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ABSTRACT

An analytical model was developed to assess and examine the
health effects associated with the production of electricity from
uranium and coal fuels. The model 1is based on a systematic
methodology that is both simple and easy to check, and provides
details about the various components of health risk.

A preliminary set of data that is needed to calcuiate the health
risks was gathered, normalized to the model facilities, and presented
in a concise manner. Additional data will become available as a
result of other evaluations of both fuel cycles, and they should be
included in the data base.

An iterative approach involving only a few steps is recommended
for validating the model. After each validation step, the model is
improved in the areas where new ‘nformation or increased interest
justifies such upgrading. Sensitivity analysis is procosed as the
best method of using the model to its full potential.

Detailed quantification of the risks associated with the two fuel
cycles is not presented in this report. The evaluation of risks from
producing electricity by these two methods can be compieted only after
several steps that address difficult social and technical questions.
Preliminary quantitative assessment showed that several factors not

considered in detail in previous studies are potentially important.



EXECUTIVE SUMMARY

The importance of including the health effects of producing
construction materials, etc. into an assessment of producing
electricity from various energy sources was popularized as a result of
Inhaber's work.l even though he may not have originated such

considerations.z'3

evertheless, the need to include the activities
in the constructio) and decommissioning phases, as well as the energy
and material requirements, in an assessment of the heal*.. risks of
electricity generation from coal and uranium fuels has been clearly
demonstrated.

A systematic methodology that is simple, clear, and easy to check
is needed for such assessments. Such a methodology will assure an
equitable treatment of the two cycles, provide a proper level of
detail about the various risk components and the assumptions
underlying their ostimates, and permit comparisons of these estimates

to identify significant risk contributors.

METHODOLOGY

A fuel cycle comprises four segments: fuel acquisition, fuel
processing and upgrading, energy production, and waste disposal and
tuel material recycle  Each segment includes one or more stages; each
stage is characterizea by a particular process involving the fuel
material in some form, with tvpical transportation modes between
stages.

Fuel «cycle stages are vrepresented by model facilities.
Parameters of the model facility are chosen to reflect (1) current
national productinn, (2) current state of technology, and (3) design
of modern existing facilities or facilities planned or under
construction. The model facility can be simple or composite. A
simple model facility is characterized by a single dominant process
for upgrading the fuel materials or generating energy. A composite
facility combines several al'ternative processes, each fed with the
same input and producing similar outputs.
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The life cycle of ‘ch moder ‘acility is divided into
construction, operation, . : decommissioning phases. Each phase 1is
analyzed to identify its typ.cal activities and to determine the
hazards associated wit' “hese activities. Activities, which include
material production, equipment fabrication, normal operations, and
transportation, are grouped into three basic activity categories:
construction, operation, and decommissioning. Performing any activity
in any category carries a certain level ¢f risk to workers and the
general public.

Risk can be quantified by developing a computctional model that
correlates each activity to its eventual health impact. The model
uses three classes of variables: requirements (R), effluents (F), and
health impact (P) variables. Requirements variables measure each
activity's magnitude. For example, operational activities are
measured primarily by the amounts of fuel (coal or uranium) involved
in the annual operations of the model power plant. Fuel materials
requirements depend on tveral secondary requirements, such as process
materials, energy, and services (e.g., t-ansportation and direct
labor). Requirements va..ables tend to form « divergent chain (or
tree), with a primary requirement variable being located in the first
level oi this tree. Each primary requirement variable requires
several secondary variables, each of which is associated with several
tertiary variables, and so on. Third- and higher-order variables are
not considered in this study unless their impact is judged
significant. Figure 1 shows the generic requirement tree for three
typical primary variables: material requirement (RM), equipment
requirement, (RQ), and transportation requirement (RT) variables.
Typical secondary requirement variables--energy (RE), transportation
(RT), and manpower (RL) (Figure 1.a)--required to produce the primary
variable are also shown. These generic requirements trees serve as
building blocks for structuring the analytic model.

Cfiluents are released as primary and secondary requirements
variables are produced. Amounts of effluents released (FS variables)
are usei to define the effluent source terms in the model. These



FIGURE 1-a. GENERIC MATERIAL REQUIREMENT TREF

FIGURE 1-b. GENERIC EQUIPMENT REQUIREMENT TREE

FIGURE 1c. GENERIC TRANSPORTATION REQUIREMENT TREE
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source terms, which include both normal and properly weighted
accidental or uncontrolled release components, are inputs to the
dispersion models used to compute effluent exposure (FX) variables

The health impact (P) variables have two major components:
occupational (PO) and public health (PP) impacts. Occupational impact
is directly related to the requirements variables, whereas public
health impact depends to a larger extent on the effluent exposure
variables.

Figure 2 shows variables used to calculate the health irpact
associated with each stage of the fuel cycle. The figure allrws the
analyst and the reader to assess the completeness of “he m.del and
clarifies the calculational chain involved in computing ea:h health
impact component.

Model facilities data and projected life times were used to
estimate primary requirement variables and normal and accidental
effluent source terms. Transfer coefficients linking primary
requirements to higher-order variables and to their consequential
e“fluents and health impact required extensive modeling. For example,
the whole production cycle shown in Figure 3 was used to estimate
occupational and public health effects associated with material,
equipment, and nonelectric energy requirement variables for each model
facility. Computations were complicated by the presence of imports in
certain stages of the production cycle as well as in recycle of some
metals (e.g., steel and aluminum). Similarly, a combination of
transportation requirements changes with the geographic region served,
and each mode has its cargo-related and non-cargo-related health
impacts. The electric energy requirement variable can be supplied by
a coal-fired or nuclear plant, a combination of both, or a combination
with other plant types. National electric energy production data or
future projections can be used to estimate the interaction terms, and
a simple matnematical procedure was developed to estimate the health
effects in the presence of this interaction. The coal and uranium
cycles can operate under various options.
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The coal cycle can be typical of the eastern U.S., using coal
mined in the East and serving the dense populated Northeast, or it can
be typical of the West with its long transportation routes. Because
eastern and western cycles use coal with different characteristics and
transportation modes, health effects estimates for the two options can

ield valuable information. Similarly, the uranium cycle can operate
on a once-through fuel mode, uranium recycle mode, or uranium and
plutonium recycle. It can wuse the energy-intensive diffusion
enriciment or centrifuge alternatives. The fuel cycle structure will
vary from one option to another and the subsequent health risk will
vary accordingly.

A simple mathematical modei based on the methodology flow diagram
in  gure 2 was developed and used for hand calculations that led to
the preliminary health effects estimates in this work. The proposed
computerization of this model will have sever | advantages, among
which is the ease of changing parameters and integrating newly
acquired improved data and the simplicity of promoting the structure
of the model segments where more sophistication may be eventualiy
required. A computerized model will also add the capability for
conducting sensitivity analysis, which is important because of the
large uncertainties in the data base. This capability allows the
analyst to identify and isolate those factors having the largest
health impact.

DATA ZND UNCERTAINTIES

wumerous data are required to assess the magnitude of the primary
requirements and effluent variables ard the functional dependence
among the various variables. Ideally, a large pool of raw original
data shoiid be acquired, followed by consistent treatment of these
data for optimum estimation of model parameters and parameter
uncertainties. Unfortunatcly, all of the reported original data were
not readily available, nor did the time and effort constraints on this
study allow such a formidable task. The only available option was to
rely on sccondary sources of data. Data extracted from secondary
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sources are diverse, including elements based or experiments, design,
accident statistics, expert opinion, and engineering judgment and
extrapolations of secondary data. Reliance on secondary sources will
result in errors and some biases in the health effects estimates and
will introduce inconsistencies in the analysis. C her possible
sources of uncertainties include the mathematical approximation
involved in the modeling and the structure of the overall assessment
model.

Nevertheless, valuable information can still be gained from this
preliminary study phase by analyzing the health effect componer:s
constituting the fine structure of the overall results, us ag
sensitivity analysis after the model -~omputerization, and adoptirg an
iterative approach te risk comparison for the coal and uranium cycles.
Preliminary hand-calculated results produced by the model can be used
for model validation, which can be achieved by two parallel methods:

(1) comparison with previously published studiesd-lz

and investigation
of the discrepancies associated with new findings; and (2) peer review
and exposure of the study to open criticism. This combination will
enhance identification of pitfalls and new issues that can be used to
direct the second iteration toward a higher level of effectiveness and

confidence in the results.

OTHER ISSUES AND CONSIDERATIONS

Effluents from the coal and uranium cycles can have localized and
short-term effects as well as long-term global or regional effects.
Some effluents can induce climatic changes, and others can be released
as long-lived effluents or daughters of long-lived effluents. Solid
waste can be safely disposed of for long periods, but there is no
guarantee that some mechanisms will not initiate future releases.
Adverse health impacts can also result from human intrusion or illicit
actions or indirectly result from resources depletion.



C':matic _Changes
Climatic changes cai be localized, as are those associated with
heat and moisture releases from the model power plants, or they can be
global and regional, e.g., "greenhouse" effects and "acid rain."
Carbon ioxide is the major gaseous effluent from coal
combustion, and atmospheric measurements have indicated a steady

increase in CO, :oncentrations.12 135

CO; buildup in the atmosphere
affects the climate through the greenhouse effect, i.e., entrapping
heat in the earth's atmosphere. Doubling of CC, concentration in the
atmosphere could raise the temperature at the middle latitudes by
about 3°C and near the poles by 9 to 12°C.13 Such postulated
increases may result in changes ir rainfall patterns or gradua!
melting of polar ice.

Sulfur and nitrogen oxides yveleased from coal-iired plants
interact with oxygen and moisture in the atmosphere to produce
sulfuric and nitric acids. These acids are then scavenged from the
atmosphere by precipitation to form acid rain.12'14

The relative contributions of the model coal-fired plant to the
greenhouse effect or to acid rain is uncertain, and quantitative
relationships correlating these effects to human health are even less

certain, requiring further investigation.

Long-Term Effects

Untreated dry tailings from the uranium ore milling operation can
arfect human health by inhalation of &' d-blown dust, inhalation of
radon progeny, exposure to gamma radiation from radon and its nrogeny,
and ingestion of surface water containin; ra ionuclides leached from
the pile.16 Normal precautionary meas -es _an diminish all these
eifects to an insignificant level. Mil tailings stabilization can
minimize radon emanction tor a long time; however the half-life
(8 x 10* years) of Th-230, the radon precursor, means that pile
stabiliz.:tion is an interim, not a permanent, solution. Because radon
releases can adversely affect the health of future generations,
permanent solutions shouid be considered.
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One solution is to dispose of the tailings in underground uranium
mines as part of mine decommissioning. Open pit mines can be
partially backfilled with mine waste from subsequent mine operations
until the pit bottom is well above the underground water table;
tailings can then be used as fill and covered with a thick layer of
earth topped with vegetation or coarse rocks. Another solution is
chemical separation of Th-230 and Ra-226 as a part of the milling pro-
cess, followed by disposal in a high-level waste repository.

Estirations of the long-term effects of radon emanation from
untreated tailings piles are controversial. Integrated health effect
estimates range from insignificant to large values, depending on the
dispersion and future population growth models used.17’18’19

(oal contains small quantities of U-238, U-235, Th-232, and their
decay products. The uranium content i~ I1.'S. coal varies from 0.2 to
greater than 25 ppm, with average content of about 1 ppm.20 Because
coal ash piles will emit radon, they present a problem similar to that
of wuranium mill tailings. However, unlike mill tailings, coal ash
piles are close to population centers.

Another controversial issue is the possibility of future breach
of the containment of & high-level waste geologic repository.
Long-lived isotopes can he released to the biosphere after violent
natural phenomena, human intrusion, or slow underground water
transport. The consensus of previous studies in the U.S. and

21,22,23 is that migration of nuclear waste in underground water

Europe
is of greater concern than the possibility of sudden disruptive
events, In underground aquatic transport, water enters the
repository, dissolves the waste form, and the waste-bearing
groundwater migrates to the biosphere. The potential for waste
release is influenced by waste management practices, repository site
and geology, repository design and waste form, the waste package, and
other engineered release barriers selected. For reasonable site
location and repository design, no plausible mechanisms can rause
release earlier than a thousand years after waste disposal. By ihat

time, fission products that dominate early risk will have decayed to



insignificant levels (i.e., that of natural uranium ore). Although
risk assessment studies are uniformly optimistic in their evaluation
of long-term safety, there is not broad consensus that safety has been
either demonstrated or proven.

Sabotage and Diversion

Sabotage can be accomplished by various hypothetical and
generally complex scenarios. Motivations to commii such an act can be
political or psychological or for coercion and monetary gain.
Successful sabotage requires detailed knowledge about the target
facility layout and design features. Diversion is the theft of
nuclear material for the purpose of constructing a dispersal weapon.
Detonation of such a device would result in limited to catastrophic
impact.

Consequences of sabotage and diversion may be large, but highly
uncertain. Relating these consequences to one power plant year
operation will unavoidably involve some degree of arbitrariness and
speculation.

CAUSE-EFFECT MODELS

In this study, the health effects of exposure to radiation are
based on two models. The first, which deals with low-radiation
exposure, is based on the linear (nonthreshold) models of the BEIR
report24 and GESMO.7 This model expresses health effects in terms of
cases per million person-rems. The estimated number of cases is
latent and does not depend on the dose rate, which is a clear weakness
in the model. However, the linear model is widely accepted and is
generally thought to be conservative. The second model is related to
acute exposure and is not used in this study phase.

Cause-effect relationships involving coal-fired plant effluents
are in general lacking. The model developed by Hamilton and coworkers
23,26 was adopted. This model uses sulfates as an index and a

cause-effect relationship relating sulfate exposure to increased
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1.2 OBJECTIVES

The objectives of the research reported here are:

l To investigate the health risks from the coal and
nuclear fuel «cycles by including the risk of
constructing, decommissioning, and operating the
facilities and the risk of producing the materials and

the energy required during these phases.

2 fo develop a consistent, systematic framework or
methodology for future calculations of risk from

alternative means of supplying electricity.

3. To identify those areas in which becter data are needed

to reduce the uncertainty of these risk calculations.

The approach has been to identify the occupational and public health
risks of each step of the two fuel cycles by studying the available
literature. Data needed to calculate the health risks were gathered,
normalized to the model facilities, and present:d in a concise manner.
Variations and ranges in the data were indicated when they were found.
More data was available in some areas than other:, and this ha.
resulted in some inconsistency in the presentation here. A number of
NRC contractors (and contractors to other federal acencies) are
evaluating in detail the various aspects of both fuel cycles. As
these data become available, they should be included in the data base
and be used to update numerical estimates.

Using the identification of risk-contributing elements, a multi-input,
multi-output analytical model was developed for each fuel cycle step.
This model started with a top-level evaluation and simulated the
interrelationship among the steps. By using a top-down systems
approach, the components can be modeled to an appropriate level of
detail. Although data do exist to expand the level of detail of some



component models, the systems approach resulted in a methodology that
did not require this level of detail and is still consistent with the

wverall evaluation being developed.

This research has not resulted in determination of the risk of these
two fuel cycles. Those answers can only come after a number of
iterations, each having a thorough peer review. The main
contributions of this research have been (1) to propose an analytical
method to consistently and systematically evalute the overall risks of
the two fuel cycles and (2) to gather relevant data on the
construction, operation, and decommissioning phases c¢f each cycle in a

more complete form than previously reported.

The methodology and data base were applied to a case study involving
the wuranium cycle. Hand-calculated health effects estimates were
computed for comparison with other published estimates as part of the
model validation procedure. Resource limitations prevented similar
calculations for the coal fuel cycle. Dncumentation of the results in
detail would have required more explanation than resources permitted;
therefore, to avoid unnecessary confusion, the results are not
described in more detail in later sections. Recommendations to
correct the situation are made in the next section.

Occupationai iealth effects in the operations phase of the model
facilities of the wuranium cycle were found to be comparable to
previous estimates.4 Occupational risks in the construction phase
were found to be comparable to those of the operations phase for both
the model enrichment facility and the model LWR. Decommissioning
risks were found to be comparable to those of the operations phase for
the model reprocessing facility, but were about an order of magnitude
smailer than those for the model LWR. Corresponding risks for other
model facilities remained insignificant.
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2.0 METHODOLOGY

The main objective of this study is to provide a systematic
methodology for assessing and comparing risks associated with the
production of electricity from uranium and coal fuels. A systematic
methodology assures uniform treatment of the two cycles and provides
flexibility for integrating other energy cycles in future comparisons.
Numerous comparisons of this type have been published, and recent work
shows that including materials and energy used in the construction and
operation of energy cycle facilities in the risk analysis
significantly affects the total risk associated with the cycle,
particularly for some of the materials-intensive, nonconventional
energy cycles. As a consequence, this report considers the risks
associated with construction, operation, and decommissioning of the
cycle facilities.

Complete comparisons require the existence of an adequate data base,
which is currently not available. Much of the information essential
for the study is either completely absent or is associated with great
uncertainty, which makes direct comparative analysis extremely
difficult, if not impossible. This is especially true in the area of
the health impact of nonradioactive effluents and in regard to the
decommissioning of major facilities.

Factors such as resource depletion and conservation, damage to the
environment, and the "greenhouse effect" have an indirect impact on
health. In addition, acts of terrorism and sabotage and diversion of
nuclear materials theoretically may have catastrophic consequences.
The estabiishment of a link between these acts and nuclear power
generation and the assessment of the magnitude of their consequences
are extremely difficult tasks. These problem areas are briefly
discussed in Section 5 of this report.
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2.1 FUEL CYCLE AND ENERGY PRODUCTION CYCLE

In general, a fuel cycle comprises four typical segments: (1) the
fuel acquisition segment; (2) the fuel processing and upgrading
segment; (3) the energy production segment; and (4) the waste disposal
and fuel material recycle segment. Each segment includes one or more
stages, each characterized by a particular process involving the fuel
material. Figures 2.1 and 2.2 show the uranium and coal fuel cycles
with their segments and stages within each segment. Transportation
interconnects the different stages within each cycle and is considered

as part of each stage.

Since one goal of this study is to provide detailed risk acccunting,
It is recognized that risks associated with fuel flow in an operating
fuel cycle are siguificant, but by no means represent the overall risk
associated with energy production. Pre- and post-operational activi-
ties are also associated with risk. For this reason, the energy
production cycle concept is applied. An energy production cycle con-
siders not only the operational phase of each stage in the fuel cycle,
but also other phases, as shown in Figure 2.3. Included are the

preconstruction, construction, operation, and decommissioning phases.

‘hile the conventional fuel cycle is concerned with the mass flow of
fuel mater’als, the energy production cycle considers each stage as a
multi-input, multi-output stage. Typical input and output variables

are shown in Figure 2.4,
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2.2 STAGE MODEL ACTIVITIES AND ASSOCIATED HAZARDS

In Section 2.1, the concept of an energy production cycle (tPC) was
defined. Such a cycle can be divided into a number of sequential
stages. The life cycie of each stage must be examined to identify and
assess the magnitude of its contribution to the total heaith risk
associated with the production of a unit of energy. To accomplish
this task, a simple three-step procedure is followed. This procedure
takes advantage of common fea'ures among the cycle stages and provides

a systematic approach to this study.

In the first step, a comprehensive survey of previous studies in the
area of comparative risk analysis is conducted, with particular
emphasis on those aspects related to coal and uranium. Typical
activities conducted during the life cycle phases of the two EPCs are
identified. Hazards and other features common to these activities are
investigated also

In the second step, the data base 1s examined and used to develop a
general analytical methodology (Sections 3 and 4 include such data).
The third step involves wusing this information to establish an
analytical model that can be used to estimate and compare the health
effects of the two EPCs. The systematic framework that results is the
main goal of this investigation. The health impact associated with
each hazard type is estimated (1) first for each component, (2) for
the sum of all components in each stage, and (3) for the sum of the

whole energy production cycle.

The major activities associated with a typical model facility are:

I Production of construction and process iaterials.
2. Fabrication of major equipment.
3, Construction of facility.
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4. Supply of facility energy reauirements.
5. Operation of facility.
6. Transportation activities.
7. Decommissioning of facility.

Each of these activities is associated w':h hazards that may impact
public and/or employee health. The following subsections outline

specifics that characterize the stage model and activities 1isted
above.

2.2.1 Model Facility

Energy production cycle stages are either simple or composite. A
simple stage is characterized by one dominant type of facility; a
composite stage may include a number of alternative facilities fed
with the same input and producing a similar output. An example of a
simple stage is the power production stage in the coal cycle. Most
modern coal-powered plants have the same basic design, and differences
among plants are minor, with respect to the scope of this study.
However, the power production stage in the uranium cycle (LWR) can be
a pressurized water reactor (PWR) or a boiling wa‘er reactor (BWR),
with significant differences in design. A composite model, referred
to as the model facility, is provided to avoid biasing the study
toward one type of facility.

The model facility is based on the desian and capacity of the newer.
existing facilities or facilities under construction and on current
operating data. Thus, the model reflects the current national
production and the current state of technology and design of the
component facilities. The model facility lifetime may vary from one
facility to another. However, lifetimes were selected to be

consistent with those in published literature in order to simplify the
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2.4 TREATMENT OF ACCIDENTS

This section discusses the generic approach to accidents and the
specific applications for the two EPCs considered. Previous
investigators have put forth a great deal of effort in uranium EPC
accident analysis, especially in tho case of the LWR stage; the major
emphasis in the coal EPC has been on the mining stage. Therefore, the

level of information varies considerably.

The conventional approach to accident treatment is to provide a list
of postulated accidents for cach EPC stage. These accidents may be
expected to occur once or a few times during the model facility
lifetime or may not be expected to occur at all. In this sense, lists
of postulated accidents conceived for an EPC model facility emphasize
comp leteness rather than credibility. Moreover, estimation of the
amounts of effluents released during the course of any particular
accident (consequential release source terms) depends on many factors,
among which are model facility design features, initial inventory of

the pollutants, and specifics of the accident scenario.

To put the complete 1list of accidents into perspective, the
probabilistic approach must be adopted and used to estimate the
expected accidental release source terms during a year of operation of
an EPC facility. These source terms are computed by combining the
estimated frequencies (likelihood) of accident occurrence and the
amount of effluents expected to be released during the course of each
accident.

In general, estimation of accident frequencies relies on component and
equipment failure data, published literature, and historic data from
previous experience. On the other hand, consequential source terms
are estimated using analytical codes. In this investigation, the
uranium EPC accident data rely mainly on the Reactor Safety Study
(RSS)l. criticism of the RSS by the Union of Concerned Scientist52‘3.
the American Physical Society Report,4 the Lewis Report,5 and other
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_ 6,7,8,9
sources .

usedlo‘ll’12'13 were not of comparable analytical depth.

Unfortunately, the coal EPC  accident data

[t is important to note that while diversification of data sources has
its merits, it prevents the modeling of a wuniform, consistent

methodology that assures lack of bias in the estimation of source
terms.

Accidents identified for the two EPCs under investigation were found

to belong to seven categories. These are:

A. Failure of radiological release controls or release
barriers incidents.
B. Failure of nonradiological release controls or release

barriers incidents

C Criticality incidents.
D. Natural phenomena.

E Explosions.

F Fires.

G. Industrial accidents.

Depending on the EPC stage, each category may include a number of
severity classes, with a number of postulated accidents in each class.
It is recognized that some degree of overlap exists among these
categories; however, their main use is to assure completeness of

analysis and to identify areas where a lack of data may exist.

LWR accidents, with their nine classes (from proposed Annex to
Appendix D, 10CFR, Part 50), are typical of Categury A. Failure of
acid tanks (e.g. in the uranium conversion and fuel reprocessing
facilities) or failure of coal sludge dikes belongs to Category B.
Criticality incidents in the wuranium cycle fuel fabrication or
reprocessing focilities are typical of Category C. Natural phenomena
include seismic events, tornados, lightening, etc. Explosions and
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2.6 FORMAL METHODOLOGY

Most published werk in the area of comparative health effects of coal
and uranium cycles address the power production stage operations or
the operation of the whole fuel cycle. The Tlatter is generally
referred to as first-cut (or first-order) analysis. Recently,14‘15‘16
an improved approach to the problem was developed, which considers the
impact of material production, equipment fabrication, construction,
etc. Such an approach is thus a second-cut (second-order) approach.
Inclusion of second-cut variables in the analysis proved to have a
significant impact on the study results, especially in the case of
nonconventional energy production cycles. Some simplicity of
methodology has to be sacrificed in order to compare the study results

with those of the previously published first- and second-cut studies.

The various model facilities in the two EPCs under study were examined
to identify typical activities conducted in each and common features
in each. As mentioned, performance of these activities is associated
with some risk to the facility workers and to the general public. A
calculational model should provide a quantitative measure to these
activities and the means of correlating them to their eventual health
impact. Three basic sets of variables were selected to accomplish
this task. These are:

1. Requirement (R) variables.
2. Effiuent (F) variables.

~

Health Impact (P) variables.

The following subsections introduce these variables and establish the
conceptual relationships among them and the activities and their
interrelationships.
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2.6.1 Activities

Typical activities und=rgone during the life cycle phases of any EPC
stage are material production activities, equipment fabrication
activities, normal operations activities, transportation activities,
etc. As indicated above, it is more advantageous to develop
activities categories using the first-cut and second-cut approaches.
Therefore, activities related to the operations of an EPC stage will
be classified as first-order activities (Al) whereas those related to
construction and decommissioning will be classified under second-order
activities (A2-1, A2-2). Third- and higher-order activities generally
will be omitted from this study. This omission means that the health
risk contribution of manufacturing machines used in the production of

a major component in an EPC stage is not accounted for.

2.6.2 Requirement Variables

Requirement variables are provided to measure the magnitudes of
various activities. For example, operations activities are primarily
measured by the amounts of fuel materials (coal or uranium) involved
in the operations. These amounts are properly weighted to reflect the
annual operations requirement (per power plant) or, alternatively, the

requirements per unit of energy generated.

To provide the fuel material requirements, a number of additional
(secondary) requirements have to be supplied, among which are other
process materials, energy, as well as services such as transportation
and labor. In this sense, requirement variables are not simple in
nature, and they tend to form a divergent chain (or tree), with a
primary variable in the first level of this tree. This primary
requirement variabie generally requires a number of seco~dary
requirement variables. In turn, each one of these secondary variables
1s associated with a number of tertiary requirements, etc. Third- and
higher-order requirement variables will not be accounted for unless
their impact is judged to be significant.
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exposure (FX) variables. The FX variables are computed only for those

effluents with known adverse health impact.

2.6.4 Health 'mpact Variables

The health impact variables jave two major components. The first is
occupational (PO) and is directly related to the requirement
variables. The second component impacts publ ¢ health (PF, and is
mainly derived from the effluent exposure variables (FX) by using a

number of exposure-health impact models

2.6.5 Summary

The general approach is based on defining various activities during
the life cycle of each stage of the two EPCs under study. Activities
are measured by requirement variables which form a divergent two- or
three-level tree in this study. Requirement variables have either
direct impact on health, as in the case of occupational hazards and
traffic accidents, or an indirect impact through polluting the
biosphere with effluents that have a potential adverse effect to human
health,

Figure 2.11 is a schematic diagram showing the role played by various
variables. Each activity is measured by a set of requirement
variables; each requirement variable is associated with some direct

health impact which is either occupational (PO) or nonoccupational

(PP). The process of supplying a requiremert variable is also
associated with releases (FSl e F%M) that are referred to as release
source terms. A release source term is used to calculate its

corresponding exposure variable FX which in turn is fed into an

exposure-health effect model to assess its health impact.

Figure 2.12 represents a detailed version of Figure 2.11 and shows a
typical number of variables that will be calculated for each stage in
the two EPCs.
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The large number of requirement, effluent and health impact variables
will require an overwhelming amount of data to determine quantitative
health effects. To assure consistency of the data base, first hand
data from original sources has to be extracted. Unfortunctely, time
and resource constraints did not permit such a task. The only option
that was available was to rely on secondary sources of information.
Data in these sources were pased on experiments, accident statistics,
engineering judgement, expert opinion, design, and in some cases
extrapolations of the above. Thus, the data base presented here is
not fully consistent. Inhomogeneity of this data base however, is not

likely to limit the usefulness of this study.

Th ultimate objectives of this study are served best by an iterative
approach. Preliminary hand-calculated results produred by the model
can be used for model validation, which can be accomplished by two
parallel methods: (1) comparison with previously published studies
and investigation of the discrepancies associated with new findings;
and (2) peer review and exposure of the study to open criticism. This
combination will enhance identification of pitfalls and issues that
can be used to direct the second iteration. The second iteration will
have narrower data uncertainties, smaller computational and model

structural uncertainties, and better mathematical approximations.

A computerized calculational model based on this methodology has many
advantages including, ease of modification, integration of improved or
newly acquired datz, ease of integration of other energy cycles in the
study, and a capability to conduct sensitivity analysis. Sensitivity
analysis, even when conducted at this stage of the study, will provide

the user with valuable information about those factors or parameters
having the largest risk contritution.
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3.1 URANIUM MINING

3.1.1 General Description

Uranium minerals generally occur in diluted, localized ore bodies.
Choice of an extraction technique depends on (1) size and grade of tne
deposit, (2) geotechnical considerations, and (3) hydrologic
properties. Contemporary extraction methods include open-pit mining,
underground mining, and in situ leach mining. Recent statistical data
(see Footnote a, Table 3.3) for the uranium industry indicate that in
situ leaching and by-product operations (combined) accounted for only
4 percent of the total U.S. uranium production in 1977. Since in situ
leaching and other nonconventional techniques are not expected to
contribute major supplies of uranium, these minor technologies are not
addressed in this study. Fmphasis is on the conventional techniques
of underground and open-pit mining

3.1.2 Model Description

The mine model is based on one open-pit mine and one underground mine,
together serving the model uranium mill. The extreme variatiocn in the
uranium mine sizes is reflected in the range of capacity values given
in Tcble 3.3. During 1977, underground mines had an average ore grade
of 0 172 percent U404; open-pit mines had an average ore grade of
0.127 percent U,04; and the average mill operated with a feed grade of
0.15 percent U404 Using these figures, the model assumes that the
total Uj0g production is split on a 52 percent-48 percent basis
between the underground and open-pit mines. Table 3.3 summarizes the
basic data for the model mine. Trends in the uranium mining industry
point to a decrease in ore grade as the richer deposits are depleted.
Projected ore and feed grades in the years 1984 to 2000, are 0.10
percent, 0.07 percent, and 0.09 percent for the underground mines,
open-pit mines, and mills, respectively. Such decreases will require

vast expansion of mining activity to meet the demand for uranium.
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TABLE 3.5 (Continued)

[tem Nuantity

(&S

Power shovel (15-yd?®)

Generator (500-kw) 6
Generator (1500-kw) 3
Mechanical shop 5
Drill rig (blast hole) 22
Trucks for small drilling 36
Quonset-type huts 18
Primary crushor(d> 1
Secondary crusher(d) 2
Grinders {(rod for ball mill)(d) 1
Steel autoclaves(d) 1
T tanium-Clad, lead-1lined autoclaves(d) 2
Gear reducers(d) 16
Drill mobiles 4
C ~tinuous miners 5
Wire line and hoist x 3/8 cable 36
Trammer 13
Power line (heavy duty) 110 x 10° ft

(a)“Demand and Supply of Non-Fuel Minerals and Materiais for the United
States Energy Industry, 1975-90--A Preliminary Report," Geological
Survey Professional Paper 1006-A, B, 1976.

(b)Calculations based on composite mine-mill facility (1500 MT/day, ten-
year life) and equipment Gata for production of 671,000 MT of Uz0g over
13 y~ars.

(c)Over its lifetime (ten years) the mine-mill facility would produce
7540 MT of uranium, sufficient for 253 annual requirements without
recycle or 335 requirements with recycle.

‘d)Milling equipment.
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production rate. The gradual expansion of the affected area during
the life of the mine may result in a gradual increase in radon
emission as more emanating surfaces are exposed. However, reclamation
measures 1in open-pit mines and the sealing of inactive areas of

underground mines will more than offset cuch increases.

fThe entries for radon releases and liquid effluent releases in Table
3.7 assume steady-state operation of the model mines. In the
decommissioning phase, liquid effluents should cease, but radon
releases should ccatinue indefinitely at levels determined by the
nature of stabilization and reclamation activities. For this study,
underground mines are assumed to be insignificant sources of radon
after the mines are closed and ventilation ceases. Nielson et al.l
estimated the Jlong-term radon emission rate from an unre.laimed,
inactive open-pit mine to be 0.168 mCi/yr per metric ton of ore

production.
Based on these values, the production of an Option 1 or Option 2 ore
requirement would generate a long-term radon source of 18.4 Ci/yr per

requirement or 13.9 Ci/yr per requirement, respectively.

3.1.6 Occupational and Public Hazads

Occupational hazards of wuranium mining include rockfalls and
inhalation or ingestion of radionuclides. These hazards are most
acute in underground mines. Radon is of primary concern and is the
controlling factor in the design of mine ventilation systems. The
inhalation of radon daughters is a known contributor to lung cancer

among uranium miners,

Because open-pit mines have sufficient natural ventilation, radon and
respirable dust present no significant cccupational problems.
L1 ~wise, atmospheric dilution of gaseous anu particuli*e effluents
frc= _ither type of mine reduces the dose rate to the g  eral public.

The ve:y low population densities in the uranium-producing regions of
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3.2 URANIUM MILLING

Uranium milling represents the second stage in the uranium fuel cycle,
after the mining stage. The main function of the mill is to produce a
uranium conzentrate. Uranium mills are generally located close to the

mines to avoid transporting large amounts of the ore over long
distances.

3.2.1 General Description

In the uranium mill, the ore is crushed, ground to powder, and chemi-
cally leached, and the uranium is precipitated to produce a concen-
trate which is generally referred to as “vellow cake".

Leaching is accompiisned by either of two processes. The first is
called the acid leach process, in which sulfuric acid dissolves the
uranium in the ore. The second process is called alkaline leach and
usually employs sodium carbonate and sodium bicarbonate solutions for
uranium dissolution. The leach liquors are purified and concentrated

by ion exchange or by solvent extraction, and uranium is precipitated

to produce yellow cake. The wuranium product is calcined before
shipment. Liquid and solid wastes (tailings) are placed in an
impoundment for disposal. The impoundment provides for the

evaporation of liquids and the long-term isolation of solids. Table

3.9 shows existing mill types, distribution, and capacity.

3.2.2 Model Description

As shown in Table 3.9, 87 percent of the uranium ore is processed by
the acid Yeach facilities whereas 13 percent is processed by alkaline
leach facilities. The model mill facility is assumed to reflect this
ratio with a capacity of 1800 MT of ore per day. The average ore
grade is assumed to be 0.15 percent. The model mill lifetime is
assumed to match the model mine lifetime of 10 years. This composite

acid leach-alkaline leach model mill will provide the annual U,0g4



TABLE 3.9
MILL TYPES AND DISTRIBUTION

Feed Capacity(a‘b‘c)

Capacity Total for

Number Range Process Percentage

Process of Mills (MT/Day) (MT) of Total
Acid Leach:

Solvent Extraction 8 635-6350 24,450 68.8

Ion Exchange 4 360-1630 4,670 13.1

Resin in Pulp Ion

Exchange (RIP-IX) 2 360-1360 1,950 5.5
Alkaline Leach 3 360-3080 4,130 11.6
Alkaline Leach RIP-IX 1 360~-3080 360 1.0

(a)

U.S. Department of Energy, "Statistical Data of the Uranium

Industry,”" GJO-100(78), January 1978.

(®)robert C. Merrit, The Extractive Metallurgy of Uranium, Colorado
School of Mines Research Institute, 1971.

(C)Engineering and Mining Journal, Vol. 179, No. 11, November 1978.

Note:

Calculations are baced on the following assumptions:

0

87 percent of the ore requirement is processed by the
acid leach process, 13 percent by the alkaline leach
process.

Average mill efficiency is assumed to be 91.8 percent.
Flow rate to the water treatment pond is assumed to
be:

1.5 m3/MT of ore for the acid leach process

1.05 m®/MT of ore for the alkaline leach process.
Non-conventional milling "acilities (in situ leach-
ing, mine water heap leach) a'. assumed to have negli-

gible impact on the cycle, as compared to conventicnal
facilities.



requirements of about three LWRs in Option 1 (no recycle) and of 2 out

four LWRs in Option 2 (uranium recycle).

3.2.3 Materials and Equipment Requirements

Table 3.10 includes averaged amounts of materials consumed to provide
the annual LWR fuel requirement. (Also see Table 3.5 for the milling

equipment requirements.)

3 2.4 Energy Requirements

«able 3.11 shows rates of energy consumption averaged over the
lifetire of the model mill. Energy consumed in facility construction
and operation and energy used to produce the process, construction,
and equipment materials are included. Average mill energy require-
ments to provide the annual uranium need for the model LWR power plant

operation are also shown.

3.2.5 Effluents

Average release rates from mills using the two main milling processes
are shown in Table 3.12. These rates are used to determine the magni-
tude of releases associated with producing the annual Uz0g requirement
of the model LWR. Liquid effluents are based on the assumed average
flow rates to the tailings pond of 1.5 m3/MT of ore for the acid leach
process and 1.05 m3/MT of ore for the alkaline leach process and
seepage losses of 7 to 10 per.ent of the tailings liquid. There is no
regular surface discharge from the tailings pond.

3.2.6 Occupational and Public Hazards

The estimated occupational hazards of uranium-milling operations are
shown in Table 3.13. Table 3.14 lists the major accidents, their
estimated probability, and the radiclogical dose te the population.
Table 3.15 lists the radiological effluents from the accidents. he
risks from normal operation and accidents are compared in Table 3.16.
Also shown is the public risk from rormal mining operations.



TABLE 3.10

URANIUM MILLING PROCESS MATERIAL CONSUMPTION

(a)

Material Consumption Per

Consumption Rate(a) Annual Model LWR Requirement
(kg/MT Ore) (10 MT)

Process Material Acid Leach Alkaline Leach Option 1 Option 2
Sulfuric Acid 45 iy 7.7 5.8
Sodium Chlorate 1.38 P 0.23 0.17
Ammonia 1.05 0.18 0.14 A
Flocculant 0.6 0.01 0.10 0.08
Amine (long chain) 0.015 - 0.0026 0.0019
Alcohol 0.035 e 0.006 0.0045
Kerosene 0.45 e 0.077 0.058
Iron (rods for grinding) 0.25 0.25 0.049 0.037
Sodium Carbonate by 1.3 9.933 0.025
Sodium Hydroxide i 12.5 (. 52 0.24
Potassium Permanganate i 3.9 0.096 0.072
Filter Aid e o 0.025 0.00064 0.07048
(a)R. E. Blanco et al., "Correlation of Radioactive Waste Treatment Costs and the Environmental Impact

of Waste Effluents in the Nuclear Fuel Cycle for Use in Establishing 'As Low as Practicable' CGuides--
Milling of Uranium Ores.," ORNL/TM-4903, Vol. 1., May 1975.
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TABLE 3.11

URANIUM MILLING ENERGY REQUIREMENT
(COLSTRUCTION AND OPERATION)

tEnergy Per Annual Model LWR

Requirement(a’b)

Per MT of Mill
Source Production Option 1 Option 2

Construction

Electricity (MwH) 0.71 1.6 x 104
Fossil Fuel (BTU) 3.1 x 107 6.9 x 10°

x 102
10°

w
&0
»

Operation

Process Material Energy:
Electricity (MwH) 4.13 9.5

x 10% 7.4 x 104
Fossil Fuel (BTU) 1.6 x 108 3.7 x 10'9 2.9 x 1019
Direct Energy:
Electricity (MwH) 17.3 4.0 x 10° 3.1 x 10°
Fossil Fuel (BTU) 3.4 x 108 7.7 x 1019 6.0 x 101°

(a)Oak Ridge Associated Universities, "Net Energy from Nuciear Power,"

PB-254059, May 1976.

(b)Annuai milling requirement of a model power plant is assumed to be
271.1 MT of U304 for no recycle and 211.8 MT of U,0g for uranium
recycle cases.
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TABLE 3.12 (Continued)

Release Rate(d) Release Per Annual Model
(Per MT of Ore) LWR Requirement
Effluents Acid L~ach Alkaline Leach Option 1 Option 2

Radioactive:
U-238 + U-234 34 x 10-% Ci 34 x 10-% Ci 6.7 T4 5.06 Ci
Th=230 400 x 10-%° Ci 422 x 10-° Ci 79.2 Ci 5.8 Ci
Ra-226 422 x 10-® Ci 414 x 10-° Ci 82.8 Ci 62.6 Ci
Rn daughters 422 x 10-% Ci 414 x 10-® Ci 82.8 Ci 62.6 Ci 2

(a)R.E. Blanco et al., "Correlation of Radioactive Waste Treatment Costs and the Environmental Impact
of Waste Effluents in the Nuclear Fuel Cycle for Use in Establishing 'As Low as Practicable' Guides--
Milling of Uranium Ores," ORNL/TM-4903, Vol. 1, May 1976.

U.S. Nuclear Regulatory Commission, "Final Environmental Statement Related to Operation of Lucky
McGas Hills Uranium Mill," NUREG-0357, November 1977.

(C)A.K. Reed et al., "Assessment of Environmental Aspects of Uranium Mining and Milling,"
EPA-600/7-76-036, December 1976.

(d)Assuming seepage losses of seven to ten percent of tailings liquid through pond bottom.

(e)No available data.
(f)

(b)

No direct generation.
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TABLE 3.14

RANIOLOGICAL RISKS FROM ACCIDENTS IN URANIUM MILLING

(a.b) Probability Population Dose Per Annual

Accident* ™’ (plant-year)-? Pathway Mode! LWR Regquirement (man-rem)
Fire in Solvent Extraction 4 x 10-% to 3 x 10-3 Possible Inhalation 8.0 x 10 f to 6.0 x 10 f (lung)
Circuit (Class F) Pathway 5.0 x 10-° to 3.8 x 10> (W.B.)
Release of Tailings Slurry 4 x 10-2 Possible Ingestion 1.5 x 10- (bone)
from Tailings Pond (Class A) Pathway 9.5 x 10-* (W.B.)
Release of Tailings Slurry 1 x 10-2 Possible Ingestion 1.6 x 10-* (bone)
from Distribution Pipeline Pathway 1.0 x 10-° (W.B.) A
(Class A)
Flooding (Class D) (c) Ingestion oo
Earthquake (Class D) (c) Ingestion/Inhalation -
Tornado (Class D) (c) Inhalation e

(a)Electric Power Research Institute, "Status Report on the EPRI Fuel Cycle Accident Risk Assessment,"”
EPRI NP-1128, July 1979.
(b)

U.S. Environmental Protection Agency, "Scoping Assessment of the Environmental Health Risk Associated With
Accidents in the LWR Supporting Fuel Cycle," EPA-600/5-78-013, June 1978.

(C)Unknown,
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TABLE 3.16

COMPARISON BETWEEN HEALTH RISKS FROM ACCIDENTS AND FROM NORMAL OPERATIONS IN
MINING AND MILLING OPERATIONS

Risk From Normal Operat.an(a) Risk From Accidents(a)

Population Dose Per Health Risk Per Population Dose Per Health Risk Per
Annual Model LWR Annual Model LWR Annual Model LWR Annual Model LWR
Requirement Requirement Requirement Requirement
Fuel Cycle Step (man-rem) (# of excess cancers) {man-rem) (# of excess cancers)
Uranium Mining 1.4 x 10® (lung) Q
2.2 x 10°® (bone) 3.3 x 10-! 0
7.2 x 10% (W.B.)
Uranium Milling 4.0 x 10% (lung) (b) 5.6 x 10-7
4.4 x 10° (bone) 8.0 x 10-! 1.5 x 10-2 (bone) to
1.7 x 10° (W.B.) 1.6 x 10-2 (W.B.) 5.9 x 10-7

(a)U.S. Environmental Protection Agency, "Scoping Assessment of the Environmental Health Risk Associated With
Accidents in the LWR Supporting Fuel Cycle," EPA-600/5-78-013, June 1978.

(b)Covering of tailings pile would reduce this value to 7.3 x 10-%. See Section 5.5 for a detailed discussion
of long term radon releases from tailings piles.
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Past operating practices at some mills have resulted in inadequate
stabilization of mill tailings. Presently there is an aggressive pro-
gram to upgrade abandoned sites and modify current operations to
ensure adequate long-term public protection from radon releases. The
model mill in this report is assumed to have effective stabilization

and reclamation-mitigating impacts from tailings storage

Seepage will cease after the tailings are allowed to dry. Radon and
dust emissions will be controlled by a thick clay and overburden
cover, While the exact Jlevel has yet to be determined, radon
emissions can be brought down .o near background levels and will not
be a significant near-term source of radiation exposure to the public.

Long-term effects are discussed in Section 5.5.

3.2.7 Transportaticn

The yellow cake product is shipped from the mill to the conversion
facility in 55-gallon drums that have a capacity of about
0.38 MT U404, depending on the moisture content. About 40 drums are
loaded per truck shipment for a net weight of about 15.2 MT of U,0q.
Typical shipment distances are 1000 miles. Thus, to provide 271.1 MT
for Option 1, 17.8 shipments per year are required, or 35,600
round-trip truck-miles. For Option 2, 13.9 shipments per year are

required, or 27,800 round-trip truck miles.

3.2.8 Decommissioning

Decommissioning material and energy requirements for the reference
uranium mill are expected to be minor. Structural materials and
equipment contaminated with U;0g5 probably will be removed io a
shallow-land burial facility. Mill tailings piles will be stabilized
or disposed of as discussed in Section 5.5. Specific material and

energy requirements are not presently available. However, based on
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3.3 URANIUM CONVERSION

The uranium concentrate (yellow cake) extracted from the ore must be

converted to the volatile compound uranium hexafluoride (UF ) for en-

richr ent by the gaseous diffusion or gas centrifuge processes. The
uranium conversion facilities provide the means to produce UFg from
the yellow cake.

3.3.1 General Description

Two different industrial processes are used for uranium hexafluoride
production. The "hydrofluor process" consists of reduction, hydro-
fluorination and fluorination of the ore concentrates to produce crude
uranium hexafluoride, 7ollowed by fractional distillation to obtain a
pure product. The wet solvent extraction process employs a wet
chemical solvent extraction step at the head end of the process to
prepare high purity uranium feed before redu-tion, hydrofluorination,
and fluorination steps. Each method is used to produce roughly equal
quantities of wuranium hexafluoride feed for the enrichment plants.
The two commercial plants currently in operation process a combined
amount of about 10,000 MT of wuranium into uranium hexafluoride per
year.

3.3.2 Model Description

The model facility is assumed to have a capacity of 5000 MTU per year,
the average of existing plants. It is assumed that the UFg is
produced in equal amounts by the hydrofluor process and the solvent
extraction process. Average annual requirements of the 1000-MWe model
LWR are estimated to be 340 MT of naturally enriched UFg for Option 1
(no recycle) and 265.8 MT of naturally enriched UFg for Option 2
(uranium recycle). The model facility is assumed to have a 30-year
life span.



3.3.3 Materials and Equipment Requirements

Estimated construction material requirements of the model conversion

facility are shown in Table 3.17, and equipment needs are listed in
Table 3.18.

3.3.4 Energy Requirements

Energy requirements of the model conversion facility are shown in
Table 3.19. Direct energy consumed in the construction of the
facility and in the production of construction materials and facility
equipment is averaged over the 30-year expected life ¢f the facility,
normalized to the model LWR requirement. Direct energy consumed in
facility operation and in the production of process materials also is
scaled to the LWR requirement. The (WR model reqguirement is
calculated for both Option 1 and Option 2.

3.3:5 Effluents

Conversion facility effluents associated with production of the model
LWR UFg requirements <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>