was derived for the other
processes. The sensitivity of LEMUF to inventory level and
inventory frequency is shown in Table 5.6,

As the data show, both the timeliness and sensitivity
for detecting » loss event are improved as the frequency of
inventory taking is increased. As was noted previously, the
sensitivity for detectina a rate of loss which is proportional
to throughput increases with time.

Two inventory levels are considered in the analysis.
One is for a draindown inventory in which the in-process
inventory is reduced to 6 kilograms. The other is for a
similar draindown inventory of material in difficult to measure

locations, but includes over 500 kilograms in weigh tanks

SR o —————— - ——— . —— " ——
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TABLE 5.6 LEMUF Sensitivity to Inventory Level and Inventory
Fraquency for a 200 MT/Year Mixed Oxide Fabrication

Plant

Accounting Feed Inventory LEMUF LEMUF
veriod —_———Kilograms—————— % of Ffeed
1 week $ 1.649 1.10
1 week 150 772 2.264 1.51
2 weeks 300 9 1.775 0.59
2 weeks 300 172 2.357 .79
1 moath 595 9 2.180 0.37
1 month 595 772 2.276 0.45
2 months 1190 9 3.324 0.28
2 months 1190 772 3.886 0.31

which allow the accurate mecsurenen} of the inventory. This
illustrates one of the design features being incorporated in
future plants which improves materials accounting capability.
As the data in Table 5.6 show, there is only a slight difference
in the LEMUF values for the two inventory levels.

The draindown procedures for inventory taking are estimated
to require a process shutdown of about 8 hours or one
full shift.

The improvement in long-term assurance which is expected
to result from formal measurement control programs is shown
in Table 5.7 for cumulative LEMUF.

To enhance the loss detection of highly attractive materiais,
a separate material balance for the Pu0, storage area was
evaluated. This balance is pased on forming a “"weight”
balance around the Pul, storage area. In this area all of

the Puoz is stored in “weigh” hoppers 50 that a continuous

}
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TABLE 5.7 Reduction of Relative Cumulative LEMUF with Time
for a 200 MT/Yeer Mixed Jdxide Fabrication Plant

Length of
Accounting Number of Cumulative
Periods Perionds LEMUF, % Feed

2 months i 0.31
2 months 3 ; 0.18

months 6 . 0.14

2
2 months 12 o 0.12
2

months 18 . 0.1

record of Pu02 weight is obtained. The sensitivity of such a

material balance to detect losses of PuO2 as a loss 1n weight
is shown in Table 5.8. As the data show, LEMUF values ranqging
from 1 to 2.7 kilograms can be obtained for accounting periods

ranging from 1 day to 2 montns.

TABLE 5.8 Sensitivity of Loss Detection n Pu0, Storage Area
of a 200 MT/Year Mixed Oxide Fabrication Plant

Accounting Feed Inventory LEMUF(G)
Period Kilograms

8 hours 290
1 day ¢ 290
week 290
weeks 290
weeks 600 290 el
weeks 1200 290 3.0
(), LEMUF values are based on a material balance using weight
of Pufy as the only measurement uncertainty, Assurance

that substitution has not occurred is obtained through
reqularly scheduled assays for element content.
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6.0 COSTS OF MATERIAL ACCOUNTIRG IMPEOVIMLNTS

Improvement in material accounting can result in lost
production and increascd operating costs. Lost production costs are
difficult to assess. However, if the facility 1s shut down to take
a physical inventory, then it is conservative to attribute all the
lost revenue to the additional inventory requirement. [If the
facility is down for other reasons, a lost production cost is
assessed against the inventory measurement only if the inventory
measurement ex.ends the length of the outage. In this case the
penalty assessed against material accounting is only for the
additional downtime.

The lost production cost assessment, described above, assumes
facilities are independent. Facilities do interact. A reactor
cannot use plutonium that was not separated or was not converted
or was not fabricated into fuel. The assumption will be made
that the facilities can be decoupled enough so that one facility
is not solely dependent on the other. Care stil! must be exercised
when comparing facility costs if plants are not sized to process
the same amount of plutonium. This occurs in this analysis
because the 1500 MT/yr reprocessing plant produces approximately
50 kg of plutonium per day, whereas the conversion plant has a
peak capacity of 100 kg/day and a 200 MT/year mixed oxide fuel
fabrication plant is expected to require only 21 kg/day of
plutonium. In the cost analysis, the conversion plant will be
arbitrarily held to the 50 kg/day plutonium recovery rate Jrom

scparations. The fabrication plant size will not be changed
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but it will be noted in any comparisons that about two reference-
size fabricaticn plants will be required to use the plutonium
separated in the reference-size reprocessing plant.

The costs of additional lador anag analytical measurements are
summarized in Table 6.1, The measurement costs ware based on an
evaluation performed by Brouns and Roberts!'l) These costs

TAGLE 6.1 Summary of Lost Production and Additional
T Measurement and Labor Costs for FHaterial Accounting

Units Costs for Measurement Control Operations

Operation $/Measurement
Chemical Assay
Pu in MO 40
Pu in Pul) 35
Pu in Aqueous Samples 30
Pu in Waste (a counting) 30
Isotopic Analyses
Pu in MO 125
Pu in Pud; e
NDA
Weighing
Standards 2
Process Items 5
Volume Determination g5
Sampling
Mixing required 20
No mixing 6
Unit Cost of Labor $150/man day
Unit Cost of Lost Production
Separation $180/kg of HM? reprocessed
Conversion $400/kg of Plutonium
Fabrication $250/kg of HM fabricated

a:ieavy Metal

were estimated from information obtained from ERDA contractors

and from a private laboratory which performs measurement services

for licensees. A $150/day chargeout rate was used for *he cost
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of a man-day of labor. These are 1975 costs and include all the
charges necessary for full cost recovery. The lost production
costs for reprocessing and fabrication were based on economic
data presented at an AlIF-sponsored fuel cycle conference held
in Atlanta, Georgia on March 19-21, 1975.(12) The lost production
$1/gm cost for the conversion facility quoted at the conference
was reduced to $0.40/gm to represent the conversion cost
attainable by a 50 kg/day facility.

6.1 COSTS ASSOCIATED WITH IMPROVED MATERIALS
UNTING IN SEPARATIONS PLANTS

Three material accounting improvements were
considered in Section 5. These were more frequent physical

inventories, performing running inventories, and improvements

in long-term measurements in long-term measurement quality.
The costs of each of these improvements will be evaluated in

the following subsection.

6.1.1 More Frequent Physical Inventories

Because of the highly integrated opera-
tion of a separations facility, physical inventory measuremeants
more frequent than once in 6 months, are difficult to accomplish
without significant production losses.

Using the Barnwell Plant as a representative facility, it
is desianed for an annual throughput of 1500 MT/dav. Based
on the 6 MT/day dissolver -~apacity, the plant must operate
for 250 days to process 1500 Mi/ycar. Thus, shutdown periods

which total longer than 115 days would result in lost production.

An average rate of 5 MT/day over 300 days allows for rework of
off-standard material and for minor process upsets. The
remaining 65 days allows for two one-month periods for scheduled

plant maintenance and a complete physical inventory.
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So lona as there are no lost production costs, the major
direct cost penalty associated with additional physical inven-
tories is the labor costs of nrocess operators workina in
the plant. 0Of the approximately 150 people emploved in the plant,
the job assianments of 50 people may be affncted durina the
outane. At $150/day/man for 14 days, the assianed manoower
cost of each outage is $105,000. 1If 1 day's oroduction is
lost, the revenue from five MT of fuel at $180,000/M7(12) ¢
lost. Thus, the lost production penalty is $900,300 per
day.

Using the assumptions in the above paragraphs, Table 6.2
has been prepared to summarize the cost penalties associated
with more frequent physical inventories in a separations plant.
" A physical invertory was taken durina each 30-day outace as
a base case. Incrermental inventory-taking costs were charaed
when the sole reason for the outace was a physical inventory
requiresent. This calculational procedure results in a
maximum charge for taking additional inventories. If, as an
example, minor maintenance could be performed durina inventory
shutdowns such that the scheduled 30-day maintenance period
could be shortened, then the dollar cost (production loss)
assessed against inventorv taking would be decreased. No such
credits were taken for inventory frequencies shorter than
semiannual.

The lost production cost must be taken as a direct penalty
to the nuclear economy since additional capacity would have
to be installed elsewhere. The effect on Barnwell must be
1ddressed relative to their revenue. Thus, for Guarterly

inventory periods the 140 MT of lost annual canacity represents

a 9.3 percent decrease in revenus



TABLE 6.2 Maximum Incremental Costs of Inventory Frequencies Shorter than 6 Months

Total
Incremental Annual Incremental Incremental
Annual Physical Production Physical Cost of More

Number Maintenance Invertory Loss b Inventory Frequent
Inventory Requirement Requirement Cost Cost Inventories
Periods/Year (Days) (D2 s) pays® \millions) (millions) (millions)
2 65 0 0 0 0 0
B 65 28 28 25.2 0.2 25.4
6 65 56 56 50.4 0.4 '50.8
10 65 112 112 101 0.8 102
12 65 140 140 126 1.0 127

.st-

—————

il) Rase case, two planned 2)-day outages with one inventory taken for each outane.
b) The time required for a physical inventory fs assumed .0 be 14 days. Any decrease
or increase in this assumption directly affects these cost figures. »

Note: (1) Total plant income is assumed at (1500) (180,000) = $270 million/yr.
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6.1.2 Costs of Performing A Running Inventory

The previous analysis looked at the
costs of performing a good physical inventory check more
frequently than once per 6 months. Flushing and decon-
tamination procedures were used both to bring the heldup
material to measurement locations and *~ minimize the remaining
physical inventory in the facility. This procedure is time
consuming and costly,

A. was described in Section 4, the runnine inventory
can account for most of the material present
in flowing streams. The costs of taking a running inventory
are associated with the additional measurements, samplina and
analyses required. A computer software package and data collection
procedure must be developed.

Although the software package is a one-tine charae, estimated
to cost $40,000 initially, changes in plant operatina procedures
and improved measurement svstems will probably make this program
obsolete in a few years. Thus, a fixed cost of $20,000/year
will be used to develop and update the analysis routine. This
cost represents an average annual cost. In some years, there
may be no charges, in other ye.rs, major costs will Le incurred.

Taking a running inventory requires additicnal data
collection, sampling and analyses. For each running inventory,
six nonroutine samples must be drawn and analyzed. Assuming
fsotopic dilution procedures must be used on all the samples,
the analysis cost is estimated to be $200 per sample. Process
data collection and evaluation would take an estimated two

man-days at a charge rate of $150/day. Based on these costs,
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each running inventory is astimated to cost $15C0.

Table 6.3 summarizes these costs as the frequency of
taking running inventories is increased. In this table,
formal draindown inventories are assumed to be taken semi-
annually. Forwal drazindown inventory measurements supplant
the need for taking a running inventory.

TABLE 6.3 Additional Costs Incurred for Taking Running
Inventories in a Scparations Plant

Number of(a) Total
Running Shutdown
Inventory Inventory/ Days
Frequency Yeur Required Total Annual Costs
Quarterly 2 0 $ 23,000
Bimonthly 5 0 27,500
Monthly 8 c 32,0060
Biweekly 18 0 47,000
Weekly 38 0 77 .000
Daily 248 0’ 392,000

(a) Basis:
19 months of production/year
40 weeks of production/year
250 days >f production/year

6.1.3 Costs Resulting from Improved Measurement
Control

Measurement control programs have been
fnstituted to improve the accuracy and precision of material
accounting measurements. One improvement expected from such
programs is a reductinn in the long-term systematic errors in
flow measurements. As described in section 5, reductions in
long-term systematic errors can be realized through periodic
recalibration of equipment and by institutina improved, sta-

tistically based, tests of sampling and measurement procedures.
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The cost of such a program is estimated to be approcimately
$200,000/year for a plutonium fuel fabrication plant.(") The
costs are expected to be in the same range for the separations
part of an LWR reprocessing plant. Since the program is part
of current regulations, there is no incremental cost penalty

associated with impruved measurement control,

6.2 COSTS OF IMPROVED MATERIAL ACCOUNTING 1IN PLUTONI YN
’ STORAGGF FATTLTTIES

Two improvements in material accountability
were censidered for the plutonium nitrate storage facility.
First, the costs associated with increasing *he frequency of
physical inventory measurements will be corsidered. More fre-
quent inventory mec.surements result ian improvad timeliness to
detect loss. Secordly, the costs of calibrating and usinag
process control data to estimate running inventories will pe
considered.

6.2. Losts of More Frequent Physical Inventories

The problems of material accounting of
liquid plutonium nitrate solutions can be minimized by minimizing
the amount of material being stored and by attempting to keep
most of the inventory s*atlic during an accounting period. Thus,
the operating strategy can have a large effect ¢n the accuracy
of physical inventory measurements.

Ihe operating rcquirements vary tremendously over the course
of a year. In spite of the varfability durinc the year, there

will be times when the storage inventory is low,
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tharo wil! Ye periods when many of the storace tanks are static.
At those ti.es, taking a material inventory minimizes measure-
ront uncert:inties. Full advantage of these conditions should
Je t.agn,

Frew the standpoint of costs, it is important to consider
how frequantiy these favorable material inventory periods might

ovcur. The (o3ts are also minimized over these intervals.

svaratie periods are likely to occur quite frequently.
Many tasr  <-¢ likely to be static for a week; essentially
tynk well “e static for a year. The optimum inventory
tree iniccvel Lorresponds to the time it takes to empty or
ti31 3 storscc tink., At Barnwell, which is expected to be

rearesentative ot future facilities, the optimum frequency
would therefore .2 in the range of from 10 to 30 days.
buring this .eriod one bank might be filling, another empty-

ine, and the :enaining six could be kept static and locked out.
bee. orly twe 515 Oof measurements rather than the complete set

Rt uouid be - squired. As the period lenathens, more and
mure hanes f tank  must be inventoried. Every 2 months, as
.5 faur Links vight have been used. For longer periodsg

iv likely that ansfers or withdrawals frem all of them

Tt 5.t 3¢ u.rsining an estimate of a physical inventory
iv ore bLank of tiute 1s about $1350. The cost breakdown
fe. %00 vor the i« oeight-factor measurements, $30 foi sampling
vd §20 fue deter-ining the plutonium content in the sample.
Thas, €33t 5 incurrcd only if transfers to or from the bank have

.- ~r.. during the cccounting period. Based on the cost per
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bank it is now possible to estimate the annual inventory cost
for several inventory periods and then obtain the incremental
cost difference from the standard 2-month base inventory

period. These costs are shown in Table 6.4.

TABLE 6.4 Estimated Annua’ Costs for Performing Physical
Inventories in a Plutonium Nitrate Storage Facility

Measurement Incremental
Cost Total Cost from
Inventory Per Inventory Annuai Base 2-month
Frequency Period Cost Period
1 day'?) $ 300 $110,000 $ 106,000
1 week 300 16,000 12,000
2 weeks 300 7,800 4,200
20 days(b) 300 4,500 900
2 months 600 3,600 0
6 months 1200 2,400 -1,200
1 year 1200 1,200 -2,400

a) Because the storage Facility is a buffer betwe2n the separations
aza conversion tacilities, additions or withdrawals may occur

365 days/year,

b) Based on 15, 1 MT Pu storage batches/year.

€.2.2 Running Inventory Costs for a Plutonium Nitrate
Storage Facility

Instrumentation to continuously monitor
liquid levels in nitrate storage tanks will be required for
process control information. These instruments may not be more
than one percent accurate without calibration. It is estimated

that these instruments could be calibrated so that volume (or

. ot + oWALT o B
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weight) could be measured more accurately. Such a calibration is

not expected to cost more than $1000 annually.

The costs of taking a running inventory are quite smail,
taking 2 to 3 man-hours or about $50/inventory check.
This inventory check i3 on the weight factor (liquid level
and specific gravity) no samples are taken. As such, it is
just a supplement to the formal balance discussed previously.
Table 6.5 summarizes the annual costs associated with taking

a running inventory.

TABLE 6.5 Estimated Annual Costs for Performing a Runnina
Inventory in a Plutonium Nitrate Storage Facility

(a)

Inventory Total Annual
Frequency Measurement Cost
1 day $19000

1 week 29090

2 weeks 2000

1 month 1300

(a) r..uines a formal inventory measurement period of 2 months.

6.3 COSTS OF IMPROVED MATERIAL ACCOUNTING IN PLUTONIUM
NITRATE-TO-OXIDE CONVERSION FACILITIES

Four improvements in material accountability

were considered for the plutonium nitrate-to-oxide conversion

facility. First, the costs associated with increasing the

frequency of physical inventory measurements will be considered.

More frequent inventories result in improved timeliness to detect

loss. Secondly, the costs associated with process draindown

will be considered. Third, the costs of calibrating and usina
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process control data to estimate running inventories will be
considered. The final case considers the cost of the measure-

ment control program.

6.3.1 Costs of More Frequent Physical Inventories

The base case reported in section §
performed a formal physical inventory every 2 months.
It is estimated that the process would require
days to minimize and measure the physical inventory of material
in the process.

There are two types of incremental costs associated with
more frequent inventories. One 1s the direct cost and the
second is the ccst of any lost production. The direct cost
is estimated to be $3000/inventory period. The major cost is

the estimated 20 man-days of labor at a charge rate of $150/day.

At a throughput rate of 50 kg/day, a 1000 kilcgram lot of
plutonium from the storage area would be converted to oxide in
20 days. Since the next lot would be expected ‘0 have different
fsotopics, normal operations would dictate a rinout of plutonium
before the next batch starts. Thus, formal pFysical inventories,
taken after 20 days of full production may iapose a minimum
stress on facility operations. For a reprocessing
plant producing 15,000 kilograms of plutonium per year, there
could be as many as 15 formal inventory periods each year. The

incremental annual cost, at $3,000 per inventory period, would

be $27,000. The downtime for the additional nine physical

- —
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inventories is 4! days. The total annual lost production cost
for a facility c-nverting 50 kg/day at a cost of $400/kg is
$900,000. The incremental annual costs associated with a
monthly inventory period would be $18,000 and $600,000 for
additional operating and lost product costs, respectively.

6.3.2 Costs of Inventories Obtained by Process
Draindown

Rather than a complete cleanout be-
tween each batch, a runout of the inventory in the process may
be sufficient. In this case the six formal inventory periods
could be supplemented by nine draindnwn inventories. The formal
inventory measurementis are assumed to be taken between batches
of plutonium. The costs associated with the nine draindown
inventory measurements are estimated to be $600 each
4 man-days of labor. Thus, the incremental costs of drain-
down inventories is $5400 annually. The annual lost
production cost, based on one shift of production lost/
inventory, totals $40,000 annually.

6.3.3 Costs of Running Inventories

Running inventories would supplement

the 15 draindown or cleanout inventories taken during the year.
The major costs associated with running inventories result from
the additional calibrations and analyses required. Since NDA
methods are probably the only convenient means for surveyina

the inventory in process equipment and since the instrumentation
is isotopic dependent, periodic recalibrations are required,
probably preceding the conversion of each new 1 MT/batch of

plutonium,
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The calibration procedure is expected to take 1 man-day
of labor and measurements with five process standards for each
of the two parallel process lines. The totdal calibration cost
is therefore $400 per batch or $6000 per year. The cost

for each running inventory measurement, based on the measurement

and labor costs presented in Table 6.6 is $200. It is assumed that

each running inventory measurement witl require 10 NDA readings
at $10 each, two volume determinations at $15 each ard approx-
imately 4 hours of staff labor at $75. Table 6.6 gives the
incremental annual costs associated with supplementing formal
inventory measurements with more frequent, running inventory

measurements.

TABLE 6.6 Costs of Supplementing Formal Material Balances with
Running Inventories in the Oxide Conversion Facility

Running Inventory Incremental Annual Cost

Frequency Calibration Inventory Total

Monthly $ 3600 $2,400 $ 6,000

Biweekly (25 5000 5,000 10,000
periods/y r)

Weekly (50 weeks/ 6000(6) 1C,000 1€,000
year{

Daily 300 days/ 6000 60,000 66,000
year)

a) Based on one calibration every one MT of plutonium processed.

6.3.4 Costs Resulting from Improved Measurements
Control

The measurement control program has
been instituted to improve the accuracy and precicion of

material accounting measures. The measurement control nrogram

. — ——— St S . S ——
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for the oxide conversion plant would be administered by the
same starf responsible for the separations plant control proaram.
Indeed the intearation of data obtained from the combined
plant inventory mecasurements would greatly aid the program.
Thus, the costs cannot be separated from the $200,000 annual
cost estimate prepared for the separations plant control pro-
gram. Because this program is part cf current regulations,
there is no incremental cost penalty associated with improved
measurement control.

6.4 COSTS OF MATERIAL ACCOUNTING IMPROVEMENTS IN A 200 MT/YEAR
MIXED OXIDE FUEL FABRICATION FACILITY

This section will summarize the incremental
costs of the four fuel fabrication material accounting improve-
ments described in Section 5.4. The improvements were: more
frequent physical inventory measurements, more frequent inventory
checks on highly attractive material forms, taking a running
inventory and improved measurement quality.

6.4.1 Costs of Obtaining More Frequent Physical
Inventories

There are periods durina the course
of a year when physical inventory of material in the process
is at a minimum. The costs of performing a physical inventory
at such times is minimal.
Using the proposed Westinghouse Anderson plant as a quide,
each of the three input storage silos can hold up to 150 kilo-
grams of plutonium. At a production rate of 200 MT/year, 150

kg of feed plutonium ar2 used in 7 days of full production.

,ﬂ~. -



-49-
During that time the one silo has been drained, a full one is
on standby and the third is being filled.

The silos containing recovered scrap are uesiqgned similarly.
In seven days, one has been emptied, another filled and a third
on standby. Based on these storage capacities, a formal
weekly inventory, timed to correspond to the switch from one
input tank to another, appears to represent a minimum cost
condition. 1In addition, since the completion of one input
batch is frequently going to be the signal for a piutonium
isotopic change, runout of the process line is likely tc be
required. For this analysis, physical inventories taken once
a week are assumed to correspond to both the switch from one
input silo to another and the runout of the pellet line.

At this time all material in process is weighed and the
analytical factor corresponding to its respective Puoz or "02
batch is applied to get the plutonium content. In addition,

at that time all scrap cans, irrespective of their contents,

are sent to scrap recovery.

The costs are estimated by determining the number of measure-

ments required to obtain the physical inventory level, and then
multiplying by the costs summarized in Table 6.1. At

the end of each period, there could be 58 green pellet boats
135 sintered pellet storage boats and as many as ggg inspected
pellet trays in storage. As many as 18 cans of

clean scrap, dirty scrap and waste might be sent to their
respective treatment locations. Assuming an average inventory

of material in the process, about 500 weighings would be

required. The cost, based in the cost estimates in Table 6.1 would

.
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be $2500. The evaluation of the 18 waste and scrap cans atl

$30 each would cost $500. Thus the incremental cost associated
with taking more frequent physical inventories, at a frequency
as high as once a week, is estimated to cost $3000.

Labor costs must also be included. It is estimated
to require one shift to clean up the process equipment in prepara-
tion for each physical inventory. Assuming as many as 20
process operators would be used, the labor cost would be another
$3000. Thus, the total incremental costs associated with each
inventory period is $6000. This assumes the physical inventories
occur no more frequently than once a week and, therefore, result
in no net loss in production. Table 6.7 summarizes the incremental
costs of physical inventory measurements taken more irequently
than once every 2 months.

For each physical inventory required the facility will
experience one shift of lost production. Based on a fabrication
cost of $250/kg of heavy metal, the revenue lost by the fabricator
is 2nproximately $45,000. This lost revenue cost must be multiplied
by the number of additional physical inventories required annually.
These are shown in the last column in Table 6.7.

6.4.2 Costs of Fregquent Inventories of Highly
Attractive Material Forms

The proposed Wes .inghouse Anderson
plant design was used to evaluate the custs associated with
supplementing the plantwide physical inventory measurements
with m¢ + frequent measurements on materials in attractive form.
The Puoz powder input and storage area was evaluated. Unpackaged
cans under item control can be checked in about an hour, costing

$20. Measurement of the weight of material in the storage silos

4si
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costs $15, a calibration check may cost another $15; thus, the
total cost of inventoring the plutonium oxide storage area is
approximately $50. Table 6.8 summarizes the i~rrermental costs
of physical inventories taken more frequently than once evary
2 months for the plutonium oxide feed storage area . The
TABLE 6-7 [Incremental Costs of Plutonium Fabrication Plant

Physical Inventory Measurements taken more
Frequently than Bimonthly

Number of Total Total Lost
Inventory Supplemental Incremental Production
Frequency Balances Annual Cost Annual Cost
Monthly 6 $ 36,000 $ 270,000
Biweekly 18 108,000 800,000
Weekly 41 246,000 1,800,000

TABLE .o Incremental Costs of Performina Physical Inventory
g Measurements more Frequently than Bimonthly over the
Pu0, Feed Storage Area of a Plutonium Fuel Fabrication

Plaﬁt

Number of Total
Inventory Supplemental Increments)
Frequency Balances Costs
Monthly 6 $ 300
Biweekly 18 900
Weekly 41 2050
Daily 323 16100
Each Shift 994 49700

time intervals shown in Table 5.2 are nominal times. The rlant
is assumed to be operating during each of the 12 months of the
year. During the year, 47 PuO2 input batches weighing 170 kg

will have been processed. The weekly inventory frequency is

based on the completion of one input batch per 7 days of operation.

The number of operating shifts is assumed to be 1000 per year.
Slightly different assumptions would not significantly affect

the costs shown in Table 6.8.

Ly
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6.4.3 (Costs of Obtaining a Running Inventory

Ex_ept for the pellet line, essentially
all the processes are bat-h operation. In addition, based on
the Anderson Plant design, which is thought to be representative
of future plants, a process computer will be used for process
evaluation and control. This means that for much of the process
a running inventory analysis will be available. For the pellet
line, because of the holdup in feed and surge tanks, information
will not be availab'e except by difference. A runout of
inventory, while considered possible, would require an average
of 3 hours and a maximum of 6 hours. This could not be done
any more frequently than once a week, a case which has already
been analyzed. Thus, one must turn to real time material

control techniques, to get running physical inventory measurements.

6.4.4 Costs Resulting From Improved Measurement
Control

The measurement control program has been
instituted to improve the accuracy and precision of material
Accounting measur2ments. Although Tt is estimated to cost
approximately 3200.000(]')it brings present plants into com-
pliance with present regulations.(g) Thus, there is no incremental

cost associated with this accounting improvement.

Wi
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7.0 NONECONOMIC ACCEPTANCE FFCTORS OF
MATERTAL UNTING TMPRT VENE:

7.1 SOCIAL IMPLICATIONS

Employees and the qeneral public accept the
requirement that a company he able to account for all the

material in its custody. Thus, there is total acceptance of

improvements in material accountability.

7.2 ENVIRONMENTAL IMPLICATIONS

Based on past history, the best evidence
that material losses are occurrina in a process facility has
beer. obtained from material accounting records. Losses via
uncxpected pathways were occurring and were not being detected
by other means. The existence of uncxplained losses initiated
an investigation which located the loss path to the environment.
Thus, improvements in naterial accounting will provide assurance
that the environmental insult from the facility is below estab-
lished limits.

7.3 1aSTITUTIOHAL IHMPLICATIONS

Materia' accounting places requirements on
operating companies which is unique to the nuclear industry. As
such, many companies may hesitate to work in the nuclear industry
because of the possibility of bad publicity as a result of poor

performance,

Governmental involvement is high. At the same time, material

accounting criteria heave been written by both national and inter-
national organizations. Thus, improved material accounting fits
easily into the existing structure of these governing bodies.

The impact would therefore be very small,

.-
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7.4 LLGAL IMPLICATIONS

Material accounting requlations are presently

administered by NRC. The legal bases for such a requirement,

in the interests of material security, have ncver been seriously
questioned. Any changes to material accounting would have a

minimum impact on the existina structure of requlatory agercies,

and the way they presently function.



8.0 CONCLUSIONS AND RLCAMMENPATINGS

In sections 4 throuah 7, improvements in
material accountability were evaluated both in terms of
their benefits - imaroved timeliness and .ensitivity - and
their costs. In this section, the benefits and the costs
wili be compared. Based on this c.m.. “ison subsequent
sections will recomwend 1) improvements to present
material accounting techniques and 2) will recommend areas
of research which appear to have the most potential to further
improve material accountinag timeliness and sensitivity.

4.1 BEREFIT-COST EVALUATICH

The benefit of improvements in material
accounting are measured as increased sensitivity and timeliness
to detect a loss. The costs are measured by the increased
economic burden imposed on the facility.

Table 8.1 summarizes the estimated benefits of the proposed
improvements to materials accountina, Improvements are judaed
as minor if the change in the sensitivity or timeliness of
loss detection is less than a factor rf 2, moderate
if they result in changes ranaging from 2 to 10, and substantial
if they result in changes in loss detection sensitivity which
are greater than a factor of 10. This scale is rather subjective,
but does judge the relative benefits of suggested material
accountinc improvenents. Based on this scal. Table 8.1 ,ummarizes
the benefits and costs of material accountina improvements
suggested by the results of earlier sections.

The recommendations presented in the next two sections

are based on the data summarized in Table 8.1.
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TABLE 8.1 Benefit-Cost Table of Proposed Material Accountina Improvements
for Plutonium Processing Facilities

Cosls(C) .
Benefit AddTtTonal
Tmproved Tmproved Annual lost
Proposed Improvement in Material Accounting Jimeliness Sensftivity Operating vroduction
1} Reprocessing Plant M2terial Accounting
|
o. Formal Quarterly Inventory Moderate Hoderate $200,000 525 million
b. Weekly Running Inventory Substantial ubs!cntl l 77,000 Hone
¢. Measurement Control Progrem No change Moderate toneld) None
2) Plutonium Nitrate Storage Area
a. Forirsi Inventory Moderate Mocerate 900 None
b. Daily Inventory of all Static Tanks Substantiai Moderate 19,000 None
3. Plutonium Nitrate-Oxide Conversion Facility
: a. Fformal Monthly Inventory Moderate Minor- 18,000 629,07, o
. Moderate ]
: b. Informal MUF Estimate at Moderate Moderate 5,420 40,000
Times when Equipment Drained (a)
¢. Measurement Con*rol Program No change Moierate None None
4. Plutonium Fyel Fabrication fccilvty(d)
a. Formal Monthly inventory Moderate Minor 36.000 270,023
b. Daily Balance over Pulp Storage Ares Substantial Substantial 15,000 Nere
¢. Measurement Control Program No Change Moderate None None

(a) Sens‘ttvit; to detect losses occurring at 3 slow rate is improved.

éb{ Estimated to cost $200,000, presently part of requlations.

4 All ron-economic costs are insfonfficant.
4 fi«- (d) Approximately 2 fabrication plants are requ red to utilize all the plutonium obtained
‘% }* from reprocessing. This factor should be included in any comparison.
{0
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8.2 RECOMMEYDATIONS FOR IMPROVEMENTS IN MATERIAL
ACCUUNTING

Based on the evaluations presented in this
report, the staff makes the following general recommendations:

° That the existing licensing

review process of material accounting performance

be initiated at the conceptual-design stage and

follow the progress of equipment measurement system

performance tests up through startup.

Initiating the license review at the conceptual-
design stage can provide the best assurance that
those design features which improve the ease and
exzactness with which nuclear materials can be measured
will be incorporated into future facilities. These
features include the measurement of physical inventories
and material flows. Further, by continuing the review
procecs through the startup phase, pilot plant experience
can be used to evaluate process holdup and measurement-
system performance at a stage where improvements can
be made. Lastly, pre-startup calibraticn data and
measurement tests can be used as a basis for demonstrating
that the system wiil meet safeguards specifications for
materfals accounting.

. That she present capability of

measurement systems be the subject of a thorough review

and that the results of such studies be documented

and available in the open literature. At the present

time, there 1s not a complete listing of the present
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capability of all meajurement systems used in material
accounting. As a result, designers are not always
able to choose the measurement systems which will

provide the most acceptable performance.

The following recommendations are made for specific

facilities:

Chemical Separations: The staff recommends that the v

formal material accounting periods be no less frequent

than quarterly.

Quarterly periods give increased assurance that
all material processed can be accounted for. In
addition, quarterly inventory periods allow for more

frequent equipment calibraticn checks. Thus, sensi-

tivity to detect accumuliations or losses occurring at
a slow rate is much improved. The semiannual inventory
requirement simply allows too much materia! to flow

through the system between measurement system calibrations.

The staff also recommends that studies be initiated

to_demonstrate the accuracy of running inventory

measurements in a separations facility.

Based on the analyses presented here, much of
the inventory in the separations facility is present
in accumulator tanks between processing steps and as
such,can be measured periodically without process
shutdown. An actual demonstration is necded because
between inventory periods plutonium has been known

ty> deposit on the walls of process vessels and, as a result,

be “lost"™ urtil the equipment is flushed. In current
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designs such “losses” are thought to be small but this ;
must be demonstrateo. !

e Plutonium nitrate storage facilities. The staff

recommends the formal material accounting period

be no less frequent than monthly.

At any time, plutonium nitrate solution may be
held in static or ~tive tanks. Static tanks are
being held for future use and are locked out. Active
tanks are those to which material has been added or
withdrawn or in which material is beino mixed. 3ecause
of the impossibility to account for plutonfum in
incompletely mixed tanks, a running inventory on the
facility is impossible in spite of its simplicitv.
Thus, a requirement for a monthly inventory will
restrict operations to the extent that tank uniformity
must be obtained quite often. At the same time, the monthly
reporting requirement makes it highly advantageous
to lock out as many tanks as possible for that monthly
period. While it is recognized that the monthly
reporcing requirement may somewhat reduce the flexibility
of the operations, reduced flexibility is very advan-
tageous from the standpoint of material accountability.

e Plutonium Nitrate Stcrage. The staff recommends that

the static tanks be checked daily to insure that the

weight factor (specific gravity times liguid height)

has not changed.

The static plutonium nitrate storage tanks may

be locked out of the process for several accountina

periods. Althoigh it is not felt that sampling for
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plutonium content is required, a daily check of the
weiqght factor for each tank would appear to be a
minimum requirement.

Plutonium Nitrate to Cxide Conversion. The staff

:ggowmends that forma) inventory reporting require-

ments be no less frequent than monthly.

Based on the analyses of this process, presented
earlier, sensitive running inventories of this process
are not possible. At the same time, monthly cleanouts
are not extremely time consuming and appear to be a
reasonable alternative.

Plutonium Nitrate to Oxide Conversion, The staff

recommends that the formal monthly inventory be sup-

plemented with informal inventory measurements wherever

a process runout occurs.

Process runouts occur to get a clean separation
between batches or to do preventive maintenance. In
either case, such runouts provide a convenient time
to take an inventory. The results are only slightly
less sensitive than the formal inventory.

Plutonium Fuel Fabrication. The staff recommends that

formal inventory reporting requirements be no less frequent

than monthly.

Future plutonium fabrication plants have very
small quantities of material in difficult-to-measure
forms. In addition,process runouts are likely to
occur several times 3 month. Thus, providing several

opportunities a month for process inventory measurements.

. .
. ————— S — S S B S8 S . "



3
Measurements at such times should be encouraged since
they represent what are likely to be ends of accounting
frames for other facilities, In this way, cross-checks

hetween facilities may be available.

Plutonium Oxide Storage. The staff recommends that

the Puﬂ2 storage area te formalized as a material

balance area and that daily physical inventories

using Ful., weight be performed over this area. Because

of the 2ttractive nstur=2 of this material, which is

present in losose form or in sealed containers,
the stafi believes that daily weiaht balances and
item counts should he performed. Losses from
other areas require the extraction of much larger

quantities of material, amounts which are Tikely

to be noticed. This is not the case with a Pqu

storage area if it is only inventoried with the

frequency of the balance of the plant.
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8.3 RECOMMENDATIONS FOR FUTURE RESEARCH

The followina general recommendations for
future research topics is made:

e Cumulative LEMUF. The staff recommends that Requla-

tions for Cumulative LEMUF be developed for plutonium

fuel cycle facilities to supplement current Reaulation

for LEMUF for singie accountingy periods.

At the present time, Requlations for measurement
quality expressed in terms of LEMUT, apply to only
single and fairly short accounting periods. They do
not fully address the problem of long-term assurance and
the problem of long-term material control. In some respects,
much better acsurance can be obtained by evaluating
materials accounting data from the standpcint of tha
cumulative MUF and its associated limit of error,
CUMLEMUF, than by evaluating the MUF for a sinale
accounting pericd.

To develop realistic limits for cumulative MUF ,
development efforts are required in two areas. First,
statistical procedures must be developed for the prop-
agation of cumulative measurement errors. Second,
studies of current state of the art measurements
and their uncertainties must be carried out to provide a
realistic basis for the CUMLEMUF values to be used

in the Regulations,

"
3
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Safequards Assurance of Material Accounting. The

staff recommends that formal materials accounting

using the best state-of-the art measurements be

fostered and improved as a means of providing positive

assurance that diversion has not occurred. Further,

it is recommended that R&D programs aimed at improving

the timeliness and sensitivity of materials accounting

be continued and expanded as appropriate.

4
-
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APPENDIX A

MATERIAL ACCOUNTING METHODS

As discussed in section 3, material accounting methods are used
to provide assurance that the nuclear material beina processed through
a facility can be accounted for. This assurance is accomplished by
breaking each facility into a number of discrete material balance areas
(MBA's). All material transfers into or out of each .rea must be
measured and recorded. Since all rarts of the facility which could
contain special nuclear material must be included in a material balance
area, a facility balance can always be formed by combinina the results
of the individual areas.

In this appendix, the methods employed tc evaluate the effects of
improved accountina techniques will be described. Appendix B
applies these technigues, the results of which are summarized in section
: This appendix will be divided into three sections. This appendix
will begin with a general description of ti2 MUF concept. This will be
followed by a fairly detailed description of the statistical models used
to nbtain the confidence limits on the value of MUF. The final part
develops the detaile< equations used to model possible improvements in
the sensitivily accounting methods.

A.1 THE MUF COMCEPT

MUF is an acronym for Material Unaccounted For. It is calculated
by taking the difference between the book inventory (the material which
is supposed to be present in the inventory) and the physical inventory
(the amount of materiai which is either measured or estimated to be
present). In the absence of measurement, sampling and bookkeeping

errors, a positive MUF indicates an unaccounted less oi material and a
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negative MUF indicates an unaccounted for gain,

The ook inventory at the end of an accountina period is obtained
by taking the quantity of material present at the beainnina of the
accounting period and adding to it all measured receipts and sub-
tracting all measured removals. Thus, if F denotes the total awount
of feed, R all the removals and Bl the beainnina inventory, then
the ending book inventory, EBI, can be expressed as:

EBI = Bl + F - R. (n
If E1 is the measured or estimated ending inventory, then MUF is expressed
as:

MUF = EBI - El = BI - EI + F - R. (2)
In general, the inventory, feed and removal terms are made up of the sum of
many items. MUF can be evaluated for many accounting periods. [f in the
tth period there are n batches of feed, 9: removal batches, and "k"

categories of material on beginning and ending inventory, then:

MUF, = ;('t.l L Ll z; Fog = &f.5 (3)
. . . J .

This expression is for a single material S3lance area. All flows, receipts
or removals, from the area are included in the MUF equation. If the MUF's
from each area are added up, then the facility MUF is obtained. This
occurs because the inventory term for the entire facility eqwals the sum
of the inventory in its parts and any transfers between MBA's cancel out.
On the books, all internal transfers are described by entering an Rj term
into the records of the MBA shipping material and an identical Fi term in
the MBA receiving the material. When the MUF's for these two areas are
summed, since the removals from both areas are subtracted from the feeds
from both areas, the terms representina the internal transfer cancel.

By definition, feeds or removals from the facility have no such cor-

== ~ 0 =2 o
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If the length of the accounting period is very long, then the values
for "t and lt in equation (3) can become very large. The number of
categories of material on inventory is not influenced by the length of
the accounting frame. In addition it s only the inventory levels
at the beginning and end of the accounting frame that enter into MUF.
This is easily shown by summing the MUF caiculations for two successive

periods,

- K
MUFy ¢ MUF,, = ;E’t-l.r't.i) * “t.f”m,i’]

(4)
n n L 2
+1 t+]
+3F «fr - R -23 T
‘?tt.i 7 tel,i Z; t.j t+1,§
When the two MUF's are summed the intermediate inventory estimate, It i

cancels out. The feed term in the sum of all the feed batches for both
perfods and the removal term is also the sum of the removals from both
periods. Thus, in addition to evaluating an entire facility from
smaller material balance areas, it i« also possible to comhine short
material balance oeriods into longer ones.

If the MUF's from N consecutive accounting periods are summed, this
cumylative material unaccounted for estimate is designated by the acronym

CUMMUF. When N accounting periods are summed, equation (3) becomes :

k N g 3
CUMMUF,, = ?(xo.k - Iy) ‘)f‘_ %‘frm - ); ; Re 5 (5)

In the above equation the subscript “t" represents the tth accounting
period. The term lo j represents a physical inventory term at the
»

start of the first accounting periad over which MUF's are accumulated.
If the cumulative MUF calculation begins with a new, clean facility, then

lo., is zero for all "fi,

K

- N
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in the following sections, equations (3) and (%) will be used to
develop equations fur evalhating the statistical confidence limits that
can be ~Taced on a given value for MUF,

A.2 STATISTICAL MODELS FOR EVALUATINL M'F SIGNIFICANCE

The amount of material in a batch can never te measured exactly.
Even the amount of material under item accounting is urcertain to the
extent that the arwunt of material contained in each item cannic be
known exactly. Placing items under item control does not improve Lhe
precision of the inventory measurement; it does simplify and quicken
the inventory measureme:® procedures.

Recognizing that no measurement can be made without error, the
following paragraphs will take estimated errors in basic measurements
and show their effect on the certainty of the MUF and CUMMUF tesms.

The basic measures of dispersion and uncertainty in a given measure-
ment are the variance and the standard deviation. These measures of
the certainty of a givon measurement are described below.

The variance of a random variable x is defined by the equation
uz(x) =[(x-u)2f(x)dx.

where 1 is defined as the mean or expected value of x, and f(x) is the density
function and is a measure of the frequency with which x will assume a
value in the small interval dx about x. Then o is defined as the standard

deviation. If R values are randomly chosen from the distribution, then
Bk R

X = z:xi/R (6A)
1

and

R .
o2(x) = 3 (x;-%)"/R-1 (68)
1

are unbiased estimates of u and a2 respectively. For a normal distribution

about two-thirds fall within one standard deviation of the mean and 95

- e . . . . . . . .. -
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If two measurements are independent, the variance of a series of
measurements ecuals the sum of the irdividual measurement variance.

Thus, the equation for the tth accounting period becomes:
2 = 1K 2 2
0, (MUF) = o (E1,_1-EL,) + o (Fy) ¢+ 0 (Ry). (7)

{n this equation, the beginning inventory term fcr the tth accounting
period has been repiiced by its equivalent, the ending inventory for the
previous accounting period. The F and R terms represent the sum of all
feed and removal terms for the accountina period. The vazriance of the
inventory terms has not been broken up because .he assumption of independence
may not be valid. This is particularly true if tha lenoth of the accounting
period is very short.

The variarce of CUMMUF for N accountina periods can be obtainad by
a parallel develcpment. The result is :

of(CuMUF) = o2(BI -£1,) + o¥( z";r )+ (3 k,). (8)

TN Tt y gl

Once again tie variance of Lhe inventory measurement has not been
separated because the measurements may not be independent.

Equations (7) and (8) can be applied to a single material talance area
of to an entire facility. it should be noted that although MUF for the
entire facility is the sum of the MUF's for the individual MUF's, the rela-
tionship is not true for the variance of MUF. To be correct, the variance
associated with internal transfers must not be included in the facility
calculation. If equations (7) and (8) as applied to MBAs were added
together, errors associated with internal transfers would not cancel but

instead would be counted twice.
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The values of MUF and CUMMUF obtained by closina the material balance
can be considered as ramdom variables with a mean and a L taedand deviad ton,
The central limit theorem would indicate that since MUF and CUMMUIE are
the sum of many distributed variables, where no individual values tend
to be dominating, the values of MUF and CUMMUF will tend to be normally
distributed about the expected value of MUF (or CUMMUF). The expected
value of MUF is the value that MUF would have in the absence of measure-
ment « rears.

If the expected value of MUF (or CUMMUF) is zero, then the absclute
value of HUF: (or CUMMUF) is expected to deviate from zero by less than
20(MUF) or 25(CUMMUF) 95 times ou* of 100.

Because of the statistical sianificance frequently attached to the
95 percent coniidence interval, twice the standard deviation of MUF
has been Given the wcrorym LEMUF for Limit of Error MUF. LEMUF is
usually used as a control puint, i.e., an investigaticn is initiated
whenever MUF exceeds LEMUF for an accountinn period. In this way,
assurance 15 gained that all material processed throuah the MBA or the
facility has bean accounted for.

The ~ormal distribution of calculated values of MUF about zero,
under controlled conditionz, can be used as the basis for severa]l sta-
tistical tests. First, if the calculated value of MUF exceeds LEMUF
five times out of 100 no ur—easured losses have occurred tit measurement
errors have combined in such » way that the absolute value of MUF deviates
frcm zero by a value greater than LEMUF. When this occurs it i< called a
type 1 error. Note that if *he expected MUF is zero MUF is juzt as likely
to be more negative than -LEMUF as to oe nore positive than +LEMUF. Any
time MUF exceeds LEMUF an investigat:on is usually required. “or this

reason the region outside the interval [-LEMUF,LEMUF] is defined as the

critical region. (See Mood, page 247.)(‘)

f

ﬂ”ﬁ
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Suppose there is a loss «, then MUF will he uistiributed around
¢ with a standard deviation of ‘myr+ There is some probabi’¢ty that
the Toss will nut be detected becauss measurement errors hide the loss.
This s callad a type Il error. The probability that a loss ¢ wili not

be detected can be obtained from the foliowing equation.

Ple) = 1 - {y(ﬂ.ﬂ.’_’)- F (M'_)}‘ (1)

omr \ t)m'

where F(x) is the cumulative distribution function of the Zero mean,
unit variance, ana noral distribution. Values of F(x} for 3 qiven x car
be obtainea fruv any standard ¢2t of statistical tables.u} Figure (1)
Shows the value of P(.) as a furction of ¢ for the case where the
expected value of MUF is zero and o(MUF) = 1.0.

Equation (11)can be simplified if e>LEMUF. In this case:

p(,,:,.,(wi):,(;m) r(z) (12)
MUF 7 MuF “MUF

A similar development can also be carried out for multiple diversions

using the expression for \'N(CUW‘.UF). If an amount ¢ is lost during each
accounting period, then 3s shown by Stcurt.(” the probability of detecting

the cumulative loss Nc s qiven by:

i 20, (CUMMUF ) -N¢ -ZUN(CUFHUF-Nr
Pilc) = 1 - {F _Tou CUMMUF) ) F Oy (CUMMUF) ; (13)

If Ne - 20, (CUMMUF) then equation (13) is approximated by:

o (uc-ch(cuwr)) Ne ]
NE) = F = F -2)
oy (CUMMUTY ( oy (CUMMUF ) ) (14)

____‘
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(3)

Stewart presents the rationale for using equation (12) to detect
single diversions and equation (14) for the detection of multiple
diversions. Equation (14) is insensitive for single losses because the !
variance terms associated with the flows for N accountina periods are
fncluded in the calculation. At the same time, since Ne can be expressed
as a fraction of the throughput, the detaction probability using o CUMMUF)
increases with time. For short accounting periods, the variance terms
associated with inventory limit the detection capadility. After many
accounting periods the variances associated with flow become dominant and
unmeasured flow losses become more susceptible o detection by statistical
methods.

By using equations (7) through (14) it is possiole tu determine the
power curves for a givea set of feed, removal »nd inventory variance
measurements. The following section will look at the detailed error
structure of these terms and describe how basic errors in measurement ,
sargling and analysis are cordbined to obtain the accuracy of a given

flow or inventory measurement.

A.3 HATHE'WTICAL MODELLINS OF FLOW AND INVENTORY MEASUREMFHT ERRORS

The previous section started with the measurement error variances in

flow and inventory, and Propagated these variances to variances in MUF

ard CUMMUF. Measurerent errors associated with various flow and inventory
terms are generally statistically independent so that the propagation
technique is fairly straightforward. Obtaining the variance term for
specific flow and inventory terms is not as straightforward because the
assumption of independence is in general mot valid. This section will
develop the techniques which have been used to obtain the individual flow

and inventory variance terms in equations (7) and (8).

T e N LR OSSR NP USRS ——
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There are two factors which make tha development of flow and inventory
va-iance terms somewhat complicated. First, the material balance considers
a single element or isotope but often the measurements are made on mixtures
of elements and isotopes. Thus, a single measurement on each flow or
inventory component cannot be used. A weight or volume measurement of
the entire flow or inventory component must be supplemented by an analysis
of a sample of the material balance component. Thus, the errors in
measuring a flow or inventory component must consider errors in analvsis,
sampling and weight or volume measurements.

The second complicating factor is the existence of random, short-
term systematic and long-term systematic measurement errors. Random errors
in measurements are independent errcrs whereas systematic errors show
various degrees of dependency on each other. For example, if a scale
is miscalibrated for an entire 2ccounting period, then every reading
taken during the period is in error by a censtant amount. Such an error,
since it would not be expected to persist for many accounting periods,
would be classified as 31 short-term systematic error. Long-term systematic
errors are assumed to persist indefinitely. It is easy to see that when
a whole series of measu. ments are dependent on a single calibration, the
assumption of independence is not valid.

Although the two complicating factors are sorewhat related, they will
be treated separately. The key assumption will be that it is possible to

break each measurement system into random short-term systematic and long-
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term systematic components. Then all random, short- and long-term systematic

errors will be treated separately when ¢ termiining their influence on a
flow or inventory component of the material balance.

To demonstrate how the individual flow or inventory measurement

variance terms are determined, take the feed term

i s i’ ('5)

j is the total weight of the element in :he ith feed batch, i.e.,
kg of plutonium,

W, is the total weight of the feed bat.: (ng),

xi is the concentration of the element over which the material

balance is beina taken (kq of Pu/ka of feed).

Statistical proofs(‘) are available to show that an approximaticon for the

variance of the term Fi is:

2 4
2 2 1% 9%
= (W, « X,) + -5 (16)
%, LU A 7 S |
2
2, % %
= (F) |5+ (17)
i uT x?‘
2

The terms °S/“ and oi/xz are the relative error variances associated

with weighing and determining the concentration of the material balance
element or ° Jtope in the feed batch, respectively. The subscript has been
Teft off the W and X tecause the relative errors are assumed to be
independent of the batch weights and concentrations.

Equation (17) will be used to describe the behavior of the random

and long- and short-term systematic errors. For random errors, the ratio




oI

of oS/Hz will be denoted by rz. for short-term systematic errors, the

ratio will be denoted by 95. and for long-term systematic errors the ratio
will be denoted by qs. The equation for the random errur variance of the feed

term becomes:
s oot kR, 2 r
op(Fy) = F§ ['u y 'x]' \18)

Because there can be random and systematic errors associated with
sampling as well as analysis, the term rg. equation (18) is frequently

expanded to the form:

2, - Ff[rg s rg] . (19)
Similar equations could be written for °§ and °§'

Equation (19) is valid for the case where the random error in Fi
is obtained from one weighing, one sampling and cne analysis. There are
some cases where m'itiple weighinas, samplings, or analyses are performed.
In such cases, equation (19) is not a valid representation of cf. If RH

weighings, Rssamples. and RA 2nalysas are performed, i% can be shown that:

2(F.) = F2 W, (20)
TR R Ry ‘

Equation (20) is valid for evaluating the variance associated with the
random error component. Since multiple weichings, samplings or analyses
have no effect on the systematic error component, equation (19) remains

valid for the propagation of both long- and short-term systematic errors.

.
o ——— —————
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Equations (19) and (20) are used for the propagation of systematic
and random errors associated with individual flow or inventory terms.
The material balance requires a summation of flow and inventory terms.
The propagation of systematic and random error variances throuah these
summations are described in the following paragraphs. The behavior
of the flow terms will be derived first. This will be followed by an
evaluation of the inventory terms.

The analysis of the flow terms considers a oeneralized flow term
denoted by V!.

Let

Y tute 4o, @)
Where 1 is the true amount being measured
€5 is the random error made in the measurement of it, and
0i is the systematic error made in the measurement of

During the mth accounting periud, assume n batches associated with
the flow component "Y." 1In addition, durina the "m" accounting period
assume the systematic error term O is a constant for all n.

No distinction betwcen long-and short-term systematic errors will be
made at this time. If the sum of all Yi fs a measurement which is part

of the material balance for the accounting period, then:

n n n n
Zi:Y‘ - ‘Eu + ;ci + Lo (22
1

Since u and 0 are the same for all n,
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n

;Yi =np 4o ¢+ ?c'. (23)
The variance of a constant times a random variable is equal to the variance
of the variable times the constant squared. For statistically independent
variables the variance of a sum is equal to the sum of the variances.

The variance cf a random variable plus a constant is equal to the variance

of the random variable. Thus:

() =no? +aZdd (24)
1

.The variance of all €5 has been expressed as of and the variance of 8 has
been denoted by og. From this equation it can be seen that if anly one
batch of material is associated with the accountina neriod, then there
is no distinction between random and systematic error. On the other hand,
as the number of batches included in ar accountina period becomes large,
since o and % usually differ by less than a factor of ten, then the
contribution of the systematic error term far exceeds the contribution
of the random error term.

Historically systematic errors don't persist indefinately. Let 0 in
equation (23) be broken into two compcrents, ep and oq.reor!sentina short-
term and long-term systematic errors in measurement respectively. Let

q
be taken from a distribution with a mean of zero and a standard deviation

p_ persist indefinitely but let the value ep for the mth accounting period

of gg * Ther by analogy to the pirevious development, the total flow

variance for m periods, each with n batches becomes :

m
2l 8 2 2 22 2
o \? 2‘: 'j.i)' (w.) oo‘I + mn o”p’ L (25)

when the o's are expressed as relative errors, the equation for the feed

term becomes:
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The term F is the average amount of accountable material in a feed batch.
Thus, the produc’ mnl is the total quantity of waterial feed into the
material balance area during . accounting periods.

The numerator on the left side of equation (26) is one of the flow
terms in equation ( 8) for oz(EUMHUF). Similar expressions can be derived
for each feed and removal stream entering into the variance calculation.

From equation (26) it can be seen that the effect of the short-term
systematic error component on CUMMUF can be treated as if m values for the
short-term systematic error were randomly chosen from 3 agistribution with
3 mean of zero and a relative wriance equal to pg. Thus, for one
accounting period o(CUMMUF) is unaffected by the fraction of the error
that is short-term. It follows that o(MUF) is unaffected also. However
o(CUMMUF) is influenced if m becomes large. The product mn can be con-
sidered as a time term for a facility operating at a constant throughput.
Over a fixed time interval, since mn is constant, the term q20r2/mn is con-
stant. However, the tem p;m becomes smaller as m increases. Thus, over
a fixed time period o(CUMMUF)/mm is minimized by maximizing m.

The tradeoff's between m and n will be demonstrated in Appendix B
for a 6-month and 3-month inventory in a reprocessing plant. Qver
an interval of 2 years, the same total number of batches of material
flow througn the facility. In each case, however, recalibrations are
assumed to occur whenever an inventory measurement is made. Thus, if
an inventory measurement is made every 6  months there are only foyr
calibrations in 2 years, whereas for the 3-mnth case there are

eight recaiibrations. It will also be shown in Appendix B that pz is
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large relative to q20r2/mn. Thus, there is a strong incentive for maxi-
mizing the value of m in order to minimize the value of o(CUMMUF).

The variance term associated with the inventory terms in the MUF
equation will initially parallel the development used for developina
the variance equations associated with the flow terms. First, the
variance term for the inventory term in equations (7) and (B) will
be broken into random and systematic error comnonants. The distinction
between long- and short-term systematic errors need not be made because
MUF and CUMMUF contain only estimates of the beginning and ending inventory
levels. In both the 02(MUF) and OZ(CUHHUF) equations, the inventory

variance term will be described by:
2 2 2
o“(BI-EI) = or(lB-IE) + op(la-lc). (27)

The terms in parentheses in equation (27) should be taken symboiically

and not algebraically. Thus, °§(18°I£) is taker as the random error
variance of the inventory term in the MUF equation. The subscript p denotes
the systematic error variance of the inventory component.

Equation (27) is used to describe the inventory contribution to the
variance of MUF and CUMMUF. It may be argued that the “q" subscript,
denoting a long-term systematic error rariance, should be used in the
equation for az(CUHMUF). such a distinction will not be used in this
evaluation.

There may be many categories of material on inventory, if there are k

Categories, all are assumed to be independent, thus

2 2 (2
°r“s"r) = Zi:.:r “"i'xfi)' 8)

: =
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A similar expression can be written for the systematic error component.

The behavior of the measurement error variances associated with
inventory measurement cannot be surmarized in a form which is as simple
as the flow variances. Random errors propagate in a straightforward manner
Lut systematic errors must be handled on a case Oy case basis. Assume
there are k categories of material on inventory at the beginning and end
of the accounting period. The inventory level in one of the k cateqories
may be best described by either an inventory level or an item count
times the average amount of accountable material in each item. These
two inventory categories show a different error structure as developed

in the following paragraphs.

For the case where the inventory level is best defined as 2 tota)

quantity of accountable material, let !B
i

of accountable material in the ith inventory cateoory at the beainning and

and IE represent the amount
i

end of the accounting period respectively. ihen the random error variance

term can b~ expressed in the form:

2 T 2
opllg =1g ) = (‘B‘. + Ig

: ) rf . (29)
i

i i

The systematic error term will be assumed to have tne followina form:
2 . 22 _ 2
opllg,-lg ) = (Tg -1 %%} = (a1y) nfi (30)

Equation (30) assumes the relative systematic error is proportional
to the change in inventory 1:vel rather than to the absolute inventory
level in the storage vessel.

For the case where the inventory is present as countable items in an
inventory category, let Ti be the average amount of material in the ith
category and CBi and CEi be the number of items on beginning and ending

inveitory in the ith catejory. Then the following expressions are used

for the random and systematic error variances associated with inventory.
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2
(g,

In this case, the systematic errors associated with material present on
ending inventory are assumed to not cancel with the system2tic errors of
measurement made at the beginning of the period. This is a conservative
assumption since some cancellation is likely to occur, particularly for
short accounting intervals.

For each of the k categories of material on inventory, either equations
(29) and (30) or equaticns (31) and (3?) aro ysed 4 propin. to inventary
errors. Equations (30) and (32) are very different. The evaluations per-
formed in Appendixs L and C assumes that equation (32) is the proper form
whenever the inventory can be represented as batches of material which
turn over during an accounting period. Greer pellets which have not been
fired fall into this cateaory. During an accounting veriod, it is highly
unlikely that green pellets present at the begtnning of the accounting
period will not be processed and replaced by new batches of unfired pellets
during the period. Equation (30) is assumed to be the proper form whenever
the inventory is present as a large batch of material, A sterage tank con-
taining several hundred kilegrams of plutonium is placed in this category. If
a small amount of material is withdrawn or if the tank is emptied and filled
back up to approximately the same level, then it is believed that the systematic
error compcnent is proportional to the difference rather tnan the absolute

inventory of material present. :
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Equations (29) and (30) are applied to containcrs which are under
item control and undergo piocessing during the accounting period. Itams
that are on inventory and do no. undergo processina are included in the
MUF equation but not in the estimate of the o(MUF). Any errors made in
estimating the amount of accountable material in these items cancel out
since they are present in both Ig and Ig .

The estimate of o2(MUF) and gz(cumu;) requir: 3 summation of the k
categories of material on inventory. For each category, a decision is
made as to wh2ther equations (29) and (30) or (31) ard (32) are applicable.
For each class the variance term is calculated and then the variance of all
categories is summed to get the random and short- and long-term systematic
error inventory variances. These inventory variances are then summed to
get the inventory variance term in equation (27).

A.4 SUMMARY 9F NUCLEAR MATERIAL ACCOUNTING EQUATIONS

The follewing equations are used to evaluate the sensitivity of nuclzar
material accounting netnods.

1) MUF =Bl +EIl +F - R

2) LEMUF = 2 - o(MUF)

3) o(KJF) q/cz(mr)

8) o(MuF) = o2(BI-E1) + of + o2.

For n feed batches during the accounting period
2 2 2 2
5) o = 1 ad [n ret nz(pF + qF)]'
For L removal batches during the accounting period
2 _ 2 1.2 2;.2 2
§) op =R [~rR+i(PR*qR)] ‘
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If there are more than one feed or one removal stream then equations (5)
and (6) must be developed for each stream.

The variance of the beginning and ending inventory term is broken down
into k categories of material for each cateaory, a decision is made as to
whether or not it is descrihable as an absolute inventory level or as a
series of discrete items. If the first h of the k cateaories is defined
by a total inventory level and the rest by an item count, then

7) of(BI-EI) = oi(Ig-1g) + os(ls-lc).

and
2 - 2.2,2 . & 2.2
8) oplip-Ig) = (I3 +I7 Jrs # (.48, N3
TV 8 Th N Y PR A R
2 > 22 & 2 2 .2
9) op(lB-IF) = = /\I‘.rIi + i};ﬂ (Caiocei)T‘.P,i_

The equations for CUMMUF parallel equations (2) through (9). Equations
(5) and (6) must now corsicder the effect of m accountina periods. They

become:

5R) o‘z,(CUH‘IJF)S fz[mm‘g + nzmpg + nzuzqﬁ]

6R) og (CUMMUF) = ﬁzﬁnnri + nzmpg + n?nzqz].

A1l otnher equations remain the same.
Equations (1) through (9) are used in Appendix 8 to quantify
the effect of possible improvements in material accounting. Th' results

of these analyses have been summarized in Section 3 of this report.
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APPENDIX B

SAFEGUARDS MATERIAL ACCOUNTING CAPABILITIES OF
FUTURE PLUTONIUM PROCESSING FACILITIES

This appendix will describe the detailed measurement uncertainty -al-
culations performed to evaluave the sensitivity of future plutonium pro-
cessing piants to detect materia! losses. Two processing plants will be
evaluated; a 1500 MT/yr LWR reprocessing operation and a 200 MT/yr mixed-
oxide fuel fabrication facility. Because of the vast differences in
material accounting characteristics within a reprocessing plant, the model
will individually consider the accounting characteristics of separaticns
area, the plutonium nitrate storage area, and tne plutonium nitrate-to-
oxide conversicn area. This evaluation will treat each area as individual
facilities. A discussion will be limited to the plutonium material accourt-
ing capabilities of these four facilities. It should be recognized that
the reprocessor must also account for the uranium processed through the
plant.

This appendix will completely develop the material accounting capa-
bility of each of the four plutonium processing facilities before intro-
ducing the next one. Each facility will be introduced by a brief descrip-
tion of its operating characteristics. This will be followed by a
discussion of the accuracy of accounting measurements performed for the
facility. A final section will describe the material accounting capa-
bility of the facility. In general, the last section will develop the
quantitative relationship which exists between the operating state of the
facility and the timeliness and sensitivity of the accounting records.

The mathematical models described in Appendix A will be used to obtain
the material accounting capability of each facility.
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B.1 MATERIAL ACCOUNTING CAPABILITY OF THE SEPARATIONS FACILITY

R " 4 L ! i

As described in the previous paragraphs, the reprocessing
plant has been divided into three separate facilities, a separations
facility, a plutonium nitrate storage facility, and a plutonium nitrate
to oxide conversion facility. This section will discuss the material
accounting characteristics of the separations facility. The other facili-
ties will be the major subject of subsequent sections.

The senarations facility operation is remote, performed behind many
feet of c. . vete. This analysis will be modeled after the 1500 MT/yr
Barnwell Plant being constructed by Allied General Nuclear Services (AGNS).
The facility description will be taken from the Safety Analysis Report(' )
prepared by AGNS personnel. It is thought to be representative of future
separations facilities.

Although the separations operation properly begins when the spent
fuel is unloaded from the large shipping casks, from the standpoint
plutonium accountability, the accountability tank which receives feed from
the dissolver is the start of the separations process. The rationale for
starting the plutonium accountability with the dissclver solution is rather
straightforward. A1l plutonium in this stream is potentially usable mate-
rial and will be feed into subsequent processes. Thus, it is properly the
start of plutonium safeguards concerns. In addition, up until the fuel is
dissolved, its plutonium content is only known througﬁ calculations. Thus
one works backwards from the ¢ .ssolver solution to the plutonium content
in the fuel assemblies used to make up the dissolver solution.

By starting with dissolver solution, one potential plutonium stream

is not considered in the plutonium accountability calculation. This is
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the plutonium associated with the clad hulls. Since the hulls are pre-
sently considered to be a waste stream and undergo no further processing
to recover the traces of uranium and plutonium praosent, the amount of
plutonium, although of sa‘eguards concern, has no impact on the amount of
plutonium which must be accounted for after it is processed through the
separations facility.

The input accountability tank represents the first point in the opera-
tion where the uranium to plutonium ratio can be accurately determined.

The uranium content is known quite accurately from knowledge of the initial
uranium content in the fresh fuel and the subsequent fuel exposure level
attained at reactor discharge.

The dissolver solution from one of the three dissolvers is batched into
the accountability tank and then jetted into the feed tank for the first
column in the separationt procedure. Once the solution is transferred from
the account tank it becomes part of a continuous process and batch identity
is effectively lost.

The Furex separation process is shown schematically in FigureB.1.

A1l chemical processing activities beginning with the transfer of material

from the dissolver accountability measurement tank and ending with the

S S S ————— -

transfer of product material to the storage arez are included in one material

balanc~ area.

There seems to be little incentive to divide the area into more than
one material balance area. First of all, except for the final concentration
and storage steps all operations are remote. In addition, all flows are
continuous or semicontinuous with recycle and backcycle being used exten-
sively to obtain the desired product purity. Thus multiple material balance
areas bounded by reliable material measurements would be difficult to
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B.1.1 Description of Important Material Accounting Characteristics
of a Separations Facility

The material accoun'ing chacacteristics can be
strongly influenced by whether the plant is maintained by remote or contact
maintenance. Directly maintained equipment must be designed to be thorcuahly
decontaminated. This aids material accountability., At the same time, the
requirement for decontaminatisn lengthens the downtime. A minimum outage would
probably be 10 - 14 days. Maintenance outages would probably last at least
30 days. This means that although the facility can be almest flushed clean,

a requirement for frequent material accountinos would probably result in
lost production.

This analysis will follow the Barrwell design philosophy. AIll but
the head--end operations are assumed to be maintained using contact mainte-

nance. Formal material accounts will be assumed to require thorough flushing
to remove the major portion of the plutonium from the remote process
equipment.

Preseat regulations for separations facilities require material account-
ings be taken at least once avery 6 months. Table B.1 shows a typic mate-
rial balance for a 6 month period. The plutonium content in the feed stream
was assumed to be 10 kg/tonne of initial vranium in the fresh fuel. This
is above the expected concentration expected in discharged uranium fuel but
below the concentration expected if recycled plutonium fuel assemblics are
being processed. The plutonium losses in the high-level waste stream
represent 0.9% of the feed plutonium. Lower losses are expected in practice,
3 high value insures that the estimated measurement errors for the waste
stream will be conservative.

Although the data presented in Table B.1 are for a specific accounting

period, different accountability intervals are easily obtained from Table 8.1
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TABLE B.1 Material Flow for a Singie Campaign at a Purex Processing Plant
(Basis: 750 Metric Tons Fuel Input, 6-Month Operation)

Total Material(®)

Material Balince Component Batch Size kq. No. of Batches in Campaign, kq.

Total Input
Pu 20.182 375 - 6743.25
] 1998 375 749,250.00

Total Product(b)
Pu 25.0 300 6682.5
U 7425 100 742,500

Waste : ©
Pu 0.273 250 60.75 1
] 27.0 250 6750.00

In-Process lnventory(c)

Pu
u

10 5
10 50

"o
owm

a) For this example, it i< assumed that the concentration of Py is 9kg/ton of U.
In actual operation, this value can be expected to range from 5 to 10kg/ton of U.
A nominal 0.1% loss with the leached hu'ls is assumed.

©) Pu at 200 g/2; U at 1.5 molar.

c¢) Inventory assured for a “clean” plant. Small amounts of U & Py in process are
trarsferred to tanks where measurements can be made. The inventory in a "clean”
plant is erpected to be nearly constant at each 6 month inventory period.

-
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by applying a fixed ratio to the column specifying the numbered batches pro-
cessed. This procedure will be followed to evaluate the relationship
betwee: sensitivity and timeliness of material accountings for & separa-
tions facility. This information is developed in section B.1.3 of this
appendix. This section is proceded by an evaluation of the accuracy of
present measurement techniques to determine the quantity of plutonium in
each stream entering or leaving the separaticns facility plutoniun mate-
rial balance area.
B.1.2 Measurement Uncertaintios for the Separations Facility

PTutonium Accountability Measurements

Measurement uncertainties for two types of account-

ability measurements will be developed in this section. First, the
measurement uncertainties associated with what are considered to te the
best formal accounting measurements will be descrited. Then the estimated
accuracy of running inventory measurements will be described.

There are many years of experience with forme1 material accounting
methods for plutonium accountability in a purex-type separations facility.
Perfo. -unce data from facilities in this country and in Europe can be used.
As a result, the present capability of measurement systems and techniques
has been extensively documented.(2°7) Table B.2 represents a com-
posite summary of estimated measurement errors. These numbers should be
considered to be representative of present performance. They represent
measurement errors associated with what are thought to be the most accurate
measurement methods. Analysis of the plutonium content in the input account-
ability tank is obtained using isotopic dilution techniques to get the
uranium to plutonium ratio. The uranium content can be accurately deter-

mined from knowledge of the initial uranium content and discharge exposure

i



TABLE B.2 Zstimates of “andem and Systematic Errce for Separations
Facility Plutonium Accountability Measurements

Relative Percent Standard Deviation

Materia) Balance Component of a Single Measurement
Vol Sampling Anaiytical

Plutonium Input
Random G.3 0.30 1.0
Short-Term Sysiematic 0.18 0.10 0.20
Long-Term Systematic 0.02 0.02 0.02

Plutonivs Product

W Random 0.3 0.1 0.2 o

Short-Term Systematic 0.1 0.1 0.1 L 4
Long-Term Systematic 0.02 0.02 0.02

Plutonium Waste
Random 2.0 6.0 20.0
Short-Term Systematic 3.0 6.0 10.v
Long-Term Systematic 1.0 1.0 1.0

Plutonium Holdup
Random/Vessel 5.0 5.0 5.0

s US—
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of each fue)l assembly in the dissolver batch. The plutonium content in thu
product is determined by coulometry and in the waste by TTA extraction-alpha
counting. These analytical methods when used in conjunction with good
volume calibrations and sampling techniques provide the best estimate of the
capability of future separations facility measurement methods. It is fully
recognized that some facilities will exceed the measurement accuracies
reported in Table B.2; others will not quite meet them. A factor of two
deviation from the accuracies is possible but larger deviations are thought

to be unlikely.

The systematic error term has been divided into a short-term and long-
term error component. At present, no studies have Leen performed to quantify
how much of the systematic error term will be reduced by the reasurement
control program. The 0.0zX long-term systematic error represents that
fraction of the systematic error that may persist over many accountina periods.
As shown in Appendix A, the distinction between long-term and short-term
systematic errors does not affect o(MUF) but it does become important
in evaluating o(CUMMUF).

Table B.2 summarized the accuracy of present formal material accounting
measurement methods. Because shutdowns for physical inventory measurements
require 10 - 14 days at a minimum, running physical inventories must be
considered to be a serious alternative.

Based on the Barnwell design, which is thought to be representative cf
future designs, most of the inventory is present in feed or accurulator
tanks. Column 2 of Table 8.3 presents a compilation of the estimated
average inventory of plutonium present in the flowing streams during normal
operations. The estimated accuracy of measuring these inventories is shown
in subsequent columns in the table. The accuracy of inventories in the
separations columns was taken to be 10%. The actual inventory level and

measurement accuracy in an operating olant would be obtained by experience.
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TABLE B.3 Running Inventory Measurement Uncertainties for the
Separations Facility of a 1500 MT/Year LWR Reprccessina

Plant Plutonium
Component Estimated Measurement Accuracy
Process No. of Inventory S
Component Components kg Volume  Samplina Analytical
Fue! Dissolution
Accountability tank 1 23.13 Random0.3 0.3 0.1
Accountability tant 1 23.13 Syste-0.18 ¢.1 0.20
matic (‘)
Centrifuge 1 8 10
HA Feed Tank 1 21.5 1 3 0.17
Flush Accum. Tank 1 6 1 3 0.17
U-Pu Co-decontamination
Cycle
HA Column 1 1 10
HS Column 1 33 10
18 1 0.5 10
1BX Column 1 0 10
Secondary Recovery 3 <<0.’ 1 5 0.17
Plutonium Purification
1 BP Feed Tank | .7 1 5 0.17
2A Coliumn 1 0.5 ] 10
3A Column 1 2.3 10
33 Column ] .3 10
2 PS Column 1 20 10
2 ? Column | 110 10
Flutonium Catch Tank 1 7(b) 1 5 0.17
Piutonium Rework Tank ] 0 25
Plutonium Collecticn &
Storage
Pu Sampie Tank 1 21 N33 0.14 0.22
Pu femp. Storage Tanks 3 42 Randum 0.3 0.10 0.20
Syste-0.1 0.10 0.10
matic
Pu Temp. Storage Tanks 3 42 RndomG.3 0.10 0.20
Syste- 0.1 0.10 n.10
matic
Pu Measurement tanks 1 11 0.32 0.14 0.22

a) If only one error term presented, that value indicates the total
measurement error used.

b) Rachig Ring Filled Tank (Capacity 200 kg of Pu)assumed not used :
during accounting period.
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The values are thought to be typical. The biggest er-or associated with the
running inventory measurement is the inabilitv to guarantee that a sample
taken from an accumulator tank is representative of the plutonium concentra-
tion in the tank. Sampling errors below 5% may be impossible to realize in
practice.

The inventory levels shown in Table B.3 are based on the plutonium
concentration 1n the flowing streams. In the high-acid Purex flowsheet,
plutcnium deposition from solution onto the walls of pricess equipment is
not thought to be a major problem. This fact must be demonstrated in
practice.

B.1.3 Capability of Material Dalance Accounting Syctems
for Plutonium in a 1500 M1/Y¥r Separations Facility

Based on the results presented in the previous sections of
this appendix, it is now pcssible to use the error propagation models
described in Appendix A to obtain the capability of material balances
nerformed over a separations facility.

Theee cases will be cunsidered. First, the effect of the accounting
interval on the value of LEMUF will be evaluated. This will be followed
by the results of the ruaning inventory evaluation. The third case will
evaluate the possible effect of the measurement control program on the
long-term reduction in systematic errors.

The variation of LEMUF with the frequency of the formal material
accounting interval is shown in Table B.4. This table clearly demon-
strates the behavior of LEMUF with throughput ac discussed in the
introduction to section 3. Although the value of LEWF increeses as
the throughput increases, the value of LEMUF, expre sod as a percentage
of the feed, decreases. The former term is a criterion for evaluating
whethar a single large loss has occurred wnereas the latter is a criterion
for evaluating whether small frequent losses are occurring.

Although the table shows formal accounting intervals as short as
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weekly, running a plant for a week followed by a 2-week shutdown for a
physical inventory measurement is not cconomically feasible. They are
shown to compare with the running inventory evaluation developad in Tables
B.5 and B.6.

Table B.5 presents the estimated accuracy for a single running inven-
tory in the senarations facility. The accuracy of this running inventory
can be used in two calculations. Assume the accounting pericd is bounded
on one end ty inventory cbtained using formal inventory techniques, then
the uncertainty associated with that invertory measurement is very
sm211; half the value used for the inventery term in Table B.4. The
other inventory uncertainty value is associated with a running inventory.
The seconc ~ise assumes the accounting period 1s bounded on bcth sides by
a running-inventory estimate. Table B.6 compares these two cases with the
best formal balance estimate. Based on this comparison, it can be seen that
running-inventory material accounting techniques may provide the most
acceptable assurance trat all the material feed into the system can be
accounted for at intermediate times during a formal material accounting
period.

The running inventory is not thought to be a substitute for a formal
accountiig material balance. When the plant is shut down and relatively
clean, i*% will be convenient to check the calibraticns of the various
measurement systems. This is required as part of current regulations!g)
The major effect of this measurement quality control program is to randomize
some components of the systematic error. It will never be possible to
completely randomize the system:tic error between accounting periods. Tabies
B.7 and B.8 show the effect of randomizing the short-termm systematic errors
shown in Table 5.2. They are randomized by assuming new calibrations are

used for each accounting period. Table B.7 shows the effect of recalibrations
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TABLE B.5 Running Inventory Mecasurement Uncertainty Evaluation
for the Separations Area in a 1500 MT/Year LWR

Reprocessing Plant

Total
Plutonium Estimated Measurement
Component Measurement Error
Process No. of Inventory Accuracy Variance
Component Components kg - kg?
Fuel Dissolution
Accourtability 1 23.13 Random 1.1 0.063
tank
Accountability 1 £3.13 Syste- 0.26 0.004
tank matic
Centrifuqge 1 ).5 10.0 0.023
HA Feed Tank H 21.5 5.0 1.156
Flush Accum. Tank 1 6 5.0 0.090
U-Pu Co-decontamination
Cycle
HA Column 1 1 10.0 0.615
HS Column 1 10.0 0.015
18 Column 1 0.5 10.0 ¢.203
18X Column 1 n 10.0 0.00
6-6‘§
Secondary Recovery 3 <<0.,1 10.0 0.000
Plutocnium Purification
1 BP Feed Tank 1 .7 5.0 0.007
2A Column 1 9 10 0.010
3A Column 1 1.3 10 0.017
33 Column 1 1.3 10 0.017
2PS Column 1 20 10 0.040
2P Column 1 11.0 10 1.210
Plutonium Catch 1 7 5 0.122
Tank (a)
Plutonium Rework 1 0 -- 0.000
Tank 1.426
Plutonium Collection
& Storage
Pu Sample Tank ] 21 0.4 0.008
Pu Temp. Storage 3 42 Random 0.37 0.074
tanks
Pu Temp. Storage 3 42 Syste- 0,17 0.047
tanks matic
Pu “easurement 3 11 0.4) 0.002
tanks 0.137
TOTALS 238.6 2.921

a) In Barnwell -200 kg's of plutonium could be stored in this

No additions or withdrawal
assumed during the running invantory period. e By

Rachig Ring Filled Column.
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TABLE B.6 Comparison of LEMUF Sensitivity to Frequency and the Type of Physical Inventory

Performed to Obtain the Material Balance for a 5 MT/day Separations Facility

LEMUF

Formal Inventory Running Inventory
Period on One on Both Sides

Accounting Formal Accounting Size of Accounting of Accounting

Period Period Interval Interval

1 Week 4.09 4.9 5.61

2 Weeks 5.85 6.44 6.99

1 Month 10.07 16.43 10.77

2 Months 18.85 19.04 15.24

-OOl-

P o—
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at 6-month intervals and Table B.8 shows the effect of a 3-month recalibra-
tion interval. This pro,ram has the greatest potential for increasing the
sensitivity of material accounts to detect small, frequent, undetected
losses, measured as the ratio of LEMUF to feed on the last line in the

tables. Gains in sensitivity are significant when recalibrations occur

every 3 months instead of every 6 months. This shows one, perhaps unexpected,

advantaye of material accounting intervals more frequent than the present
6 month reporting requirement for separations facilit.es.

B.2 MATERIAL ACCOUNTI::G MODELS FOR THE PLUTOMIUM HITRATE
STORAGE FACILITY

The plutonium obtained from the separation facility can be
stored as nitrate or sent to the oxide conversion facility. In thi: evalua-
tion, all the plutonium nitrate is assumed to be sent through the scorage
facility even though economic, safety and safeguards concerns may suggest
otherwise. Two overriding rcasons may result in tne extensive use of the
facility. First of all, there is an advantage to the fabricator to obtain
plutonium having the same isotopics in fairly large batch sizes. It greatly
simplifies scrap recovery operations and, as a result,the fuel is much more
homogeneous. The possibility of removing americium from plutonium nitrate
solutions is the second reason why plutonium might be stored as nitrate.
Soth the reactor operator and the fabricator like the plutonium assemblies
to be low in americium. The fabricator because of the z“Am dose to workers
and the reactor operator because 2“Am is a nuclear poison. For both these
reasons, fair amounts of plutonium nitrate might be stored.

The Barnwell plutonium nitrate storage facility is thought to be
representative of future facilities of this type. At Barnwell, 1 tenne

of plutonium can be stored in six interconnected slab tanks. The present



TABLE B.7 Effect of the Measurement Control Program on the Long-Term Measurement

Errors for Semi-Annual laventory Periods Over the Separations Area of

a 1500 MT/Year LWR Reprocessing Plant

6 Months

1 Year

Number of Inventory Periods L |

Feed - 20,182 kg's of Pu
No of Batches - 375
Randecm Error Variance - kg? 18.02

Short Term Systematic 472.54
Error Variance - kg?
Long Term Systematic 6.87

Error Variance - kg?
Total Variance - Feed - kg?497.43

Product - 25 kg

No. of Batches - 300

Random Error Variance - kg? 2.6

Short Term Systematic 162.0
Error Variance - kg?

Long Term Systematic Error 6.8
Variance - kg?

lotal Variance - Product - 171.4
kg

Waste 0.273 kg
No of Batches - 250

Rand?m Error Variance - 0.82
kg

Short Term Systematic 66.14
Error Variance - kg?

Long Term Systematic 1.39

Error Variance - kg?
Total Variance - Waste - 68.35

kg?
Total Flow Varfance 737.2
inventory Variance o
Total Variance 739.4
Sd(MUF) - kg 271.2
LEMUF - t? 54.4
(LEMUF x 100)/Feed-% 0.72

Z

Cumulative Measurement Error Variances

36.05
945.08

27.49
1008.62

§.2
324.0

27.0
356.2

1.6
132.3

79.09
1060.18

109.97
1269.24

10.5
648.0

108.0
766.5

3.3
264.6
22.4
290.2

3137.0
3139.2

- N
QN

woo

4 Years
—_

144,
4628,

439.
5265.

O w wNn

21
1296

432
1749

529.
89.
625.

NS N O

7647.
2
7649.

s

Elapsed Time from Initiatien of the Control Program
2 Years
==

8 Years

288.
7560.

1759.
9608.

42
2592

1728
4362

13.
1058.
357.
1429.

15400
2
15402

124,
245,
n,

=201~

~ W




TADLE B.8 Effect of the Measurement Control Program on tie Long-Term Measurement
Errors for Quarterly Inventory Periods Over the Separations Area of a
1500 MT/Year LWR Reprocessing Plant

Elapsed Time *rom [nitiation of the Control Program

J Months 6 Moeths  § Months 12 Months 15 Months 18 Mcathy 21 Months 2 years 3 'egr! 4 vear $ Years
Number of [naventory Periods et 7 b ] T T T 7 ] L

Cumylative Measurement Error Varfance

Feed - 20.18 kg Batches
No of Batches/lInventory
Perics - 182.5

Randam Error Variance - ky? 9.010 18.02 27,01 36,94 45,06 s¢.07 63.97 72.08 108.13 4. 180.22
Short Term Systematic
Error Vartance - gt 118.1¢ 236.28 15¢ 42 472.%6 590.70 708.84 826,98 945.12 1417.68 18%0.24 2162.80

Long Term Systematic
Error Variance - by’ 1,718 6.87 15,48 27.49 42.95 £1.85 T TR T e ihn
. Total v.;;on:.'- Feed kg’ T8 87 HARL BEIT T M BTz ERL IS ) . LR . ]
roduct - kg Batches

No. of Batches/linventory
Period -150

loaog- Error Vartance - 1.312 2.624 31.516 5.246 6.56 1.87 .18 10.49 15.74 20.99 26.2¢
kg
Short Term Systematic 40.50 81.00 121.5%0 162.00 202.50 243.00 283,50 32¢.0 486.0 648.0 810.00 '
Error Vartance - &g’ =
Long Term Systematic 1.687 6.7% 15.18 26.94 @ 60.73 32.66 1er.9 " 431.87 674 80 b
Error Variance - kgl '
Total Vartance - Product kg' 43,499 90.3? 140.862 194 24 251.2) 31,60 37504 442 45 748 87 1100.86 1511, 04
Waste - 0.27) kg Batches
No. of Batches/Inventory {
> Period - 128 2.4% 2.8 1.7 4“9 6.5 .18 ;
andom Crrar Vartence - kg’ 0.409 0.818 1.227 1.636 2.04 A .86 . . . .
Short Term Systematic 16,54 3).08 49.62 66 16 B2.70 99 .2¢ 118.78 132.32 198.48 264 .84 3)0. 10 !
Errar Yartance - g’
Long Term Systomatic 0.4 1.36 3.06 5.44 A.S0 12.2¢ 16.66 21.76 __48.96 J.0a __V36.00
Error vartance - kg’ -y .
Total vartance - waste kg’ 17.29 35.25% $3.91 73.24 91 24 113 93 138.30 157,35 252.34 398.22 T
Total Vertance - Flow - kg' 189.66 186.79 591 48 801.%7 1023.'3 1250 .29 1428 87 1726.96 2770. 20 39333 s216.24

Total inventory var:ontc - bg?' 216 -

Total Variance - kg 191,82 288.9% $93.60  B05.73  1025.34  1252.45  14B7.05  1729.12 2772.37  13935.% s210.4
SA(MUF) - g 13.85% 19.72 24.36 28.39 32.02 35.39 38.56 4! 58 52.6% §2.13 12.24 !
LERoF - ot 21.70 39.44 48,73 56.77 64.0¢ 70.78 12.12 83.17  105.31 125,47 14448
(LEWUF x T00/Feeq) 2 0.732 0.521 0.429 0.375 0.338 0.3 0.291 0.c7 0.232 0.207 0.19 ,

' . M s W b SN SAES e Ny SPT e
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storage facility contains four banks of six tanks each. Thus up to 4 tonnes
of plutonium as nitrate solution could be on inventary at any time. Future
expansion could double the capacity so that 8 tonnes of plutenium might be
on inventory in the facility. The B-tonne capacity represents the entire
production of the separation facility for 7 months. As such, it does not

represent an excessively large surge capacity between the scparations and
conversion facilities.

B.2.1 Descrigtion of Important Material Accounting Features
of a Plutonium Nitrate Storage Facility

Based on the 1 tonne plutonium capacity of eac bank, several modes of

operation are suggested. These are:

e Banks of tanks in static condition where solution volume (or

weignt) is essentially constant over the accounting period.

e Banks in which only interval mixing has taker place or from

which only shipments (transfers out) were made during the
accounting period.

e Banks in which solutions of a different plutonium concentra-

tion were received and mixed with previously stored material.

The timeliness and sensitivity of materials accounting checks wiil be
somewhat different for each of the above conditions. The next section will
prosent the basic measurement uncertainty data for each of the ative cases.
This will be followed by a section quantifying the sensitivity of the

accounting methods in the actual storage facility being considered.

B.2.2 Measurement Uncertainty Estimates for the Plutoaium
Nitrate Storage facility .

The plutonium nitrate storage facility is considering only one

material form. As such the relative errors for receipts, removals and stored
material are identical. It is assumed that the measurement techniques are the

same as those used for the plutonium nitrate product solution from the

o .
e -
B < :
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separations facility. These are the same measurement errors already pre-
sented in Table B.2 and are used for all flow measurements in the storage
facility.

The inventory measurement error associated with material stored in the
six connected tanks is obtained by assuming that one sample and one analysis
s performed for each bank. However, the weight-factor (volume times
specific gravity) reading for each of the six tanks is used to get the
estimate of the quantity of plutonium solution in the tank. The effect of
this procedure is to reduce the volume error associated with stored material
by /8. Table 5.9 summarizes the randum and systematic errors used for the

plutonium nitrate storage facility accountability measurements.

B.2.3 Capabilitv of Msterial Balance Accounting Systems
for a “lstonium Storage racilicy

The material accounting capability of storage facility can be
obtained by combining the uncertainties associated with the various operating
medes which exist during an accounting period. The longer the accounting
period the greater the complexity of operations and,as a result, the greater the total
uncertainty of the measurements. Thus there is truly an incentive for relatively
short material accounting periods since the operations are relatively
simple.

The first set of cases will consider one to four banks static throughout
the entire material accounting period. The second set of cases will consider
the cases where 1000 (o 4000 kg of plutonium is beina mixed in the facility.
The third set of cases will evaluate the effect of shipping and receiving
from 50 to 2500 kg of plutonium as nitrate. If less than 1000 ka is shipped
or received, only two banks must be active. A1l four are assumed to be active

for the case where 2500 kg is shipped and received during an accounting period.
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TABLE B.9 Estimates of Random and Systematic

Error for the Accountability

Measurements of the Plutonium Nitrate Storage Facility

Material Balance Component

Pu(N03).

Random
Systematic

Pu(N03)4

Random
Systematic

Pu(N03)‘ Input to Oxide Conv.

Random
Systematic

Material Heldup in Empty Tanks
Random Error/Tank

Relative Percent Standard Deviation
of 2 Sinale Measurement

Volume Sampling Analytical
0.3 0.1 0.2
0.1 0.1 0.1
0.12 0.1 0.2
0.1 0.1 0.1
0.3 0.1 0.2
0.1 0.1 0.1
-— 50

-90‘-
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Case 1: Material Balance Capability of Static Tanks

If tanks are static, the sensitivity to detect loss is independent
of the time interval between accounting periods. There are no measured
flows. In this case, the volume (or weight) in each tank is checked at the
beginning and end of the accounting period. No samples or analyses need be
performed. Thus the variance of the resultant inventory measurement is
only affected by the variance of the volume readings. For each tonne, six
readings (one for each tank in the bank) are taken at the beginning of the
accounting period and six are taken at the end. The accuracy of each

reading is taken to be 0.3%. The error is all random, with no systematic
component. Table G.10 shows the resuitant sensitivity of LUWUF for static

storage of from 1000 to 4000 kiiograms of plutomium.

TABLE B.10 Measurement Uncertainty Evaluation for a Static
Plutonium Nitrate Storage Facility

Number of Bar .s Inventoried k. ? i = 3 i
Plutonium ' ventory/Bank (kg of Pu) 1000 1000 1000 1000
Total Plutonii 1 lnventory (kg of Pu) 1000 2000 3000 4000

Measure~ent Error Variances

Random Error Variance kgz 1.5 3.0 4.5 6.0
Systematic Error Variance kgz 0 0 0 0

Total Variance/Inventory kgz 1.5 3.0 4.5 6.0
Total Variance (Beginning and End) kgz 3.0 6.0 9.0 12.0
Sd (MUF) kg 1.73 2.45 3.00 3.46

LEMUF kg 3.46 4.90 6.00 6.93
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Case 2: Active Mixing in the Storage Facility

In this case, as in case 1, no sampling or analysis is
perforrmed, thus the only contribution to the material balance
variance is the volume (or weight) measurement error variances.

There are no large changes in tank level during the mixing
operation. It is then reasonable to assume that the syste-
matic errors, if any, are randomized by the number of tanks
being mixed. Table B.11 shows the resulting sensitivity of LEMUF
for mixing from 1000 to 4000 kilograms of plutonium using a
systematic error component randomized by the number of tanks
being mixed. It can be seen that because of the mixing, the
sensitivity to detect a loss is slightly poorer than the static cese.

Casec 3, the third set of cases looks at the effect of
additions and withdrawals on the value of LEMUF. Transfers
representing a l1-day, | -week, 2-week, l-month, and 2-month
accounting period will be evaluated. Two banks are
assumed to be active whenever additions and withdrawals are
being made. It is assumed that one bank would be receiving
naterial, ant withdrawals would occur from another bank of
tanks whic yeen ccmpletely mixed. [f there are more
than 1000 ko +ransferred during the accounting period, then
it is assumed that four of the banks are active and must be
assayed. Table 8.12 summarizes the measurement uncertainty
evaluation for an active storage area. In this table, two
calculations are shown for each accounting period, one cal-
culat on representing the least insensitive situation: one bank
full and the other empty. The other calculation represents

an optimum case, one which occurs when both banks are half full.

. b e 2 N "
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TAGLE 8.1 Measurement Uncertainty Evaluation for a
e Plutonium Nitrate Storage Facility with Internal Mixing

Number of Banks Inventoried 1 2 3 4
Plutonium [nventory/Bank (kg of Pu; 1000 1000 1000 1000
Total Plutonium Inventory (kg of Pu) 1000 2000 3000 4000

Measurement Esror Variances
2

Random Error Variance kg . 1.8 3.0 4.5 6.0
Systematic Error Variance kg 0.17 0.33 0.5 0.67
Total Veriance/Inventory kg“ 1.67 3.33 5.0 6.67

Total Yariance (B3eginning and End) kgz 3.33 6.67 10.0 13.33

5d (MUF) kg 1.83  2.58  3.15  3.65
LEMUF kg 2.65 L.16  6.32  7.30

TE ISR srvgiates oa
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TABLE B.12 Measurement Uncertainty Evalvation fcr tne Flutonium Nitrate Storage
Arca in a 1500 MT/Year LR fiprocessing Plant

Langth of Accounting Period
s T Uay T Jeek 7 Week ks onths
Feea” - 25 kgs of Py e
No of Batcnes 2 12 24 40 100
Random Error variance kg? 0.0175 0.105 0.21 .85 0.88
Systematic Error Variance kg? 0.0175 6.27 1.08 3.00 18.75
Total Variance - Feed kg!? 0.02% 9.37% 1.29 .3.35 19.62
' Total Flow Variance® kg? 0.05 0.7% 2.58 €.70 39.25
Inventory Cases
No of Active banks 2 < 2 2 B
Beginning Bant Inventories kg’ (w“ﬁ (475, 525) (woo. 0) (650, 350) uoo& ¢) (son 200) (1000, 0) (1009, 1000, 0,0)
andom Error Variance lg' 3.2% 4.42 G.54
Ending Bank [nventories kg’ (’50. 50 (SZS. 475) (700. n0) uso £50) mo. QM) (200. m) (0, 1030)(0. soo 500. 1000)
Random Error Variance kg? 125 3.58 3.38 '
Systematic Error Variance kg? 0 02 0.02 0 50 0 54 2.16 2 16 6 0 ll 50 oot
Total Varfance - Inventory kg® 12.43 €.53  10.85 7.62 . 1208 11.0 = 19.08 30.30 ?
Average Total lnvoutory variance bg' 8.50 8.70 11.36 19.08 36.30
Total Variance kg? 8.55% 9.45 13.94 25.78 75.55
SA(MUF) kg 2.92 3.¢7 .73 5.08 8.69
LEMUF kg 5.85 615 7.47 10.15 17.38
.EMUF x 100/Feed-3 1.7 2.08 1.24 1.02 0.7¢

f“i’ 2 a) Product and Feed Streams [dentical.
& : b) Brackets Enclose Individual Bank Inventorfies.
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Since the behavior of the variance is quadratic as 4

tank is emptied, the average variance can be obtained throuqh

integration. The mean sensitivity obtained in this manner

is shown at the bottom of the table.
Included in the variance calculation'for an empty tank

is a holdup uncertainty which can be asscciated with

cne kilogram of plutonium. [t is estimated thet

this much mater<al could be held up on the large w1l areas in

the bank. Flushing between storage batches was not considered.
Tabls B.12 shows an addition and ¢ withdraval eauivalent

to a 1-day 2crounting period. Since vniformity in the

storage bank i3 ~equired before it can be inventeriea, the

minimum inventory period is deternined by the mixing time. 1If

several days are reauired to ovtain a uniform plutonium solution

in 2 bank, then the | -day a3ccrunting periovd is impossihble.

Since there has been nc axperience mixing 1000-kilogram lots of plu-

tonium, the mixing time is unknown, 1t miaht be significantly

larger than & day.

6.3 MATERIAL ACCOUMTING CAPAB'LITY CF THE PLUTO:!IUM

The plutonium nitrate-to-oxide conversion

operation is modeled after the proposed Barnwell conversion
fac11ity.(‘°) It is shown schematically in Fiqure B.2 and
represents what can be considered to be a typical conversion
operation.

Plutonium nitrate solution is witkdrawn from either the
plutenium storage facility or the product storage area in the
separations facility and purped into one of two conversion

facility feed preparation tanks. Each tank can contain up to
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50 kg of plutonium, enouch for 12 hours of operation.

After the transfer is complete, the sclution in the feed
preparation tank is thorcuahly mixed, tha volume or weiaht
measured and a sample taken for analysis of the plutonium
content. The tank sclution is then prepared for conversion
by adjusting the acid content, diluting the plutonium solution
to the proper concentration, and adding chemicals to insure that
all the plutonium is in the plus four chemical valence state.
Durina the time the soluticn in one tank ic being prepared to
be fed to the coaversion operation, the contents of the alternate
feed tank are being transferred to ilhe precipitators.

The nrepared sulution in the input taerks is pumped into
one of two feed-head tanks. These tanks are kept at a coan-~
stant level by allowina any excess solution to c¢rain back
to the feed tark. Output from a head tank is split
into two paraliel streams each feeding a separz2te conversion
line.

The sclution from @ head tank flows through a heat exchanger
and then into the precipitation tank where oxalic acid is added
to precipitate plutonium oxalate. The resultant slurry leaves
the precipitator as an overflow stream and cascades down throuah
a series of three cigesters which age the precipitate to improve
filterability. The slurry finally flows into a rotary-drum
filter which separates the precipitate from the filtrate. A
knife edge scrapes the drum removing the wet filter cake which
then falls into a screw feed dryer-calciner. The output from
the calciner is high-fired plutonium oxide. This material is

screened to remove large chunks of pewder ind then blended to
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obtain uniform 32 kg Puoz batches which are then canned into 8 ka
containers for storage or shipment ofrsite. The large chunks of
powder are collected it a gqrinder assembly. When the arinder
contains the proper amount of plutonium oxido, the qrinder
assembly is disconnected from the conversion line. The chunks

are then broken up into a fine powder which is then recycled

back through the calciner.

B.3.1 Description of Important Material Accountin
Desian Features Fxcept for the Input and Output
Eatcg Operations

AVl the nitrate-to-oxide conversion
operations operate continuously. This mode of cperation parallels
the wey @ s2parations facility operates. Physical inventories
cen be taken by draining, flushina, and cleanina equipment or an
attempt can e made to perform a running inventory Both wil!
be considerad .

The ccnversion facility at Barnwell 15 “esigned to convert
25,000 kilograms of plutonium from nitrate to oxide every year,
However, the separations area i: expected to obtain less than
15,000 kg of plutonium annually. In this analysis, it will be
assumed that the conversion facility feed rate exactly matches
the rate of plutonium output from the separations facility. It
should be noted that the major effect of the assumption is to
reduce the amount of material flowing through the plant during
a fixed accounting interval. Other throughput levels during
the accounting period are easily simulated by simply changing

the accounting pericd to reflect the new throughput .

T e —— . e -t -
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Table B.13 shous the input and Output data for a typical
Z-month acccuntinn period. In subsequent sections, the
effect of varying the lenath accountine will be evaluated by
simply changing the number of batches of input and output to
reflect a shorter or longer accountine neriod. These evaluations
will be presented in section b.3 of this appendix. Prior to that,
the accuracy of present measurement techniques to determine the
amount of plutonium enterinz or leavin: the conversion facility
will be discussed.

" ’

S.3.¢ Measurement Uncerijintissg for_the Plutcniun
Conversion FaciT1ity ACLountab Ty Moasurenent

Yeasurermant uncertainties for three types
of accountsbility measurements will be develcped ir this section.
First, the rmeasurement uncectaintios assaciated with what are
considered (o be the test formal accountinro measucrements will
be described. Ther the estimated 2ccuracy of inventory or
inventory obtained bv just drainina and flushina the wet side
cf the process will be evaluated. Finallv, the possitility
of verforwing a running inventory neasurement will be dis-
cussed.

The nitrate -to oxide conversion facilitv occupies & centra)
place in the utilization of plutonium in oxide fuel assemblies.
in this analysis, the measurement errovs for the nitrate will
be identical! to theose used in the separgtions facility. In like
manner, the measurement errors for the oxide will be the same as
those used in the fabrication plant. Table B.14 rcoresents a com-
posite summary of measurement uncertainty evaluations'4+5:7.8!

relavant to 4 plutonium nitrate to oxide conversion facility.
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TASLE B.12 Flow for a Single Campaign in a Plutonium Conversion Facility

for a 2-Month Accounting Feriod

Material Balance Component Batch Size
(kq of Pu)
Input
Plutonium Nitrate 25
Qutput
Plutonium Oxi1de Product 7.0858
Wastel?) 0.025

a)Sent back to separations plant for treatment and possible recovery.

No. of Batches

Total Material
in Campaign

100

352.92
80

(kg of Pu)

2500

2498

-9t~



Estimates of Random and Systematic Er-or for Plutonium Conversion Facility

TABLE B.13
Accountability Measurements

Relat:ve Percent Standard Deviation

Material Balance Component of a Sinsle Measurement
Volume Sampling Analytical
Plutonium Nitrate Input
Random .3 0.1 0.2
Short-Term Systematic 2.} 0.1 0.1
Leng Term Systematic 0.02 0.02 0.02
Plutonium Oxide Product
Randow 0.070 0.1 0.25
Short-Term Systematic 0.035 .- 0.046
Long-Term Systematic 0.020 G.02 0.02
Plutoniun Waste
Random Z 3 10
Short-Term Systematic : -- l?
i 1

Long-Term Systematic

L=
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The systematic errors have been divided into short-term
and long-term errors. In one accounting period both cuntribute
to the variance equally. Over many accounting periods, the
short-term systematic error is treated as a random variable with
a sample size equal to the number of accounting periods. The
0.02% . residual long-term systematic error is not based
on any evaluations but is thought to simulate the behavior
of that portion of the systenatic error that persists from
one accounting period to the next. The values shown in Table 6.14
will be used in the next section to evaluate the efiect of formal
accounting period length on LEMUF, The effect of the
measurement control program, simulated by randomizing
the short-term systematic error component between
accounting periods, will also be described.

The formal accounting procedur: assumes that am attempt
has been made to minimize the amount of material held up in
the procesc. The wet side of the process is drained and flushed
to remove a'most all the plutonium held up. The dryer-calciner
is cycled several times #n an attempt to dislodge plutonium
oxide caked on the walls and in the screw. This process requires
4 to 5 days ¢f downtime.

As aresult of this operation, the total amount of plutonium
in the system is estimated to be 1.5 kg held up in three
places. Onc half a kilogram in each dryer-calciner and one-half

kg in the plutonium oxide loadout facility equipment,

'

#
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An alternate to this procedure is a draindown inventory
measurement. As was the case with the formal inventory period,
the wet end is runout drained and flushed. This operation takes
about a day. However, no attempt is made to cleanout the cal-
ciner. In this case, an estimated 4.5 ko of plutonium is held
up in five places. There is one kilogram in each of the dryer-
calciners and one kilogram held up in each of the drum filters.
The remaining one-half kilogram is in the plutonium oxide load-
out equipment.

The runnina inventory evaluation is based heav%ly in the
facility description provided in the SAR on the plutoniun
conversion faciiity at Barnwell. 00 Table B.15 was prepared to
summarize the inventory measurements required to perform a
running inventory. The measurement error uncertainties are
based on two factors. The first and most important is the
possible variation in ho'dup which is likely to be experienced
during operation. The second is the estimated accuracy of
monitoring normal process variances.

Unfortunately there are several pieces of equipment which
could experience a large holdup variation. The partially full
input piping, the filter and the dryer-calciner are the largest
sources of process variance. In addition, in each of the
above cases, the geometry of the held up material is difficult
to predict. Unfortunately, geometry plays an important role in
determining holdup wusing NDT techniques. Thus, fairly large
measurement uncertainties were placed on several process measure-

ments. The next section will apply those measurement accuracies
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TABLE B.15 Runniny Inventory Measurement Uncertainties for the
Plut-nium Nitrate to Oxide Conversion Facility of
a 1500 MT/Year Reprocessing Plant

Component ., inated Measurement Accuracy

Plutonium

Process No. of Inventory %
Component Components ka Volume Sampling Analytical
Nitrate Preparation

Feed Tanks 2 37.5 Random 0.3 0.1 0.2

Feed Tanks 2 37.5 Syste- 0.1 0.1 0.1

matic (a)

Feed preparation 2 0.6 10'2

Tanks

4eat Exchangers 2 0.7 10

Pump 1 0.2 10

Feed Piping 2 §.1 25
Precipitation

Precipitation Tanks 2 0.53 10

Digester Tanks 6 0.53 10

Vacuum Filters 2 3.5 50
Powder Preparation

C:yer-Calciners 2 4.0 50

Vibroiing Screen 2 0.25 50

Screw Feeder 2 0.40 i0

Grinder Assemclies 4 10.0 l(b)

Blender Assemblies 2 16.0 l(b)

(a) If only one error term presented, that valve indicates the total
measurement error used.
{b) Assemblies on load cells.

B ————— . ————— . ——— . ——
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to estimate the sensitivity of runnina inventories to detect
losses.

3.3.3 Capability of Material Dalance hccountinz Svstewn
Tor a Plut. . "um Mitrate-to-0Oxi1de conversion

Tacirlity

Based on the material accountability
information presented on the last few pages it is now possible
to describe the capability of material balances performed over
a conversion facility. Four cases will be considered. First,
the effect of the accounting pericd lenath on LEMUF will be
evaluated. This will be folluwed by the results of the drain-
down inventory and then runninc-inventory evaluation. The
last topic will be the possible improvement in loss sensitivity
which is expected from th: improvements in measurement control.

The variation 't LEMUF with the frequencv of the formal
material accountina interval is shown in Table 9.16. In effect
there is a factor of two uncertainty in the length of the
accountino period for a given throughput level. 1If both con-
version 1ines are operating, 1000 ka of nlutonium can be
processed in 10 days. Twenty days would be required if the
plant was operated so that it just kept up with the rate of
plutonium production in the separation facility.

The formal, déraindown and running inventory analyses

have the same flow measurement variances but different inventory

variances. The variance calculation for a running inventory
measurement is shown in Table B.17. Table B.'8 shows the effect
of the inventory variance on LEMUF. 't can be seen that the
running-inventory measurement uncertainties are too larce to
be of much value even when the irventory period is bounded 9n

one end by an inventory measurement with a low variance.

v
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TABLE B.16 Measurement Uncertainty Evaluation for the Plutonium
Nitrete-to-Oxide Conversion Area in a 1500 MT/Year LWR

Period

Feed
No. of Batches
Batch Size-25 kg of pu i
Random Error Variance - ko°
Systematic Error Variance kgt
Total Variance - Feed - kg*

Product
No. of Batches
Batch Size~7.058 - kg of Pu
Random Error Variance - kg?
Systematic Error Variance - ka?
Total variance Product - ka?

Waste
No. of Batches
Batch Size-{0.025)kg of Pu
Random Error
Systematic .0101
Total varfance - Waste - kg?

Total Flow Variance - kat
Inventory Variance - kaqt
Total variance - kg*
SA(MUF) - kg
LEMUF - kg

LEMUFx100/Feed

a) Period could be shorter by

6 days

12

0.105
0.270

0.016
0.041
0.0%57

10
&

7x10

6x10° Y
.001

0.433
0.375
0.808

0.899
1.798

0.599

(a)

24

0.21
1.08

..

84.94

0.033
0.162

20

1.4x10°4

0.003
0.003

1.488
0.375
1.863
1.365
2.7308

0.455

40

32

12 days )20 gays*’1 Montn

49
0.35 0.42%
3.00 4502
7. —3.537

141.57  173.42
0.055 0.067
0.449 0.674
504 -

40
2.2x10°% 2.8x107"
0.006 0.010
0.007 0.010
3.861 5.682
0.375 0.375
4.236 6.057
2.050 2.461
a.116 4.923
0.412 0.401

2 Months 6 Months 1 Year
100 300 600
0.87% 2.625 5.25%
18.75 168.75 €75
19.625 g §80.25
353.92 1061.77 2123.55
0.176 0.409 0.819
__2.808 25.272 101.088
; 75.681 TOV.%07
L
80 240 480 ~
.4 =
5.6x10 .002 0.003
0.04 0.364 1.454
0.041 0.366 1.457
22.61 197.427 783.614
0.375 0.375 0.375
22.99 197.62 783.80
4.80 14.06 28.00
9.59 28.12 55.99
0.384 0.37% 0.373

a factor of two 1f both conversion lines running at design capacity.
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TABLE B,17 Running Inventory Measurement Uncertainty
Evaluation for the Plutonium Nitrate t> Oxide
Conversion Area in a 1500 NT/Year Reprocessing
Plant
Tota:
Component Estimated Measurenent
Plutonium Measurement Error
Process No. OF Inventory Accurecy Variance
Component Components ka 4 kq?
Nitrate Prepa-
ration
Feed tanks 2 37.5 Random C.37 0.039
Feed tanks 2 37.9% Syste- 0.17 0.017
matic
Feed prepa- 2 0.6 10 0.0G7
ration tanks
Heat Exchangers g 0.7 10 0.00?
Pump 1 0.2 10 0.C0C
Feed Piping 2 5.1 25 __ 2. 251
3.32%
Precipitation
Precipitation 2 0.53 10 0.035
tanks
Digester Tanks 6 0.53 10 e.017
Vacuum Filters 2 3.5 50 6.125
6.148
Powder Preparation
Dryer-Calciners 2 4.0 50 8.1200
Vibrating Screen 2 0.25 50 0.03
Screw Feeder 2 0.40 loa) 0.003
Grinder Assemblies 4 10.0 l-) 0.04C
Blender Assemblies 2 16.0 e 0.05i
Eo!hs
TOTALS 180.44 17.597
a) Assemblies on load cells.



TABLE B.18 Comparison of LEMUF Sensitivity to Frequency and the Type of Physical Inventory
Performed to NPbtain the Material Balance for a Plutinium Conversion Facility

- LEMUF

Formal Accounting Inventory
Measurement on One Side

Drairacwn Running
Inventory Invento~y

____of the Accounting Period on on
goth Sides Both Sides
' Draindown Running of the of the
Accounting Formal on on on Accounting Accounting
Period Second Side Second Side Second Side Period Period
6 days'?d) 1.80 2.59 8.53 3.20 11.94
12 dayb? 2.73 3.3 8.78 3.80 12.11
f.
20 days'?) 4.12 4.52 9.30 4.89 12.50
1 Month 4.92 5.27 9.68 5.59 12.79 -
F=
2 Months 9.59 9.76 12.7 9.95 15.21 '

a) Could be shorter by a factor of two 1f both conversion lines operating.

PR
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The tradeoff bSetween draindown .nd formal inventory measurs-
ment sensitivities is much smaller. Indeced, sunnlementing the
f.imal accounting records with intermediate draindown inventory
analyses would aprear to be worthwhile. &©specialiv, since opera-
tional requirements may requ.re draindown inventories to separate
batchcs for various customers.

The effect of the measurement control proaram on the lonc-
term sensitivity of the plant to detect small continuous or
semi-continuous losses is shown in Table B.18. Large gains in
sensitivity as measured by the decrease in the term (LEMUF x 100/Feed)

can be realized fron the measurement control oroaram.

6.4 CAPABILITY OF

MATERIAL
U IN

CALANCE ACCOUNTIMNG SYSTEMS

N

ihe description of a 200 MT/year mixed-oxide LWR fuel
fabrication plant is based on a model develooed by E. Bain, et al.(‘])
The matarial balance data taken from this report is shown in Fiaure
3.3. It should be recognized that one 1500 MT/year renrocessing
olant separates enougnh plutonium for a mixed oxide fabrication
plant having a capacity of approximately 400 !'iT/year. This factor
chould be includ2d vherever a comparison of plant types is made.

The organization of this section will parallel that of
previous sections. Followino a description of the important
material accountina features of the facility, subsections will
be devoted to an evaluation of measurement uncertainties and

finally, a summary of material accounting capabilities.
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TABLE B.19 Effect of the Measurement Control Program on the Long-Term Measurement
Errors for the Plutonium Nitrate-to-Oxide Conversion Area for a 1500

MT/Year LWR Reprocessing Plant

Elapsed Time from

Inftiation of Control Program

Lhs Ligar 2 ears Jd lears 4 lears S dears £ lears B lears 10 Years
Number of Inventory Pertods Y g [ e 4 30 3 - "
1 1
Feed - 25 kg Batches cabicis e i o
No. of latches/lnvcntory
Period - 100
Rardom Error Varfance - kgt .875 5.25 10.§ 15.75 24.875 26.25 31.5% 42 52.5
$.ort icem Systematic 18 108 216 324 432 540 648 864
Error variance kg?
Long Term Systematic .15 27 108 243 432 675 872 1728
Error vartance kg?

Total varfance Feed kg' 19.625 140,25 334.5 582.75  888.875 1241.25% 1651.5 2634 Jgaz.s
Product - 7.058 kg Batches

No of Batches/Inventory

Period - 353.92
Rendom Error Variance -kg! . 136 0.819 1.638 2.456 3.27% 4.094 4.913 6.55%0 8.188
Short Term Systematic 2.059 12,35 e 37.06 49.42 6.7 74.13 9R.84 123.5%
Error vartance - kg?

togg'ier: S{stena:is 0.748 26.96 107.82 242.%) 431.30 673.90 970.42 1725.39 2695.51

or Vartance kg 0518 TR0 BIT TS
Total varfance - Product k¢!~ 77977 .77 Y WY LI ) TR 1045, 35 .
Naste - 0.025 kg Batches
No. of Batches/
Inventory Period - 80

Randg:r Error Variance kg? 0.001 0 0 0.007 0.010 0.01¢ 0.0%7 0.020 0.027 04

ShoryL ierm Systematic 0.040 0 0. 0.48 0.72 0.96 1.20 1.44 1.92 .40
Err:r Varfance kg’

Long Term Systematic 0.001 0 0 0.17 ' 0.8691 1.0 X . 165 32
Error Vartance kg? . o " . :

Total Vartance - waste kg’  0.042 o 0. 0.66 T 1.665 2.297 3.0 “.n2 794
Total Flow Varfance - i" 22.61 180. 469.33 B866.00 1374.5¢ 198).3 2703.97  4469.3 $
Inventory “ariance - kg 0.375
Total Measurement Error 22.99 181, 469.7 866.38 1374.96 1983.7 2704 .4 4469.7 9

Variance
Ls:::?;, s kg 4.795 8. 13 21.67  29.43 37.08 44.54 $2.00 66.85 .65
& 9.59 7. 26. 43.34 58. 74.) 89.07 104. 133.n .30
L(nu'-loo’tccd 0.384 0. 0. 0.144 o.?gv o.lgl 0.119 0 ??t 0.1 0.109

-921~
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B.4.1 Descripition ot lmoortant Material Accounting
Design Features

The fuel fabrication plant described
in Reference (11) incorporates wanv of the desian features

suggested in requlatory quidqs"z"‘)

for iuproved materials
accounting. The following jnaragraphs highliqht those features.

Regulatory Guide 5.8 discusses design considerations to
minimize holdup in drying and fluidized-bed operations. The
Puo2 input powder, the noz blended powder and the M02 recovered
scrap are all stored in fluidized bed silos. Based on experi-
ence with blovrtack filters.(ls) a Puoz input storage silo may
hold up from 500 9grams to 3.5 kg of plutonium. A value of
1.3 kg was used in this analysis. The valve at the bottom
of the silo may also hold up some Puoz powler. However, the
entire assembly including the outlet valve is on a weiah cell.
Thus, the holdup level car be monitored.

Regulatory Guide 5.8 also discusses the problem of caking
in fluidized beds. Both the Puo2 and mixed oxide are very
stable chemically and by closely controlling the moisture, some-
thing essential for criticality safety, there should be no
caking problem. Once again, since the entire silo is on a weiah
cell, material held up can be weiahed very accurately,

Regulatory Guide 5.25 discusses design criterion for wet-
process operations. Except for the lab, there are no wet
processes. Thus, the design criteria in 5.25 are automatically
met.

Requlatory Guide 5.26 discusses material balance arcas
an1 item control areas. The proposed plant contains a process

computer that monitors the tare weiahts, gross weights and
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locations of all in-process pellet trays. Most traasfers are
computer controlled. Scrap transfers are done remotely. Thus
transfers between MBA's or ICA's cannot occur without beina
monitored by the process computer. Even thouah some areas do
not physically separate material in diff;cult bala. e areas,
such areas are in remote canyons and there is no way to transfer
materials from one area to another.

Regulatory Guide 5.42 discusses desion criterion for dry-
process operations. The facility places heavy reliance on
nneunatic transfers. Storage hoppers have conical-shaped
bottoms and PuO2 is non-re.ctive with the materials of con-
struction of process equipment. Moisture content, a potential
problem, is monitored and must be controlled for criticality safety.
Based on the requlatory quide, the above desian characteristics
are highly desirable. The only apparent deficiency is the
inability to measure the amount of material held up as feed
to the slug, granulator and pellet machines. These feeding hoppers
muct be run out, a orocess taking 3 to 6 hours, before an
accurate inventory estimate can be made.

The 2bove paragraphs briefly describe how the design
described in Reference (11) meets or exceeds most of the requlatory
design criteria applicable to fuel fabrication facilities. Sub-
sequent sections will discuss measurement uncertaintiec and

the expected material accounting capability of the facility.
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B.4.2 Measurement Uncertainties for Mixed Oxide

Fabrication Plant Plutonium Accountabilis,
fleasurements

The measurement uncertainties associated
with what are considered to be the best formal accountino measure-
ments will be described in this section. The uncertainties
associated with running-inventory type accounting systems has been
discussed earlier, under tho topic R24! Time Material Control
and Accounting Systems.

As was the case with the reprocessina plant, there are many
years of experience with material accountina in a mixed oxide
fabrication plant. Performance data from this country and
abroad is availaple!2+3:8:6.7) g 0, B.20 reoresents a comnosite
summary of the estimated present capability cf fabrication plant
measurement systems. There have been no studies to date which
break the systematic error term up into long-term and shert-
term compcnents. As o result, a long-term systematic component
of 0.2% was selected to represent the fraction of the
systematic error that might persist for many years. The short-
term component is simply the difference between the systematic
erraor component cstimated from past studies and the lona-term
systematic error term. Since the lon3g-and short-term components
must be squared and then added to get the total systematic
error, some of the short-term errors are presented as two
place decimals. This was done solely to make the total syste-

matic error come out as a single digit number.

Sy
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TAGLE 8.20 Estimates of Random and Systematic Error for Fabrication
Plant Plutonium Accountability Measurements

Relative Percent Standard Peviation
Material Balance Component of A Single Measurement

Weighing Samplina Aralytical

Input
Plutonium Oxide
Random 0.07 0.10 0.25
Short-Term Systematic 0.035 -- 0.046
Long-Term Systematic 0.020 0.02 0.02
Products
Plutonium Qutput (Finished Pellets)
Random 0.07 0.10 0.20
Short-Term Systematic 0.035 - 0.046
Long-Term Systematic 0.020 0.02 0.020
Plutonium Waste
Random 2.0 3.0 10.0
Short-Term Systematic -- - 10.0
Long-Term Systematic 1.0 1.0 1.0
Dirty Scrap
Random 0.1 5.0 5.0
Short-Term Systematic -- - 5.0
Long-Term Systematic 0.1 1.0 1.0
In-process Storage
Mixed Oxide Powder Blends (inc.
recovered clean scrap)
Random 0.07 0.10 0.30
Short-Term Systematic 0.035 - 0.08
Long-Term Systematic 0.020 0.02 0.02
Mixed Oxide Scrap Can
Random c.07 0.20 0.30
Short-Term Systematic 0.035 - 0.08
Long-Term Systematic 0.02 0.02 0.02
Green Pellet Store
Random c.c? 0.15 0.30
Short-Term Systematic 0.035 - 0.08
Long-Term Systematic 0.02 0.02 0.02

Sintered Pellet Store
Random 0.07 0.10 0.30
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B.4.3 Capability of Material Balance Accounting
Systems for Plutonium in a 200 MY/ Year Mixed
Oxide Fuel Fabrication facility

From the standpoint of material account-
ing, major emphasis has been placed on overall plant performance.
When discussing overall performance, measurement errors associated
with internal transfers are not included. Intermediate materials,
present as in-process inventories do enter into the inventory
term Thus, in-orocess inveniories, if they are present in well
characterized forms, do not seriously degrade the sensitivity
of the accounting system.

Tables B.21 and B.22 have been prepared to summarize the
estimated contribution of in-process material to the overall plant
accounting system variance. Table B.2] produces a tabulation
of the measurement variance for material held up in the
process vessels. The holdup-level estimates have been based

(16) Table B.22 provides a

on a frcility decommissioning study.
tabulation of the variance “or material held up as well
characterized in-process inventories. These inventory variances
are combined with the flow variance terms fo~ several accounting
periods to obtain the sensitivity of LEMUF to inventory level

and inventory frequency.

Table B.22 shows the results of combining the high inventcry-
level variances with the flow variances for several accounting
periods. Table B.24 compares the value of LEMIF obtained for the
high inventory case with a case where the well-characterized

in-process inventory level is small. The gain in sensitivity

of loss detection is very small.
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TABLE 8.21 Inventory Measurement Uncertainty tvaluation for
Material Held Up in Process fquipment in a 200
MT/fear Mixed Oxide fuel Fabrication Facility
Plutonium Total
Process No. Of Holdup Measurenent Measurement
Component Components per Component Accuracy Error Variance
kg's % ko‘
Pul0. Powder 3 0.2 50 0.03
Unfoading and
Transfer
Pud, Storage 3 1.3 0.29 4.2x10°°
Silos
Pu0., Blender 1 1.0 50 0.25
Fegd System
MO, Storage 3 0.05 0.29 1.9x1077
sf1os
M0, Blender 1 0.1 50 2.5x10°3
Feed Svstem
Blend, Mill ! G.05 50 6.25x10""
Slug, Granulate, 3 0.05 50 1.875x10°
Press
Srind 2 0.05 50 1.25x10"3
pellet Inspec- ! 0.1 50 2.5x1073
tion
Lab 36 0.05 &9 0.0225
befect Rod 1 0.1 20 2.5%1073
Unloadina
Clean Scrap B 0.06 50 3.6x10°3
Recovery
Misc. Waste 11 0.05 50 6.81(10°3
Treatment
Clean Scrap 3 9.05 0.29 1.9x107"
Storage

TOTALS 9.25 0.3187
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TABLE B.22 Beainning plys Endina [aventory Measurement Uncer-
tainty Evaluation for Well-Measured In-Process
Inventories in a 200 MT/Year Mixed Oxide Fuel
Fabrication Facility
Total Total
Piutonium Random Svstematic Total
Process Content Error Error Error
Inventory No. of Per Item Variance Variance Variance
Item Items (kg of Pu) kg’ ka’ ko’
Pul., Powder 2 150 0.348 0.020 0.368
(a) S?los
PuQ., Powder | 150 0.174 0 0.174
Sites
MOZ Powder Silos 5 7.94 0.0047 0.90013 0.0060
(aslean Scrap Silos 2 25.41 0.0100 0.0012 0.0112
Clean Scrap Silo ] 25.41 0.0050 0 0.0050
(b)Green Pellet 29 0.3176 3.0):10'5 7.0)(10'5 (0.0001)2
(u) Sraye : -5 -4
Sintered Peliet 0.3176 7.0x10 3.8x10 (0.00048)2
(b) trdys -4 _2
rinished Pellet 444 0.31/6 4.7x10 1.7x10 (0.0172)2
(b) trays -4 -4 1
Clean Scrap 35 0.7058 2.0x10 5.0x10 0.6007)2
cans
Subtotal - if some silos inactive for accountina period 0.4280
TOTAL 762.8 0.6020

a) Not applicable for accounting periods where when one silo

remains

inactive for accountino period.

5) Nifferent batches are assumed present at beainning ard end

of inventory period.

by two.

- ——

Thus, total variance must be muitiplied

i



TASLE B.23 Measurement Uncertainty Evaiuation for a 200 "'T/Year Mixed Oxide Fuel Fabrication

T Facility

7 Days

Feed - 7.052 kg's of Pu

Number of Batches 21.25

Random Error Varianc2 - kg 0.0082

Systematic Error Variance - kn’ 0.0101

Total Variance - feed - ka- 0.0183
Product - 0.3176 kg's

Number of Batches 466.62

Random Error Variance - kg’ 0.0005

Systematic Error Variance - kg’ 0.0184

Total Variance - Product - kg’ 0.0189
Dirty Scrap - 0.106 knq

liumber of Batches 8.39

Random Error Variance - kg° 0.0005%

Systematic Error Variance - ko’ 0.0020

Total Yariance - D. Scrap kg’ 0.0025
Misc. Waste 0.1882 kg

Number of Batches 4.72

Random Error Variance - kq’ 0.006

Systematic Er-or Variance - kg’ 0.0020

Total Variance Yaste kg~ 0.0026
Total Variance - Flow kg’ 0.042
Total variance - Inventory kg’ 1.239
Total Variance - kg? 1.281
Sd("UF) - kg 1.132
LEMUF - kq 2:26
LEMUF*100/Feed-2 1.50

Lenath of “aterial Accounting Pericd
15 Days 1 "onth 2 Months 6 Months 12 'tonths

“easure~ent Error Variances

42.5 84.3 168.7 506 1012
0.0164 0.3325 0.0650 0.16% 0.390
0.0405 0.1594 0.6378 5.740 22.358
G.0569 0.1919 0.7028 $.935 23,348
933.2 1852 3703.7 n.am 22.222
0.0010 0.0020 0.004 0.012 0.024
0.0738 0.2906 1.162 10.461 4] .3844
0.0748 0.2926 1.166 10.472 41.26% -
“wn
16.8 33.2 66.4 199 398
0. ' ’
0.
0.

o OO0 W
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TABLE 0.24  Comparison of LEMUF Senmsitivity to Frequency and Amount
of-wWell Measured In-Process Material Included 1n'the 3
Material Balance for a 200 MT/Year Fuel Fabrication Fiart

No In-process Large Amount
Materials other of In-Process Material
than Quantities (762 kg's of Pu)
Accounting Held up in in Addition to Quantities
Period Process Eouipment Held up in Process Equ.oment
kg =9
1 Week 1.649 2.264
2 Weeks 1.7725 2.357
I Honth 2.180 2.676
2 Months 3.324 3.668
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The same data used to develop the results shown in Table B.25
can also Le used to show the effect of randomizing the short-
term systematic error from one accounting period to the next. It
is believed that this randomization will be a result of the

(9)

measurement control program, As shown in Table B.24,
randomizing a component of the systematic error results in a
si“nificant reduction in the rate of LEMUF/Feed. As discussed
in the introduction to section 3, this ratio is 32 measure

of the detection sensitivity of the plant anainst small con-
tiruvous or semicontinuous losses of material,

The previous paraaranhs discussed the behavior of the
overall plant baiance. Based on the error terms in Table 8.20
it can be seen that intermediate process flows can be measured
with essentially the same accuracy as the innut and final
nroduct measurements. This means that material balarces taken
over snall preces oV the process may be tirely, sensitive lots
detectors. Table 5.26 shows th2 results of a material balancs
taken over the plutonium oxide nowder storaae area. Since
the input is weighed and analvzed as part of the plant
balance, this term is identical to the input term in Table 8.2J
The storage silos are on weigh cell« and can be measured
accurately. The cutnut is batched intec the Pu02 blender input
hopper which is also on a weiah cell. Thus, all the flows and
inventories can be ‘.lLermined and monitored in an essentially

continuous manner. Based on the results, shown in Table 8,28,
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TABLE B.26 Measurement Uncertainty Evaluation for the Pul, Power
Storage Area in a 200 MT/Year Fuel Fabrication Plant
Jatch 8 Hours Doy Neek 2 Heeks 1 Month
Flow Terms
Feed Component
No. of Batches 1 1.012 3.036 2.25 42.5 843
Batch Size (kg or Puj 7.0%8 , .4 o
.."‘?' Error Vartfance 3.86x107 3.90x10 1.17x10 0.008 0.016 ©.03
k9
Systematic Error 2.2ex10°% 2.3000°7 2.06x10°Y  0.010 0.040 0.159
Variance kg’ .4 3
Tota) Error Verie .- 413010 1.38x10 0.018 0.3%? 0.192
ance kg!
Product “omponent
No of Batches 1 ] x 3 2 42 831.3
Batch Size (kg of Pu) 7.142 4 3
ncndgn Error Varfance 3.86x107° 3.86x107° 1.18x107 0.009 0.017 0.034
kg
Systematic Error 2.240x10°52.2400°% 2.06x10"" 0.010 0.040 0.159
Verfance kg’ M 3
Total Error .- 4.08x107 1.39x107 0.019 0.057 0.193
Vartfance kg? M <3
Flow Total .- 8.21x107 2.71x10 0.03? 0.114 0.384
Inventory Terms
vuoz Storage Stloy
No. of Active Stlos .- .- 2 2 k] 3
lcrlnnlni Inventory kg =- (120, 30) (120, 30) (150, 0) (150, 150, 0) (150, 150,0)
Sile 1, Silo 2,
Stto 3)
Ending Inventory kg .- (113, 37) (100, S0) (0, 150) (150, 0, 150) (150, 0, 150)
(S11o 1, Silo 2
Stlo 3)
Random Error Variance .- .5 .2278 L2152 0.348) 0.6966 0.6965
«iT Systematic Error 4.58x10 4.58x10-5 1,.:7x10-4 0.0206 0.0206 0.0206
Variance
Total Error Variance .- L2279 L2153 0.3689 o.7112 0.7172
Holdup Inventory
No. of Location . 2 2 2 3 3
Amt/Loc (kg) .- 0.2 0.2 0.2 0.2 0.2
Bl Random Error
Vartance kg? .- 0.02 0.02 0.02 0.0) 0.03
€l Random Error .- 0.02 0.02 0.02 0.03 0.03
Varfance kg?
- Total Error Varfance kg'-- 0.04 0.04 0.04 0.06 0.06
Total Inventory Error .- 0.2679 0.2553 0.408% 772 J172
variance kgt
Total Error Vartfance kg .- 0.269 0.258 .450 .8%1 1,161
SA(MUF) kg .- J.52 0.51 0.67 .94 1.08
LEMUF kg .. 1.0 1.0 V.3 1.9 2.2
LEMUFx100/Feed 3 .- 14.5 4.7 .89 .6) .36

L ALILH

168.6

.06%
.678

.703

.066
.638
. 704
.407

3
(150, 150, 9)

(150, 0, 150)

o oo

T

© vo ow

6966
.0206

AR

.03
.03

.06
L1112
R |
&=
.28

-6€1-
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the loss sensitivity of this area is very high, exceeding the
capability of the plant. In addition, because of the weiah
cell design, the material balance can be very timely. Since

much less PuO2 must be diverted than MOZ. a formal material

balance over this area appears both possible and highly desirable.
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APPENDIX C

HTGR FUEL FABRICATIUN PLANT MODEL

The plant model for initial and reload core-fuel fabri-
cation 1s based on information provided by the General Atomic
Corporation in support of their license application for the
proposed Youngsville, North Carolina, plant.

The Youngsville plant is designed to handle hiahly en-
richeu 2350 feed and cannot fabricate recycle fuels. The
plant is capable of fabricating six fuel cores/year. Initially,
essentially all their production will be initial cores. In
time, the requirement for replacement cores will increase. In
this analyses it will be assumed that the facility will fab-
ricate five initial cores and four one-fourth core reloads
in the year being analyzed. This condition may be expected
to exist in the late 1980's,

The fuel management of these reactors is complicated
by the requirement for no fuel shuffling. The standard fuel
element shown in Figure 1, is 2 hexagonal block of graphite.

In 2 1170 MWe plant, these blocks ar? §tacked eight high and
2

arv refueled seven stacks at a time. Heat generation rates
are controlled by varying the amount of 235U in a fuel assembly.
Thus, in a core there could be many enrichments. For this

235

analysis, typical amounts of U and thorium used in an initial
core assembly and in a reload assembly will be used.

The following sections describe the fuel assemblies and
then the fue! assembly fabrication process.

C.1 HTGR FUEL ELEMENT DESCRIPTIONS

The standard fuel element for the commercial HTGR is shown
in Figure C.1. It i3 a hexagonél block of araphite into which
vertical coolant and fuel holes are drilled. The fuel holes
are filled with rods composed of fuel particles (up to about
60 volume percent) honded together by a araphite matrix. A
standard fuel element into which contrel rods can be inserted
is shown in Figure C.2.

i - —— . ——— — . —————— 0 — .l
. . . -
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FIGURE C.1 HTGR Standard Fuel Element
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FIGURE C.2 HTGR Control Fuel Element
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The initial core is fucled with thorium oxide and

93% enriched 2350 as uranium dicarbide. Subsequent
reloads could either be enriched with 235
or 2330 bred from the 232Th.
the 2350 recycle and 2330 streams.

As currently envisioned the UC2 is encapsulated in TRISO
particles and the Tho2 is encapsulated in BISO particles.
A microphotograph of the particles is shown in Figure 3.
The TRISO particle consists of the inner fuel particle
followed by successive layers of buffer carbon, pyrolytic
carbon, silicon carbide and pyrolytic carbon. The BISO
particle does not have a SiC layer. Table C.1 shows the fue’
particle size and the thicknesses of the various layers. The
densities of the various

U, recycled ZJSU

This analysis is not censidering

TABLE C.1 HTGR TRISO and BISO
Particle Dimensions

Particle BISO TRISO

Sharacteristic Particle Particle

Fuel ThO2 UC2
Particle (microns)
Dimensions

Fuel Particle Diameter 500 200

Buffer Carbon Thickness 85 85

Inner Pyrolytic Carbon Thickness .- 25

SiC Thickness -- 25

Outer Pyrolytic Carbon Thickness 75 25

compounds making up the BISO and TRISO particles are shown

in Table C.2. These density values are based on data presented

7

3

Y
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TABLE C.2 Density of Materials Used 'n BISO
and TRISO Particles

Material PDersity (qms'(w3)
ue., 11,4340
Tho, 9. 829
Buf}er Carbon B
SiC 3 &
Pvrolytic Carbon 2.0

by P. R. Kasten et a!.(3) The fuel narticle density is based
on a density which is $3% of the thecretica! density.
Based on these densities, the volume and masc fraction occunied
by the various materials are shown in Table ...

TABLE C.3 B!SO and TRISO Particle Volume and Weight
Fraction Data

BISO Particle TRISO Particle

Volume Mass Volume Mass

Fraction Fraction Fraction Fraction
Fuel Particle 0.2267 0.6448 0.0508 0.2345
Buffer Carbon 0.3188 0.0322 0.2709 0.1117
tnner Pyrolytic Carbon -- -- 0.1488 0.1227
Silicon Carbide -- -- 0.1888 0.2495
Quter Pyrolytic Carbon 0.4545 0.2630 0.3407 0.2816
Tctal Volume (Cm°) 2.887x10° % -- 8.245x10°° .-
Total Mass (gms) .- 9.978x10™-- 1.997x10" %

The BISO and TRISH particles described in the previous
paragraphs are mixed with a binder and araphite powder and
extruded into fuel sticks which are 2.48 inches lona and 0.614
inches in diameter. Table C.4 describes the wakeun o '3 typical
fuel stick, standard fuel assembly and control element fuel
assembly for both a total initial core loadine and for a
typical one-fourth core reload. This information forms the

aﬁ”\%

: e
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TALLL £.4 Descrintion »* Core Compositions
for a 1160 Mie HTGR

Lomponent
Description

Fuel Sticks

Length - in
Diameter - in
Th Content - gms
ThO, Content - gms
2334 Content - gms
uc, Content - ams
Vol = BISO
Vol % TRISO
Vol % Matrix
Total Wt - gms

Std. Fuel Assembly

Number/Core

Fuel Sticks/ Assembly
ThO2 - kgs

UCr - kqs

Sig - kgs

Burnable Poison - kgs
Carbon Coatings - kqs
Fuel Stick Binder - kgs
Graphite Block - kas
Total wt - kgs

Controlled Fuel Assembly

Number/Core

No. of Fuel Sticks/Assembly
ThO, - kgs

uc, - kgs

Sit - kgs

Burnable Poison - Kas
Carbon Coating - kgs
Fuel Stick Binder - kgs
Graphite Block - kgs
Total wt - kgs

Total Core

Thorium (kgs)
ZJSU (kgs)

Initial Core
Composition

2.48
0.614
6.414
7.299
0.277
0.330
27.2
4.8
68.0
21.73

3360

1581
11.540
0.521
0.542
0.907
8.005
14.230
83.550
119.29%

548

909(681) °

6.644
0.300
0.312

0.605
4.609
8.137
81.246
101.896

37,486
1,617

Reload Core Compousition
@-1/4 Core Reloads)

2.48
0.614
5.774
6.570
0.499
0.593
24.5
6.7
50.8
21.560

3360

1581
10.387
0.928
0.988
0.907
7.790
13.980
83.550
118.540

548

909(681)
5.980
0.541
0.568

0.605
4.485
8.037
81.246
101.462

33,739
2,913

a) Bottom Fuel Assembly in Control Rod Stack (73 total)

—— T — - ———————— . &

— - —
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basis for the material accounting evaluation ¢f th2 “uel fabri-
cation plant shown in the following section.

The next secticn will present an abbreviaied descritpion of
a material balance taken over the fabrication plant. This will
be followed by sections on measurement uncertainties and firally
a section summarizing the results of the material accounting
calculations.

C.2 MATERIAL BALANCE MODEL FOR AN HTGR FUEL FABRICATION
PLANT

The fabrication of HTGR fuel is basically a batch process.

Criticality requirements limit inventories at most locations

235U. Batch processing is

to a few kilograms of contained
one of the most straightforward ways of controllino inventories

in the facility. In most processing areas, the batch size is
23%

. limited to 3.6 kg of U. Most conversion steps require that

a batch be transferred out before another can be transferred
in.

The abbreviated description of the plant flows is shown
in Figure C.4. Based on the data provided in the previous section
and the Youngsville license application information, the material
halance is summarized in Table C.5. The scrap generated during
the inventory period is assumed to be held over into the next
period. This scrap includes furnace liners which are one of

the major sources of measurement uncertainty.

— . .-
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TABLE C.5 MHTGR Material Baiarnce - 2-Month Accounting Period
Initial Core Campaiqgn

Batch Size No. of Total

Flow_Commonent kg ?*y Batches kg

UFg to Converter ; 15.55 105.185 1632.465
UOZF2 3.6 453.35 1632.074
Fresh UQ, Feed 3.6 452.51 1629.028
Recovered U0, (from scrap) 3.6 133.41 480. 289
Mix Line 0.72 2929.C 2109.317
UC2 Convert 0.72 2844.4 2047.973
UC2 Sperodize 3.6 552.4 1988.529
Buffer Seal Inner LT1 Coat 3.6 538.4 1938.748
SiC Coat il 3.6 520.69 1874.489
Quter LT1 Coat 3.6 505.55 1819.948
Blend 3.6 475.69 1712.492
Green Rod 0.277 gms 6,182,282 1712.492
Carbonize 0.277 gms 6,007,282 1664.017
Final Product 0.277 gms 5,832,282 1615.542

Element Product 0.4092 3944 1613.905

o Semii e A A s o 4 NI sl N+ ¢ e B—
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C.3 ESTIMATED MEASUREMENT UNCERTAINTIES FOR AN HTGR
FUEL FABRICATION PL/.NT

For the plutonium processing facilities, there was a wealth
of data from independent sources which were used to obtain
estimated measurement uncertainties. Zecause of the unique
characteristics of the hWTGR fuel, there is much less relevant
data. Table C.6 presents a summary of the estimated capability
of HTGR measurement systems. The categqories CU-1 throvah CR-14
designate streams shown in Figure C.4, This informatior was
obtained by personnel communication with GGA personnel.

The designation short-term and long-term systematic error
needs scme clarification. Although the definitions correspond
to the usage described in Appendix A, the short-term error
is based on weekly recalibrations. Thus, in order to get the
systematic error component associated with a 2-month period,
the metiiuds developed in Appendix A must be used. for the
evaluation o the capability of an HTGR fuel processor to

account for the processed 235

U in a 2-month accounting period,
the short-term systematic error component will be combined with
the random error term.

In addition to the well measured, in-process inventories,
holdun and measurement uncertainties associated with scrap recovery
must also e ccnsidered. Table C.7 presents an evaluation of tae
estimated levels of holdup in equipment and these estimated
measurement accuracies. At the present time the processes

toc be used for scrap recovery are incompletely specified. As

a result, the data presented in Table C.7 are considered to be

e e et i e - em—a—— - - —
. \'.." ~
) A B oud



TABLE C.o

Category

0303 - UOz

UThOxide

Ccu-1

CU-2 .
c'-3 (Comp)
Cu-4

cu-5S

cu-6

Cu-7 (Comp)

CR-9 - 13
CR-14

Scrap-Liquid
Scrap-Solid
Waste Barrels
Duct Holdup

Filters

-153-

HTGR Fuel Error Components

8

Delayed Neutron
Activation Analysis

Ganira Count

GCamma Count

Gamma Count

Gacma Count

Short

Random Tera

Error Syst.
4 2
.01 -
.02 -
2.25 0.4
.02 -
2.75 0.4
2.6 0.4
1.0 0.4
‘.o 00‘
2.6 0.5
3.0 0.5
1.0 0.5
2.0 0.5
2.0 0.5
2.75 0.4
4.0 1.0
6.0 2.8
5.0 NA
6.0 NA

2.8

24.

zo.

53.
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WASTE

Cu-1

RECOVERY

e AT

CONVERT

FERTULE
PARTICLES

Cu-2

P&:J‘ 5

SUFFER SEAL,

INNERLT)
COATING

cu-4 1

COATING

cy-< 1§

OUTERALTI

COATWG

LU-6_1

BLEND

p Cu-7

GREEN ROD

CR-

10

CARBONIZE

CR-

11

HCI CLEAN

 CR-

13

CR-

14

LOAD ELEMENT

FIGURE C.4 Fissile Production Sequence Summary
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TABLE C.7 Inventory

Component

e e

In-process Equipment

qu Conversion Units

UOZ-C Blending

UC2 Conversion

UC2 Spherodizing

Screens

Coaters

Stick Fabrication
Failed Cquipment

Coater Liners

Conversion Units

Misc. Equipment
Screp

fast Scrap

0ff Speck Particles

Defective Elements

Off Speck Fuel Sticks

Green Fuel Sticks
In-Process Materials

w,

UO2 -C Blends

UC2 Powder

UCZ Particles

LT1 Coat

SiC Coat

Triso Inspect

Triso Blend

Stick Fab
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Levels and Estimated Measurement Errors

Estimate
Number of Inventory
Components ’'*U Per Measurement Accuracy
(or Batches) Component Random Systematic
(gms) 1 p’

4 3600 10 .

6 360 50 --

18 36 50 on

9 300 50 -

3 250 50 -
36 20 50 o
50 <1 50 --

400 20 20 -
3 300 20 --
100 100 20 -

a5 3600 2.8 -

88 3600 4.0 .-

15 409 2.3 -
500,000 0.277 2.3 --
500,000 0.277 2.3 .-

60 3600 0.02 0.01

50 720 3.0 0.3

60 3600 2.8 0.3

50 3000 1.3 0.3

10 3600 4.0 0.3

20 3600 2.9 1.03

60 3600 3.3 1.03

28,800 0.277 1.7 1.03
86,400 0.277 2.4 1.04

- ——— 8 — —— -
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order of magnitude estimates only; they are probably conserva-
tive. These estimates were based on studies of plutonium
holdup and also from available descriptions of HTGR processing
facilities,

C.4 MATERIAL ACCOUNTING CAPABILITY OF A 23SU HTGR FUELS PLANT

The previous sections have provided all the information
required to evaluate the capability of material accountino
in a high enriched 235U-HTGR fuels plant. The variance cal-

culation for the inventory term at the beginning or end of a

2-month period is shown in Table C.8. There may be material that
was not processed during the 2-month period, such material was
not included in the variance calculation. The inventory variance
is included with the flow variance term in Table C.9 to obtain
o(MUF) and LEMUF estimates.

These estimates were used to provide a basis for comparison
of HTGR facilities with plutonium processing facilities. This
comparison is shown in Table 4.1,

The base case, 2-month accounting period was studied.
Improvements in sensitivity and timeliness were beyond the
scope of this study. Such an evaluation would require a much

more detailed description of the scrap recovery operation.
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TABLE C.8 Sumaery of Invenlory Uncertainty Calculations

2350 Content Vlria;ce
Inventory Component ka's kg
In-Process Inventories
Uo2 Prep 212 0.034
UC2 Prep 432 1.427
Triso Particles 324 5.407
Fuel Sticks 32 0.029
Total in-Process 1000 6.897
Scrap Recovery Inventories
Failed Equipment 20 6.594
Coated Particle Scrap 320 1.825
Uncoated Particle Scrap 160 0.457
500 8.876
Equipment Holdup 20 0.968

TOTAL INVENTORY 1520 16,741
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TABLE C.9 Summary of Variance Calculation for an HTG? £38,,

Fuel Fabrication ?lant for a 2-Month Accounting
Period

Component Variance
Component kq?

Feed - 15.52 kg's of 23y
No. of Batches 105.184

Random Error Variance 0.073
Systematic Error Variance 8.634
Total Variance - Feed 8.708 "

Product - 0.277x10°° kg's
No. of Batches - 583.2282

Random Error Variance 0.0003
Systematic Error Variance 276.892
Total Variance - Product 276.893

Waste - 7.4x10™> kg's
No of Batches - 2500

Random Error Variance 0.0009
Systematic Error Variance 19.842
Total Variance - Waste 19.843

Total Flow Variance 305.4

Inventory - 1520 kg's
Inventory Variance (Beg. & End) 33.5

Total Variance - kgz 338.9

" sd(MUF) - kg's 18.¢

LEMUF - kg's 36.8

LEMUFx100/Feed 2.25

LEMUFx100/ (Feed+1nv) 0.86

A
bt —— - =

wor £y

e

’ --&.!."
=0 : : T
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