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A GUIDE TO RADIOLOGICAL ACCIDENT CONSIDERATIONS
FOR SITING AND DESIGN OF
DOE NONREACTOR NUCLEAR FACILITIES

J.C. Elder, J. M. Graf, J. M. Dewart, T. E. Buhl,
W. J. Wenzel, L. J. Walker, and A. K. Stoker

ABSTRACT

This Guide was prepared to provide the experienced safety analyst with accident
analysis guidance in greater detail than is possible in Department of Energy (DOE)
Orders. The Guide addresses analysis of postulated serious accidents considered in the
siting and selection of major design features of DOE nuclear facilities. Its scope has
been limited to radiological accidents at nonreactor nuclear facilities. The analysis
steps addressed in the Guide lead to evaluation of radiological dose to exposed persons
for comparison with siting guideline doses. Other possible consequences considered are
environmental contamination, population dose, and public health effects. Choices of
models and parameters leading to estimation of source terms, release fractions,
reduction and removal factors, dispersion and dose factors are discussed. Although
requirements for risk analysis have not been established, risk estimates are finding
increased use in siting of major nuclear facilities and are discussed in the Guide.

I. INTRODUCTION
A. Need for the Guide

A DOE guide in the area of postulated radiological
accident analysis at nonreactor nuclear facilities was
provided to supply more detail than that practical in the
DOE Orders. Further, collection of related information
in a guide of this type was considered useful for conduct-
ing radiological accident analysis within the DOE com-
plex.

Major requirements for the siting and design of nu-
clear facilities as formulated by the Nuclear Regulatory
Commission (NRC) and DOE are found in the Code of
Federal Regulations (CFR, Title 10) and DOE Orders
respectively and are stated in terms of radiation dose (or
effective dose equivalent) calculated at a specified lo-
cation. Although the siting criteria doses may be unam-
biguous, the many models, parameters, and assump-

tions necessary for the intermediate calculational steps
between the postulated accident and the resultant dose
are not specified. The NRC addresses this situation by
issuing supplementary guidance such as technical infor-
mation documents, safety guides, and regulatory guides.
This supplementary information is available to and has
been appropriately used by DOE safety analysts; how-
ever, it is specific to the types of facilities licensed by
NRC, particularly light-water reactors (LWRs). That the
DOE should apply reactor-based criteria to nonreactor
facilities has been implied in DOE Orders. However,
applying criteria intended for LWR power plants to
DOE facilities that may be “first of a kind,” located
remotely on a DOE reservation, and already subject to
strict regulatory control is oftén not appropriate. Recog-
nition that a numerical limit should be accompanied by
guidance for its application led to the preparation of this
Guide. Its scope is limited to accidental release of
radioactive material from1 nonreactor nuclear facilities.



B. Status of the Guide

This Guide should be regarded only as a guide, not as
a regulation or standard or as a statement of DOE
policy. DOE Orders remain the primary source of re-
quirements related to nuclear facility siting, design, and
safety analysis. The status of the Guide as a substantial
document useful to the safety analyst has been enhanced
by an effort to obtain careful peer review. Following the
suggestions contained in this Guide should lead to
compliance with applicable DOE Orders.

The extent to which the Guide will receive continuing
review and revision has not been determined. This will
depend on its usefulness, the extent of its utilization by
field offices and contractors, and the feedback received
during the first year or two after its issue.

A comment sheet has been included as Attachment A
to encourage the user to provide the authors with input
as the need arises.

C. Features of DOE Nuclear Facilities

DOE nonreactor nuclear facilities house a broad
variety of processes, a number of which contain radio-
logical hazards with potential for onsite and offsite
consequences in the event of a major accident. These
potential hazards are generally of lower magnitude than
those associated with nuclear reactor facilities because
of a lower inventory of radionuclides and lower levels of
dispersive energy. However, careful analysis of potential
accidents in nuclear facilities is required to assure that
the combination of proper siting and design of safety
features would provide a high degree of safety for mem-
bers of the public. This is accomplished by considering
siting criteria and safety features described in later
sections.

Nonreactor nuclear facilities are defined in DOE
Order 5480.1A, Chapter V, “Safety of Nuclear Facili-
ties,” as

Nuclear Facility. A facility whose operations
involve radioactive materials in such form
and quantity that a significant nuclear haz-
ard potentially exists to the employees and
the general public. Included are facilities
that (1) produce, process, or store radioac-
tive liquid or solid waste, fissionable
materials, or tritium; (2) conduct separa-
tions operations; (3) conduct irradiated
materials inspection, fuel fabrication, decon-
tamination, or recovery operations; (4) con-
duct fuel enrichment operations. Incidental

use of radioactive materials in a facility
operation (e.g., check sources, radioactive
sources, and x-ray machines) does not
necessarily require the facility to be included
in this definition.

Nuclear facilities are further categorized in DOE Order
6430.1, Chapter 1V, as either critical or noncritical
facilities (DOE 1983A). Critical facilities are those for
radioactive material handling, processing, or storage,
and other facilities having vital importance to DOE
programs or high dollar value [such as plutonium
processing, tritium processing, weapon assembly
(HE/Pu), and certain storage facilities]. Noncritical fa-
cilities are other facilities that meet the definition of
nuclear facilities (above).

The major categories of DOE nonreactor nuclear
facilities and a summary of processes, prominent radio-
nuclides, dispersive energy potential, and accident types
most likely to be the design basis accident (DBA) are
presented in Table I. The entries in Table I are discussed
in greater detail in the Standards and Criteria Guide
(Brynda 1981). There may be other nuclear facility types
which require analysis of a DBA.

II. SCOPE AND INTENT

The Guide focuses on the implementation of DOE
Order 5480.1A, Chapter V, DOE Order 5500.3, and
DOE Order 6430.1, “General Design Criteria Manual.”
It also has incidental application to DOE Order
5481.1A, “Safety Analysis and Review System.” Its
most direct application is to DOE Order 6430.1, which
contains guidance on siting and major design features of
nuclear facilities. Order 6430.1 discusses general re-
quirements, largely leaving the choice of analysis
method and parameters to the analyst. The large num-
ber of analysis methods available have resulted in varia-
tions among analysts seeking to answer the basic ques-
tions:

® Does the proposed site meet the siting guideline
doses?

® Is the proposed site more suitable than alternative
sites, based on consideration of other potential
consequences of an accident, such as population
dose, environmental contamination, or public
health effects?

e Can emergency planning requirements be met at
the proposed site?

e Can an existing facility safely house a new process?



TABLE I. SUMMARY OF NONREACTOR NUCLEAR FACILITY TYPES

Relative Disparsion Principal
Facility Type Operations Radionuclides Source Term Potential DBA
Pu or Enriched-U Conversion, Th, U, Pu, Am High Solvent explosion,  Criticality; material
Processing recovery, metal H; explosion release by leaks,
production explosion, fire,
equipment failure
Tritium Processing  Processing, handling 3H High H, explosion Fire, leakage of
in gas or oxide form oxide vapor,
equipment failure
Reactor Fuel Mechanical/chemical U, Pu, mixed High Solvent explosion,  Criticality; material
Reprocessing operations, U/Pu fission products fire, shortcooling, release by
extraction, fission acid leak explosion, fire,
product offgas equipment failure
Weapons Assembly Component storage, U, Pu,*H High HE explosion, Explosion, Pu release
Pu/HE assembly fire to atmosphere, criti-
cality
Hot Laboratories Hot-cell and glove-  Fission products, Low Explosion, fire Criticality; material
box operations, iso- actinides, others release by leaks,
tope separation, fuel explosion, fire
inspection, metal-
lurgy, experiments
Fissile Material Handling, storage Py, U, Th Intermediate- Fire Criticality, leaks in
Storage Facilities of irradiated or high target or fuel
unirradiated fuel assemblies
elements
Particle Accelerator Charged-particle Fission, spallation = Low- Explosion (H,), Fire, H; explosion
beam hitting products intermediate fire damage, beam loss
radioactive target
Waste Processing Convert liquid High- and low-level Low- Fire Fire; material release
and Storage waste to solid; liquid and solid intermediate by leaks, mishandling,
store, treat, and wastes; fission container failure

Fuel and Parts
Fabrication

Uranium
Enrichment

dispose of waste

Powder blend,
pellet pressing,
manufacturing

Gaseous diffusion,
centrifuge, laser
isotope separation

products and actinides

Th, U, Pu, Np, Am,
Cm

235U’ mU’ 234I‘h’

234|nPa

Intermediate-
high

Low

Fire, explosion
of furnaces

Corrgsive gas,
high pressure

Oxide powder release,
criticality

UFg release to
atmosphere by
equipment
failure; criticality




The Guide has been compiled to aid experienced
analysts in applying analysis techniques consistently to
all accidents with major potential for radiological conse-
quences. It is not intended as a tutorial document or as a
guide to writing safety analysis reports (SARs). The
Guide should be useful anywhere postulated accident
analysis is required, that is, for SARs, design analysis,
environmental documentation, emergency planning,
etc. Its primary utility will probably be as a tool for the
analyst and will contain useful information and quality
references. Areas either vague or not covered by ex-
perimental data are identified, and in some cases, speci-
fic assumptions are suggested.

Covering all aspects of radiological accident analysis
was not considered possible or practical. The analyst
should not assume all areas of accident analysis have
been covered in the Guide, although an attempt has
been made to deal with all important issues.

III. CRITERIA AND DEFINITIONS
A. DOE Orders

1. Environmental Protection, Safety, and Health
Protection Program for DOE Operations (Order
5480.1A). DOE Order 5480.1A, Chapter 1 (DOE
1981A), “Environmental Protection, Safety, and Health
Protection Standards,” provides as a recommended
standard for nuclear facility safety “appropriate por-
tions of Reactor Site Criteria” (10 CFR 100, revised,
CFR 1962). DOE Order 5480.1A, Chapter V (DOE
1981B), “Safety of Nuclear Facilities,” establishes safety
procedures and requirements for nuclear facilities (reac-
tors and accelerators are exceptions in Chapter V) to
assure

... that nuclear facilities are sited, designed,
constructed, modified, operated, main-
tained, and decommissioned in accordance
with generally uniform standards, guides,
and codes that are consistent with those
applied to comparable licensed nuclear fa-
cilities.

Although the 10 CFR 100 site criteria were issued
specifically for siting stationary pressurized-water and
boiling-water reactors, they have represented for over 20
yr the only authoritative siting guidance and have been
applied to nonreactor facilities by NRC and DOE [or
previously by the Atomic Energy Commission (AEC) or
Energy Research and Development Administration

(ERDA)]. More recent guidance has been proposed for
use within DOE in DOE Order 6430.1, as discussed in
the following sections.

DOE Order 5480.1A also requires that adequate con-
sideration be given to environmental protection, safety,
and health protection matters throughout the life of a
nuclear facility, including its siting. Its operation must
not create undue environmental protection, safety, or
health protection risks. Evaluation methods applied to
accident effects in these areas are addressed in the
Guide.

2. General Design Criteria (Order 6430.1). The DOE
implements radiological accident guidance for siting
and major design features in DOE Order 6430.1, “Gen-
eral Design Criteria Manual” (DOE 1983A). DOE pol-
icy stated in Order 6430.1 requires that “DOE facilities
be designed and constructed to be reasonable and ade-
quate for their intended purpose and consistent with
health, safety, and environmental protection require-
ments.”

Dose guidelines proposed for inclusion in Chapter I
of DOE Order 6430.1 to limit a one-time accidental
dose from a major credible accident are as shown in
Table II. The proposed guideline doses for whole body
and thyroid are purposely consistent with existing siting
criteria in 10 CFR 100. Bone surface and lung doses are
based on ratios of ICRP weighting factors (0.03 for bone
surfaces, 0.12 for lungs) to the thyroid weighting factor
(0.03) (ICRP 1977). This rationale was developed by
NRC in the Clinch River Breeder Reactor site suit-
ability decision (NRC 1977A). Determination of effec-
tive dose equivalent is discussed in Section II1.B.6.

The following caveat should accompany each
publication of the guidelines to aid in keeping dose
guidelines in proper perspective (CFR 1962):

The use of these guideline doses is not in-
tended to imply that these doses constitute
acceptable limits for emergency doses to the
public under accident conditions. Rather,
these values are reference values to be used
in the evaluation of facility sites with respect
to potential accidents of exceedingly low
probability of occurrence and low risk of
public exposure to radiation. They do not
apply to facility operations under normal or
emergency status, nor to emergency dose
guidelines that might be appropriate for the
general public should an accident occur.

Vb

)



TABLE II. SITING GUIDELINE DOSES*

Dose
Organ (rem) (Sv)
Whole body 25 0.25
Thyroid 300 30
Bone surface 300 3.0
Lungs 75 0.75
Effective dose equivalent 25 0.25

2Assuming a 5S0-yr committed dose equivalent.

The radiological guidelines in DOE Order 6430.1,
Chapter 1, require consideration also be given to onsite
personnel when the site and major design features are
selected. Consideration of the onsite person is stated in
DOE Order 6430.1, Chapter I, to be “prudent measures
associated with the radiological protection of onsite
personnel and in conjunction with onsite emergency
planning, as required through implementation of DOE
Order 5500.3.” The guidance on dose methodology
provided herein is considered useful in meeting the
requirements of DOE 5500.3 related to emergency
radiological response plans.

3. Nuclear Facility Emergency Planning, Prepared-
ness, and Response Programs (Order 5500.3). This or-
der requires emergency actions to respond to the onsite
and offsite consequences of a radiological emergency
and to assure protection of onsite personnel, public
health and safety, and the environment.

4, Safety Analysis and Review System (Order
5481.1A). Postulated accident considerations are dis-
cussed in appropriate detail in DOE Order 5481.1A in
terms of safety analysis (DOE 1981C). Accident-related
topics to receive analysis or be addressed are

identification of hazards,

potential accidents,

probability of occurrence,

physical design features and administrative con-
trols to prevent or mitigate potential accidents, and
e predicted consequences.

Various DOE field offices have prepared parallel orders
to implement DOE Order 5481.1A. These orders are
generally more specific to the operational needs of con-
tractor activities under a field office and might not be
applicable across the DOE compiex.

B. Definitions

The glossary of the Guide (Appendix A) contains
definitions of many terms used in the Guide. Defini-
tions needing furtber elaboration and discussion are
included in this section.

1. Design Basis Accident (DBA). All credible acci-
dents are evaluated for the purpose of establishing the
need for certain design features in a nuclear facility and
approving its siting. The DBA is that accident causing
the most severe consequences and is compared with the
guideline doses.

Credibility of a potential accident is based on the
annual frequency at which the accident is expected to
occur. Accident-frequency data to support a probability
estimate may be lacking. In this case, a deterministic
approach similar to TID-14844 (AEC 1962) may be
applied. Assumptions should contain a suitable level of
conservativism. Credibility limits in the range of 1078 to
3X 1073 occurrences per year have been used within the
DOE and elsewhere (Lucas 1981, Clemens 1982, ALO
1982, ANSI 1976, NRC 1983). This Guide suggests an
approximate annual frequency of 1075 be used to estab-
lish the credibility of potential DBAs. The selection of
10%/yr is based primarily on a general consensus among
risk analysts to consider a frequency of 1075/yr as a
frequency which should cause concern if the accident
consequence is high; conversely, a frequency lower than
1077/yr is considered so low as to be almost in-
determinate or nonsensical. Therefore, any postulated
major accident which has an estimated annual fre-
quency approaching 1075/yr should be considered credi-
ble.

2, Offsite Person. The offsite person is a member of
the exposed offsite population and is assumed to be
located at the site boundary. His dose, which may be a
whole-body dose, an individual-organ dose, or an effec-
tive dose equivalent, is compared with the siting guide-
line doses proposed for DOE Order 6430.1 (also listed in
Section IT1LA.2). The exposure received by the offsite
person should depend on unfavorable, site-specific me-
teorology data (methods are discussed in Section
V.E.5.). As a general rule, the offsite person is assumed
to be present at the centerline of the cloud for a period of
2 h unless cloud passage or evacuation within a shorter
time is a reasonable assumption at the proposed site. It
may be assumed that any person who might be con-
sidered the offsite person is lawfully occupying the
location and will consent to evacuation. The offsite
person should be assunied to be the individual most
affected by the released material. In most cases this




person is characterized by the ICRP reference man
(ICRP 1974). A possible exception is a radioiodine
exposure in which the dose to an infant’s thyroid might
result in a higher effective dose equivalent.

3. Population Dose. Population dose is an estimate of
total radiation dose received by members of a popula-
tion group exposed to the radionuclides released by the
postulated accident. It can represent a collective whole-
body dose, collective dose to a specific organ, or a
collective effective dose equivalent. Consideration of
population dose may be appropriate under some cir-
cumstances, such as the case where several sites are
being compared. Population doses may show a decisive
advantage of one site over the others.

Estimation of population dose and potential public
health effects is addressed in Section V.G.

4. Population Center Distance. Population center dis-
tance is defined as the minimum distance from the
proposed nonreactor nuclear facility (structure, not
boundary) to the nearest population center. DOE Order
6430.1 does not specify a population center distance
other than by indirect reference to 10 CFR 100. A
population center is defined in 10 CFR 100 as a densely
populated center containing more than about 25 000
residents. To establish a minimum distance to a popula-
tion center, the 10 CFR 100 calculation (1.3 times a low-
population-zone outer-boundary distance) is suggested,
if the release is delayed over 2 h.

Some population center boundaries are vague; that is,
sprawling suburbs may approach the proposed site in an
irregular pattern, making a single population center
distance difficult to choose. Political boundaries are not
generally invoked as population boundaries without
consideration of actual residences, including the possi-
bility of future expansion bringing residences closer to
the facility. It will be necessary to evaluate each siting
case on its own particular features and make judgments
that may not be always consistent among analysts.

5. Effective Dose Equivalent. Effective dose equiva-
lent is a specialized dose value relating doses received by
multiple organs to a single whole-body dose for the
purpose of comparison with siting guideline doses. It is
based on the ICRP 26 approach that risk of delayed
mortality should be the same whether the whole body is
irradiated uniformly or whether several organs receive
the dose (ICRP 1977). The ICRP 26 approach replaces
the critical organ concept, which has been in use for
many years. The effective dose equivalent is the sum of
doses to each organ receiving dose (including whole
body), after each organ dose is multiplied by an organ
weighting factor. These weighting factors are based on

somatic health effects data derived from many sources.
Some organ risk factors are still in question. Health
effects data, the weighting factors that may be derived
from them, and related topics are discussed in Appendix
B.

6. Risk Analysis and Risk Assessment. Risk is the
combination of probability that a serious event will
occur (number of events per unit time) and the esti-
mated consequences of that event (commonly cancers
or deaths or rem). The common practice of calling risk
the product of probability and consequence is not con-
sidered sufficiently informative because both compo-
nents are needed to fully describe the nature of the risk.
Risk analysis is considered the specific technique, such
as fault or event tree analysis, which is used to perform
the broader process of risk assessment. Since the DOE
has not specifically adopted a risk assessment method or
defined an acceptable level of risk, treatment of this
subject in the Guide is limited to discussion of risk
assessment methods presently in use by DOE contrac-
tors: qualitative (informal) methods and probabilistic
(formal) methods. Ongoing activity in this area by DOE
and its contractors is encouraged, along with active
information exchanges with other safety analysts not
presently equipped to perform probabilistic risk assess-
ment. Sources of risk analysis and risk assessment meth-
ods are discussed further in Appendix C.

IV. DESCRIPTION OF DESIGN BASIS ACCI-
DENTS

Requirements for identification and description of
the DBAs are set forth in DOE Order 6430.1, Chapter I,
and other chapters which are facility specific. Proposed
nuclear facilities must be sited and designed to provide
confinement of radioactive materials under normal
operations and DBA conditions. The DBAs are the
postulated accidents and resulting conditions against
which the structure, systems, and equipment must meet
their functional goals. The analysis of DBAs serves two
major purposes: to determine the need during the design
phase for engineered safety features (ESFs) and other
controls, and to justify that the proposed facility includ-
ing the ESFs will adequately meet siting guideline doses
in the event of the DBA.

Both internal and external initiating events must be
considered. Unless the facility is specifically designed to
withstand all credible external initiating events, some
release of radioactive material from these events must
be assumed. This release should be ‘estimated and
shown to be lower than that which could cause dose in



excess of the siting guideline doses in DOE Order
6430.1, Chapter I (also in Guide Section II1I.A.2). The
steps involved in evaluation of accident consequences
are discussed in Section V.

The processes in the nuclear facility should be
carefully reviewed to assure that all potential accidents
that could qualify as DBAs have been described and
analyzed, both for their probabilities and their conse-
quences. The traditional deterministic method is accep-
table as well as some form of risk assessment (a consid-
eration of both probability and consequence). An infor-
mal, qualitative approach or a more formal, quan-
titative approach may be used, if a comprehensive,
systematic, well-reviewed, and well-documented analy-
sis is performed. Two general methods of risk assess-
ment (qualitative and quantitative analysis methods)
are presently in use within the DOE complex and are
discussed in Appendix C.

The depth of analysis should be in some measure
proportional to the level of risk at the facility under
evaluation. Certainly, critical nuclear facilities (pluto-
nium processing, tritium processing, weapons assembly,
and reactor fuel reprocessing) should be subjected to a
rigorous formal risk assessment or a deterministic anal-
ysis containing a suitable level of conservatism in the
estimation of accident consequences. The following as-
sumptions are presented as examples, all or part of
which might be included in formulation of DBAs:

® A worst-case release mechanism is assumed, con-
sistent with credible but conservative selection of
physical and chemical parameters of the released
material.

e The maximum amount of dispersible material al-
lowed in the facility is assumed available for re-
lease.

e Maximum release fraction based on the physical
and chemical parameters is assumed.

¢ Credit for ESFs and administrative controls such as
evacuation is based on degraded performance un-
less they are clearly unaffected by the accident.

e Unfavorable atmospheric or aquatic dispersion
conditions are assumed.

¢ Radiological dose calculations are based on a 50-yr
dose accumulation time and selection of breathing
rate, particle size, and chemical solubility class,
leading to doses which contain a suitable level of
conservatism.

A. Operational Accidents

The DBA could be an operational accident caused
caused by an internal event. Direct causes are usually
poor design or procedures, operator errors, equipment
failures, or inadequate technical development (un-

knowns) that lead to the accident. The major accident
categories are explosion, fire, nuclear criticality, leaks to
the atmosphere, and leaks to the aquatic environment.
Event histories have been prepared that can aid the
analyst in deciding what operational accident could be
the DBA for the proposed facility (for example, Perkins
1980, 1981). Several other reports contain useful de-
scriptions of accidents and suggested parameters ap-
plicable to many operational DBAs (Selby 1975, Faust
1977, Walker 1978, ANSI 1976, ANSI 1980, and ORNL
1970).

1. Explosions. The processes in the facility must be
reviewed for potential energy release by explosion or
other uncontrolled reaction that could release radioac-
tive material to the atmosphere or aquatic environment.
The major causes of explosions involving radioactive
materials are listed in Table III. The list should not be
considered all-inclusive but contains a summary of
major accident types either noted as actual events in
event histories or postulated events considered to be
credible through accident analysis.

Experimental or explosion accident investigation
data available in the literature have been summarized
by Walker (1978); major sources of dispersal informa-
tion are Selby (1975), Mishima (1966, 1970), and
Castleman (1969). In the absence of applicable informa-
tion, simplifying but conservative assumptions should
be made. For example, maximum airborne concentra-
tion of respirable particles within the space into which
solid particles or liquid droplets are dispersed by an
explosion probably will not exceed 100 mg/m? after the
first 10 min (Selby 1975). Release fractions are discussed
further in Section V.B.

For facilities other than a weapons assembly (HE/Pu)
facility, dispersal beyond the facility structure may be
limited by an assumption of structural integrity if blast
barriers are provided around conceivable blast locations
and engineered safety features are unaffected. In this
case, the radioactive material would be discharged
through the ventilation system at its normal discharge
rate and released at effective stack height. Otherwise, the
release should be assumed a puff release at ground level.

HE/Pu assembly cells designed to fully contain an HE
detonation may release limited amounts of material
through facility penetrations. An analysis method of this
case may also be found in the Pantex Environmental
Impact Statement (EIS) (DOE 1983B) and supporting
documents. A detonation accident at existing HE/Pu
facilities (weapons assembly cells that cannot fully con-
tain a detonation) should be assumed to release 100% of
Pu present as an aerosol and 20% as a respirable aerosol.
A suggested method of accident analysis in which an
elevated cloud of accident debris is dispersed may be
found in the Pantex EIS and supporting documents
(DOE 1983B).



TABLE III. EXPLOSION ACCIDENT CAUSES*

Chemical Processing

1. H, explosion—H, from radiolysis, Na-H, reaction, fluoride-zirconium reaction in dissolver or in a

reducing furnace.

2. Solvent or red oil explosion—organics in evaporators, concentrators, denitrators.

3. Hydrazoic acid explosion (hydrazine).

4. Ion exchange resin—fire followed by explosion.

5. Unstable compounds—silver-nitrogen-halogen compounds, ammonium nitrate, mercury com-

pounds.

Weapon Assembly

1. High-explosives detonation—uncased HE/Pu or HE/U, during assembly.

General
1. Powdered metals
2. Hydrogen
3. Acetylene
4, Volatile organic liquids
5. Nitrates
6. Peroxides

7. Methane

8. Ozone

9. Picric acid
10. Explosive gas mixtures
11. Fuels, natural gas

*Perkins 1980, Perkins 1981, Selby 1975, Walker 1978.

Frequency of explosions in chemical processing, fuel
fabrication, and radioactive material processing plants
can be estimated from event histories. A typical ap-
proach to estimating accident probability from failure
rates and accident frequencies is described by Selby
(1975, p. 92). Recent sources of data have been collected
by Perkins (1980, 1981). Source terms, release fractions,
and evaluation of accident consequences are discussed
further in Section V.

2, Fires. The processes in the facility must be re-
viewed for potential release of radioactive material by
fire damage. DOE Order 6430.1 specifies design criteria
for nuclear facilities (Chapter X and in specific facility
chapters). Fire resistance requirements are stated as a 2-
h minimum fire barrier in the major walls, floors, and
ceilings acting as a secondary or tertiary confinement
system. Four-hour barriers are required if the potential
cost of fire damage exceeds $75 million. It may be
assumed that the fire does not breach the structure if
proposed fire protection (sprinklers and other systems)
and restricted fire loading in the building are such that
the fire should be extinguished within 2 h. A plume

release at effective release height may be assumed. If
breach of the building cannot be excluded, breach of the
confinement system followed by ground-level plume-
model release (adjusted for thermal plume rise, if ap-
propriate) should be assumed.

Assumptions regarding fire-caused release of radioac-
tive material from confinement will vary among nuclear
facilities and should be substantiated for each case. The
following general statements will usually apply to most
facilities:

e All systems designed as critical systems operate
normally throughout the event.

e Air cleaning systems operate normally during the
fire if they receive adequate protection from direct
fire damage of system components; HEPA filters
operate with accident-case efficiencies (stated in
Section V.C.) or with higher efficiency if adequate
protection is provided by sprinkler systems, de-
misters, and prefilters.

¢ Any installed fire protection system functions as
designed.



o Amounts of flammable materials and radioactive
materials involved in the fire are the maximum
amounts actually present during full-capacity
operation. Case-specific location of flammable ma-
terial, separate from radioactive materials, may be
used to mitigate the consequences of the fire; other-
wise, estimates should include the more con-
servative assumptions.

® The amount of radioactive material in the source
term includes the total amount of dispersible mate-
rial normally in process within an area surrounded
by a 2- or 4-h fire barrier.

Selection of release fractions should be based on
appropriate experimental or historical data where
possible. Since the amount of material released is
dependent on the form and volatility of the material and
the air velocity across the material, no single release
fraction can be assumed. Source terms, release fractions,
and evaluation of accident consequences are discussed
further in Section V.

Major potential sources of fires in nuclear facilities
are summarized in Table IV. These major categories are
based on analysis of event histories and accident analy-
ses (Perkins 1980, 1981). The probability of fires with a
potential for release of radioactive material may be
estimated from event histories. An approach to estimat-
ing fire frequencies has been drawn from fire statistics in
the chemical industry (Selby 1975).

3. Criticality Accidents. A criticality event is in many
cases a local event without offsite impact; however, the

processes in the facility should be reviewed for potential
release of radioactivity and for direct radiation at onsite
locations. Description of this DBA should include

e form of the critical material (liquid, solid, or a
mixture), total number of fissions expected, and an
amount of each radionuclide in dispersible form;

¢ times over which fissioning and radionuclide dis-
persal occur;

e containment of dispersible radionuclides and
shielding of direct radiation; and

¢ reduction and removal factors applied to dispersed
radionuclide amounts.

Table V contains initial burst yields and total yields
based on Straiton’s (1967) review of criticality acci-
dents. These yields were chosen by Woodcock (1966) as
potential magnitudes for emergency planning purposes.
Subsequent guidance was issued by NRC (1977B,
1979A, 1979B) defining a “minimum” criticality acci-
dent in a solution in which the total fission yield (10
fissions) differs slightly from the 3 X 10" fissions de-
rived by Woodcock. The yields in Table V are con-
sidered suitable for use by the analyst when case-specific
analysis is not practical. Case-specific analysis may be
aided by experimental results and estimation methods
provided by Lecorche (1973), Hooper (1974), and Tuck
(1974).

Radioactivity can be dispersed during a criticality
accident by fission product generation, or by physical
action on a solution containing actinides or other solid
radionuclides. The radioactivity available for dispersal

TABLE 1V. FIRE ACCIDENT CATEGORIES

Fire Source

General
Zirconium

Organic solvent

vehicle fuel, welding, poor housekeeping
fuel reprocessing facility in fuel bundle shearing

fuel reprocessing facility, solvent separation columns,

solvent recovery tanks, piping leaks

source of fire spread, loss of services

U, Pu metal production; scrap recovery; inerting at-

Hydrogen radiolysis of process solution
Electrical
Sodium liquid sodium spills
Pyrophoric metal

mosphere loss
Cellulose

spontaneous combustion of cellulose wipes and nitric
acid




TABLE V. CRITICALITY ACCIDENT FISSION

YIELDS*
Initial Burst Yield Total Yield

System (fissions) (fissions)
Solutions under 1X 107 3% 10
100 gal (0.46 m3)
Solutions over 1108 3Xx10¥
100 gal (0.46 m>)
Liquid/powder® 3X10% 3X10%
Liquid/metal pieces® 3X 10 1X10¥
Solid uranium 3X10Y 3X10¥
Solid plutonium 1X10' 1X10'
Large storage arrays® None 1 X 107
(below prompt critical)
Large storage a;rays‘ 3X10% 3X10%

(above prompt critical)

*Based on a similar table by Woodcock (1966).

bA system where agitation of a powder layer could result in
progressively higher reactivity insertion.

€A system of small pieces of fissile metal.

9Large storage arrays in which many pieces of fissile material are
present and could conceivably come together.

by the criticality accident can be calculated by the
ORIGEN2 computer code (Croff 1980) for amounts of
fission products and actinides initially present in a
dissolved reactor fuel solution or by the RIBD code
(Gumprecht 1968) for amounts of fission products
produced by the excursion. Actual radionuclide
amounts made airborne by physical action (evaporation
of solution) or by production during fissioning may be
calculated on an individual basis or established by the
assumptions made in the applicable NRC regulatory
guide cited above. The NRC assumptions are as follows:

o All of the noble gas fission products (except those
removed before the excursion), 25% of the radio-
iodine, and 0.1% of the ruthenium resulting from
the excursion or initially present in the spent fuel
are released directly to the cell (or room) at-
mosphere.

® An aerosol, generated from evaporation of solution
during the excursion, is released directly to the cell
atmosphere. The aerosol comprises 0.05% of salt
(solute) content of the solution that is evaporated.

10

Persons outside the facility may receive significant
dose. Calculations by Selby (1975) indicate major dose
contributions at distances as far as 100 m resulting from
prompt neutrons and dose to internal organs from
inhalation.

Radionuclides released from a criticality accident
would normally be discharged to the atmosphere
through the facility stack. Choice of puff or plume
model will depend on duration of the event (Hanna
1982, p.42).

Frequency of occurrence of a criticality accident may
be estimated from historic data for the types of
processes planned. Probability of a criticality accident in
a Pu or U fuel fabrication facility was estimated by Selby
(1975) to be approximately 9 X 10~ per plant year.
Because this estimate was based on criticality accidents
in solutions and a nearly equal number occurred in
solutions in other facility types, this rate (1072) per plant
year is considered a suitable frequency for use in risk
assessment. The analyst may choose to perform a case-
specific analysis if a lower rate is expected. Probability
studies based on historical criticality safety violation
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data indicate the frequency could be assumed much
lower, depending on how soon a fault in a criticality
safety program might be detected (Lloyd 1979). This
duration of a fault would be a site-specific or operation-
specific determination.

Source terms, release fractions, and evaluation of
criticality accident consequences are discussed further
in Section V.

4, Leaks to the Atmosphere. A DBA may result from
a major leak to the atmosphere caused by equipment
failure or operator error. Filter failure, by-passing of
removal systems, storage tank rupture, dropped casks
causing fuel disruption, material spills outside of con-
finement areas, and short cooling of spent reactor fuel
are examples of this accident type. A detailed list of
potential accidents based on event histories in fuel
reprocessing plants is included in Perkins (1980). Leaks
resulting from natural phenomena or other external
events are discussed in Sections IV.B. and IV.C,, respec-
tively.

The dispersal mechanisms for this potential DBA
include mechanical ejection of disrupted material,
atomization of radioactive solutions under pressure,
aerosolization of powders, surface evaporation produc-
ing an aerosol, and perhaps others. A summary of
parameters affecting release and transport of radioactive
material is included in Walker (1978). Selby (1975) also
discusses potential releases from accidents caused by
internal initiators.

Frequency of occurrence of accidents causing leaks to
the atmosphere can be estimated from historical occur-
rence data. Selby (1975) discusses failure-rate data
sources as valuable predictors of release probability in
cases where applicable data are available.

Source terms, release fractions, and evaluation of
such accident consequences are discussed further in
Section V.,

5. Leaks to the Aquatic Environment. Some nuclear
facilities have the combination of a liquid medium
contaminated with radionuclides and a nearby lake,
river, or stream that might receive an accidental release.
Intake by ingestion of drinking water, consumption of
fish, immersion in the contaminated water, and con-
sumption of food crops irrigated with contaminated
water are potential pathways to be considered.

The discussion of accidental releases of liquid ef-
fluents in Section 2.4.13 of the Standard Review Plan
(NRC 1981A) and its references may be helpful to the
analyst in the evaluation of this type of accident. Source
terms, release fractions, and evaluation of such accident
consequences are discussed further in Section V.

B. Natural Phenomena Events

Natural phenomena, particularly earthquakes and
tornadoes, may be capable of acting as initiators of
major accidents at nuclear facilities. These events are
evaluated both for their capability of disrupting the
confinement system (structure and engineered safety
features) and triggering other failures or effects con-
tributing to dispersal of radioactive material beyond the
facility. The discussion applies to evaluation of
proposed critical facilities or reevaluation of existing
facilities being significantly modified for new opera-
tions. In some cases, loadings may be higher than or-
iginal design requirements. The facility modifications
should be designed to withstand these higher loadings.

This section reviews major considerations in the
analysis of postulated accidents initiated by natural
phenomena:

¢ Site selection—proximity to a known active seis-
mic fault, location in a region of high tornado
frequency, in a flood-prone region, or in a region
vulnerable to hurricanes.

® Structural adequacy—resistance of an existing or
design-phase structure to natural phenomena.

e Component adequacy——resistance of critical com-
ponents to natural phenomena and adequacy of
these components in allowing the facility to be
placed at the proposed site.

e Damage estimation and release fraction—amounts
of radioactive material which could be released as a
result of postulated damage to structures and com-
ponents.

DOE Order 6430.1, Chapter IV, provides general
requirements for site selection and designing resistance
to natural phenomena into all types of DOE facilities,
including facilities for handling, processing, or storing
radioactive material, or other facilities considered criti-
cal by virtue of their vital importance to DOE programs
(Pu, *H, and HE/Pu facilities) or high dollar value.
Structural design of buildings other than these critical
nuclear facilities must comply with the latest edition of
ANSI AS8.1 (ANSI 1982) for wind loads and the Uni-
form Building Code (UBC) for earthquake loads (ICBO
1982).

DOE has initiated a program to prepare site-specific
tornado and earthquake hazard models. Compilations
of earthquake and extreme wind/tornado hazard curves
for many sites have been published by Lawrence Liver-
more National Laboratory (LLNL) (Coats 1984A,
1984B). Related reports are becoming available for
earthquake hazards (for example, Tera 1984). The
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purposes of these site-specific models are twofold: first,
to tie a probability of occurrence to a maximum ex-
pected magnitude and, second, to characterize the de-
sign basis event more specifically in a locality than
permitted by existing methods found in NRC regulatory
guides, ANSI standards, or building codes.

Present guidance to be applied to critical items is
expressed in DOE Order 6430.1 as recurrence time. This
is 108 yr for tornadoes; no direct recommendation is
made for earthquakes although 10* yr is implied in
Chapter IV, p. IV-8, of Order 6430.1. A conservative
igtgrim value for earthquakes is considered to be 10*

1. Earthquakes. DOE Order 6430.1 specifies that
seismic resistance be provided in critical facilities to
withstand a design basis earthquake (DBE). The DBE is
also defined as a safe shutdown earthquake (SSE).
Jointly occurring accidents should be considered if a
joint event is likely to be caused by the earthquake, such
as a fire or explosion. That is, a fire or explosion should
be assumed to occur unless mitigation is present, such as
negligible combustible loading or absence of explosive
materials. Because the DBE must be assumed to occur at
any time, certain loads, such as common wind loading,
snow loading, or intermittent maximum loadings
(storage tanks, vaults, cooling pools, and the like),
should be added to earthquake loading. A detailed DBE
analysis may not be needed if a conservative simple
analysis shows another accident to clearly be the DBA.

a. Site Selection. DOE Order 6430.1 requires, as
quantitative design basis for nuclear facilities against
earthquakes, procedures similar to 10 CFR 100, Appen-
dix A, “Seismic and Geologic Siting Criteria for Nuclear
Power Plants” (CFR 1962). These siting requirements
as related to capable faults are stated as minimum length
of fault to be considered versus distance from the site.
Site suitability received further elaboration by NRC
(NRC 1975A) in Regulatory Guide 4.7, “General Site
Suitability for Nuclear Power Stations,” as follows:

o Sites that include capable faults are not suitable for
a nuclear power station.

e Sites within about 5 miles (8 km) of a surface
capable fault [greater than 1000 ft (305 m) in
length] are generally not suitable for a nuclear
power station.

These conclusions are also considered applicable to
critical DOE nuclear facilities based on DOE Order
5480.1A specification of comparability with licensed
facilities.

*This value supplied by David W. Coats, Lawrence Liv-
ermore National Laboratory, November 1983.

12

b. Structural Adequacy. Adequacy of critical and non-
critical nuclear facility structures to withstand vibratory
ground motion shall be verified, according to DOE
Order 6430.1, using a suitable dynamic analysis tech-
nique, except where the static response technique of the
Uniform Building Code (ICBO 1982) can be shown to
provide a conservative estimation. A common and
recommended design approach is sizing of structural
members to meet static loading, then applying a dy-
namic analysis method to check overall adequacy of the
structure. The maximum (peak) loads determined by
dynamic analysis are then combined with dead loads
and other live loads as described in DOE Order 6430.1.

Figure 1 is a representation of logical steps required
for analysis of critical nuclear facilities.

(1) Description of the DBE. The DBE is described by
site-specific spectra and recurrence time versus peak
acceleration data, if available (Coats 1984A). If site-
specific data are not available, one of the following may
be used:

e The simplest (and acceptable if shown to be ade-
quately conservative), the UBC Seismic Zone 3 (4
in California and Nevada) description for static
analysis (ICBO 1982).

e Regional response spectra based on historical list-
ing of all known earthquake activity in the region
(200-mile radius) supplemented by geological
evidence beyond the historical record (10 CFR 100,
Appendix A, CFR 1962).

e The characteristics of a single historical earth-
quake, which in the absence of specific historical
data for the region, is believed to conservatively
represent the most serious earthquake expected at
the site. The El Centro earthquake of 1940 is an
example of earthquake characteristics selected for
this purpose (Newmark 1978).

(2) Static Response Method. Earthquake resistance of
a noncritical facility structure may be determined by
static methods described in the Uniform Building Code
(ICBO 1982). Eagling* suggests that Zone 3 classifica-
tion be the minimum selected, regardiess of the location
of the facility, and that Zone 4 should be selected in
regions of California and Nevada. Although this sugges-
tion may lead to apparent overdesign at some locations,
it acknowledges the uncertainties in predicting the
severity of the DBE for a given site. It is also question-
able whether major savings in building costs would be
realized if a lower zone classification were assumed. An
indication of conservatism contained in structures de-
signed to UBC-related codes is discussed in the Seismic
Safety Guide, p. 4-1 (Eagling 1983).

*This work provided by D. G. Eagling, Lawrence
Berkeley Laboratory, December 1, 1983.
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Fig. 1. Earthquake analysis steps.

(3) Dynamic Analysis Method. A variety of dynamic
analysis methods are now available. Descriptions of
dynamic analysis methods are found elsewhere (New-
mark 1973, ASME 1980, and Clough 1975).

(4) Determination of Damping. Calculation of per-
cent of damping in the structure is subject to major
uncertainties. Conservative damping values based on
experimental data have been determined (Bohm 1973,
Hart 1973, Newmark 1978). These values may be used
unless higher values can be justified.

(5) Strength Analysis (Combined Response). The
combined response from all sources of loading during
the DBE should be accounted for. These responses
caused by the earthquake must be combined with the
dead load of the structure in the manner described in
DOE Order 6430.1. Specific equations are provided for
reinforced concrete structures (elastic only) and steel

structures (elastic or plastic design method). The ade-
quacy of critical structures and components should be
verified for horizontal and vertical motions, with the
ratio of vertical to horizontal acceleration set at 2/3 by
DOE Order 6430.1 unless a different ratio can be
justified. The effects of tipping, tilting, and rotation of
the ground during an earthquake have not been studied
extensively and usually are not analyzed.

¢. Component Adequacy. Dynamic analysis of ESF,
safety, and confinement system components in a nu-
clear facility is performed to assure their continued
operation throughout the DBE. Failure modes are ex-
amined to evaluate integrity of the glove boxes, vaults,
pools, tanks, and other confinement components.
Possible failure modes include failure of supports or
tiedowns, window breakage, filter seal breakage, inter-
ruption of ESF operation through loss of power, and the
like.

13




The floor-design, response-spectra method and the
time-history methods similar to those applied to the
building structure are used in analysis of component
adequacy. A basic approach to these methods is dis-
cussed in Regulatory Guide 1.122 (NRC 1978A) and the
ASME Boiler and Pressure Vessel Code (ASME 1980).
Newmark (1978) has provided useful discussion and
references regarding component adequacy.

d. Damage Estimation and Release Fraction. Failure
of structural members indicated by one of the analysis
methods discussed earlier may or may not affect the
confinement system or otherwise cause an accidental
release of radioactive material. Assumptions regarding
release amounts may depend on several conditions:

¢ proximity of a failed member to the confinement
system (that is, does the roof collapse onto a glove
box?);

e availability of an energy source that transports the
material through a breach in the confinement sys-
tem; and

e size of the postulated breach.

Release fractions should contain a suitable level of
conservatism in the absence of analytical or experimen-
tal data. Analyses by Seiby (1975) and Mishima (1979,
1980, 1981) may be useful in arriving at suitable release
fractions. For example, a fraction (rather than all) of the
radioactive material in crushed or perforated glove
boxes may be dispersed (Mishima 1981, Mehta 1978).
As an alternative, a release to the room may be assumed
to reach some upper value of airborne concentration in
the room, such as 100 mg/m*® Pu aerosol in the
respirable size range (Selby 1975). Removal by the air
cleaning system may be assumed according to the reduc-
tion and removal fractions listed in Section V.C. only if
analysis shows that the air cleaning system remains
intact.

2, Tornadoes and Extreme Winds. DOE Order
6430.1 specifies that critical items and systems in a
nuclear facility be designed to provide confinement of
radioactive material under DBA conditions, one of
which is the design basis tornado (DBT). ANSI/ANS 2.3
also discusses guidelines for determining tornado
parameters (ANSI 1983). The DBT shall not cause the
siting guideline doses to the offsite person to be ex-
ceeded. A determination of dose requires knowledge of
or assumption of the amount of radioactive material
released and its dispersion under the chaotic meteoro-
logical conditions of the tornado.
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a. Site Selection. Tornadoes and extreme winds have
not played a major role in siting of nuclear facilities or
nuclear power plants, because safety-related structures
and systems can be designed to resist most atmospheric

extremes (Regulatory Guide 4.7, NRC 1975A). How-

ever, a site in a region with relatively high frequency of
strong tornadoes should not receive equal consideration
with a site in a more favorable location. Strength and
effects of tornadoes are not well known, and present
design methods cannot guarantee a ‘“‘tornado-proof”
nuclear facility. Guidance on what tornado strength is
too great to allow design of a facility of reasonable cost is
limited. However, this should be considered in the site
selection process.

b. Structural Adequacy. Design of a critical nuclear
facility is specified by DOE Order 6430.1 to resist a DBT
having the characteristics of a tornado with a recurrence
time of 10 yr. Curves of recurrence time and maximum
wind velocity are provided for major DOE sites (Coats
1984A). Other sites without site-specific tornado or
high-wind probability data may use characteristics of
the DBT in the appropriate geographical regions shown
in DOE Order 6430.1. Tornado resistance calculations
must consider combined loads resulting from rotational
plus translational wind speed, rate of pressure drop, and
missiles. Combining these loads is accomplished ac-
cording to the equations shown in DOE Order 6430.1.
The components of tornado or wind-load combination
W, are discussed by Vellozzi and Healey (Vellozzi 1973).
The wind-load forces developed on various walls and
roof of a structure hit by a DBT are calculated by the
methods described by ANSI A58.1 (1982).

¢. Component Adequacy. Adequacy of critical compo-
nents (ESF and safety systems components required for
safe shutdown and confinement of radioactive
materials) in resisting the DBT should be assessed un-
less the building remains intact, missile barriers are
provided at ventilation intakes and exhausts, and ade-
quate strength of the components to resist pressure
effects is demonstrated. Experimental data from which
component strength might be estimated are limited.
Simulated tornado effect experiments have been
performed on HEPA filter systems that indicate as-
sumptions of filter type and filter loading influence the
tornado-induced pressure pulse strong enough to break
a HEPA filter (Gregory 1982, Horak 1982). Although
these experiments were performed on single filters
rather than multiple-stage banks of filters, their results
indicate possible breakage of high-capacity HEPA filters
if an average maximum differential pressure of approx-
imately 1.6 psi (11.0 kPa) is exceeded; for standard



HEPA filters, 2.4 psi (16.5 kPa). A reduction of collec-
tion efficiency can also be expected if the pressure pulse
is survived without structural breakage of the filter. This
collection efficiency was measured to be approximately
70% and represents a reasonable removal fraction (per
stage) if other design and damage considerations in-
dicate the DBT will not cause breach of the facility or
pressure pulses are not high enough to break the HEPA
filters.

d. Damage Estimation and Release Fraction. The
quantity of radioactive material released from the fa-
cility by a DBT will depend on the source term and what
reduction and removal fractions are assigned. Extent of
damage from tornadoes to structures and glove boxes or
similar confinement components is discussed by Mish-
ima (1979, 1980, 1981). This information suggested
various fractions of the contents of the confinement
system which might be assumed released to the building
air cleaning system. Intact filter stages may be assumed
70% efficient, as discussed in c. above. Gregory et al.
noted partial release of existing filter load from intact
filters, which is a release source not yet well defined
(Gregory 1982). Tornado-induced flow effects and reen-
trainment have been studied by Andrae et al. (Andrae
1979) using the TVENT computer code (Andrae 1978).

e. Dispersion Assumptions. Three approaches to me-
teorological dispersion of released radioactive material
have been used in past DBT accident analyses:

e dispersion by straight winds accompanying the tor-
nado;

e uptake of the material by the funnel, followed by
return to the ground in heavy precipitation; and

e uptake of the material by the funnel, followed by
infinite dispersion (assumed negligible dose).

This third approach is not considered acceptable for the
DBT accident analysis. Dispersion by straight winds
accompanying the tornado was considered appropriate
for an HE/Pu detonation case in the Pantex EIS (Dewart
1982). Uptake by the funnel cloud followed by deposit
on the ground by precipitation presents a difficult prob-
lem in establishing the location of the exposed offsite
person because the DBT has translational motion and
unspecified nonuniform precipitation. A natural
phenomena analysis of a plutonium fuel fabrication
facility (Pepper 1978) and the Rocky Flats safety analy-
ses and risk assessment (RFP 1982) used this approach.

3. Other Natural Phenomena. The natural phenom-
ena other than earthquake and tornado have not been
treated in comparable depth because the hazard of
radioactive material released by a related accident is not
expected to be comparable. According to DOE Order
6430.1, “design loads and considerations for other natu-
ral phenomena shall provide a conservative margin of
safety greater than the maximum historical levels re-
corded for the site. Protection against flooding shall be
based on no less than the probable maximum flood
(PMF) for the area as defined by the Corps of Engineers.
The possibility of seismically induced damage or failure
of upstream dams shall be taken into account in assess-
ing the nature of flood protection required for the
facility.”

C. Accidents with External Origins

Each nuclear facility exists under some probability
that an offsite or onsite external hazard may cause a
breach of the confinement system resulting in a release
of radioactive material. DOE Order 6430.1 specifies
that each facility be evaluated for all hazards, such as
fire, explosions, gas mains, explosives in large quan-
tities, flammable gases (we would add large onsite vehi-
cles), and potentially hazardous external (offsite) opera-
tions such as airports and private industry. Evaluation
should include both an estimate of the probability of an
external occurrence and the magnitude of a release of
radioactive material from damage caused by the occur-
rence.

1. Pipelines, Tankers, Barges, or Rail Cars Carrying
Hazardous Materials. The site should be evaluated for
any potential release of radioactive material caused by
an explosion, leakage, or fire at any nearby volatile fuel
or toxic chemical transportation route. The accidental
release could result from missiles, direct blast forces,
fire, leakage of volatil: fuel near or into the facility, or a
leak of toxic chemicals rendering the facility un-
inhabitable. Determination of structural or component
damage and assumptions regarding release amounts can
be approached similarly to tornado missile analysis
(Section IV.B.2), to fire-related releases (Section
IV.A.2), or to blast force damage similar to tornado
differential pressure force damage. Uninhabitability is-
sues should be based on inability to perform safe shut-
down following exposure to leaking chemicals. Various
aspects of external hazards are discussed in the NRC
Standard Review Plan, Section 2.2.1 (NRC 1981A), and
in several regulatory guides referenced therein.
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2. Aircraft and Airports. The risk of release of radio-
active material caused by an aircraft crashing into the
facility increases with proximity to an airport. Unless
the crash risk can be shown probabilistically to be less
than 107% per year, the facility should be analyzed for
vulnerability of the confinement system to damage.
Assumptions regarding amounts of radioactive material
released to the atmosphere should be consistent with
amounts released by other events causing damage to the
confinement system, such as natural phenomena (Sec-
tion IV.B.) and operational events (Section IV.A.). In
particular, an accompanying fuel fire should be as-
sumed. Various aspects of aircraft and other missile
hazards discussed in the NRC Standard Review Plan
(Section 3.5.1.6) and its references may be helpful to the
analyst in evaluating the hazard of aircraft crash (NRC
1981A).

3. Other Nuclear Facilities or Reactors. The risk of
exposure of the facility to radioactive material released
accidentally from nearby nuclear facilities or reactors
involves possible overexposure of personnel, loss of
habitability of the facility, and possible extended loss of
important operations. An analysis should demonstrate
that an accident at a nearby nuclear facility will not
cause an accident at the proposed facility and that it can
be safely shut down and evacuated.

4, Large Dams. Presence of a large dam upstream of
a facility is cause for an evaluation of risk to the facility
in the event of dam failure. Section IV.B.3 contains
related requirements stated in DOE Order 6430.1. Sec-
tions 2.4.2 and 2.4.4 of the NRC Standard Review Plan
(NRC 1981A) and its references may be helpful to the
analyst in evaluation of this potential accident.

5. Explosive or Toxic Material Facilities. The
possible effect of a major explosion at a nearby ex-
plosives facility would be analyzed like the explosion
hazard from fuel transportation (Section IV.C.1), that is,
for vulnerability of the proposed facility to blast effects,
missiles, or fire. Analysis of hazards from a nearby toxic
material facility would be approached on the basis of
possible release of radioactive material due to un-
inhabitability of the facility without safe shutdown.

D. Accidents with Higher Probability

Doses resulting from an accident with lower conse-
quences and higher probability of occurrence than the
DBA may also be compared, where appropriate, with
other dose guidelines lower than the guidelines
proposed for DOE Order 6430.1. These accidents with
lower consequences may deserve evaluation because of
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a potential for exposure of the public and workers at
nearby facilities. The guideline doses or design goals for
these accidents will then depend on their probability of
occurrence. Determination of this probability should be
based on failure data where possible. A quantitative
method currently in use (Durant 1980, 1981) bases
accident probabilities on incident frequencies recorded
in extensive data bases. Because the relationship be-
tween frequency of incidents (component fajlures, oper-
ator errors, etc.) and accident probability is not well
known, subjective judgment cannot be completely
eliminated from the process. Related discussions which
may be of use to the analyst are found elsewhere (Swain
1983, on human reliability analysis; Briscoe 1982, on
general topics of risk management).

Several approaches to establishing a structure of
safety guidelines in terms of probability of occurrence
and consequence (dose, in this case) exist within the
DOE complex. A qualitative evaluation approach is
currently being implemented by several field offices
(Lucas 1981, ALO 1982, and ORO 1984) and has been
suggested: separately by Brynda et al. (Brynda 1981).
This method requires subjective judgment in assigning
an accident to a probability class (that is, anticipated,
unlikely, extremely unlikely, or incredible). These
classes are assigned a range of dose guidelines that are
fractions of the siting guideline doses. The fraction
ultimately selected depends on the analyst’s determina-
tion of probability; the more probable the accident, the
lower the guideline dose selected. Although this method
leaves more to the analyst’s judgment, it provides a
systematic approach to evaluation of lesser accidents
than the DBA.

Table VI represents potential categories of probability
and ranges of dose. These values are similar to those
referenced above but were adapted to current DOE
siting guideline doses. A similar approach in ANSI
Standard N287 (ANSI 1976) and in field office orders
for implementation of DOE Order 5481.1A (ALO 1982,
ORO 1984) may be helpful to the analyst in devising a
suitable structure of safety guidelines for these acci-
dents.

V. EVALUATIONS OF ACCIDENT CONSE-
QUENCES

The analyst should predict with acceptable accuracy
the behavior of a DBA under the assumed conditions
most appropriate for the proposed nonreactor nuclear
facility. Verification of assumptions, where possible,
may be derived from comparisons with existing verifi-
able experiences/experimental results and, in some
cases, with experimental results yet to be gathered. The
confidence one can have in predictions of accident
behavior is primarily based on these comparisons with



TABLE VI. POTENTIAL RADIOLOGICAL DOSE GUIDELINES FOR

ACCIDENT EVALUATION
Dose Guideline (rem)
Nominal Range
Probability  of Probability Whole Bone Other
Category G Body Lungs Thyroid Surface Organs®

Anticipated® >1072 <0.01 <003 <0.12 <0.12 <0.06
Unlikely® 1074-1072 0.01-0.50 0.03-1.5 0.12-6 0.12-6 0.06-3
Extremely

unlikely? 10°5-10+ 0.5-25 1575  6-300 6-300 3-150
Incredible® <10°¢ >25 >75 >300 >300 >150

*Based on ICRP recommendation of weighting factors assigned to each of organs receiving highest

dose equivalent (ICRP 1977).

®Incidents that may be expected to occur once or more during the lifetime of the facility.
Accidents that are not expected but may occur sometime during the life cycle of the facility.
dAccidents that will probably not occur during the life cycle of the facility. This category includes

design basis accidents.

€Accidents for which a reasonable scenario is not conceivable.

experience and experimental data, Experimental verifi-
cation, when available, should demonstrate that the
individual mechanisms or processes (accidents) affect-
ing a release are adequately described analytically; all
significant mechanisms (accidents) are included; and
interactions among individual mechanisms (accidents)
or processes are properly described.

Evaluation of potential DBAs of the proposed facility
or operation involves

» description of the source term,

» calculation of the dispersion factor (3/Q) of dis-
persed material at the point of interest,

» calculation of dose at the point of interest, and

# estimation of other consequences which should be
considered.

Figures 2 and 3 provide a graphical model of the steps
involved in each accident analysis. The model may be
adjusted appropriately to accommodate variations
among DBAs, but these figures contain the major cate-
gories of analysis and description. The following sec-
tions provide additional detail and discussion of these
major categories.

A. Source Terms
The source term is defined as the amount of radioac-

tive material available for release after the fraction of
release from primary confinement is applied. It may be

the total amount of radioactive material in process or
storage but is usually a smaller amount following modi-
fication by the release fraction. Release fraction is the
fraction of the total available radioactive material that is
released from primary confinement in a readily dis-
persible form. It is assumed that readily dispersible
radioactive material is capable of causing radiological
dose, either by direct radiation or by inhalation of the
respirable fraction or by ingestion. The source term
description usually includes a list of radionuclides, the
quantity (Kg or Ci or Bq) of each, particle size
characteristics, and chemical form. These latter two
features are discussed in Section V.F. in consideration
of their role in radiological dose.

1. Radionuclides. Radionuclides of interest may be
originally present or are fission products released by
disruption of spent fuel or are produced by a criticality
accident. They may be in a pure form or mixed with
other radionuclides. The list should include all radio-
nuclides contributing more than a few percent of the
activity of source term after cooling time or decay time
is allowed from the time of the accident to the time the
radionuclide is inhaled by the exposed person. Each
radionuclide should be screened according to its con-
tribution to the dose. A suitable method can be based on
ranking of the ratio of quantity at the time of intake and
the annual limit on intake (ALI) of the nuclide from
ICRP 30 (ICRP 1979). Another method is the ranking of
radionuclides by the product of quantity (Ci or Bq) at
the time of intake and organ dose factor (rem/Ci or

17




EXTERNAL INITIATOR:

NATURAL MANMADE
EARTHQUAKE AIRCRAFT
TORNADO EXPLOSIONS
FLOOD OTHERS

OTHERS

, b .
| JZ 2 Z 2 Z 2 Z VAR A4 ATMOS
4 3 FL,:>
) \1 A N N N N N N N N [ RP:LEE’Z'SE
N TOTAL ~
¥ AL | RELEASE L . | soURCE‘L...' REDUCTION |
| N[ MATERIAL | copcriont— TeRm AND REMOVAL
¥ \/INPROCESS 5 , Y
) PRIMARY }{ CONFINEMENT I !
N o LEAK PLEA
v INTERNAL lNlTlATOR <
|/ N EXPLOSION, FIRE. CRITICALITY OR LEAKS A
p N \/\ N\ \SECONDARY CONFINEMENT \ )
/// //TERTIARYCONFINEMENT ////\/
DESCRIPTION DESCRIPTION DESCRIPTION DESCRIPTION
RADIONUCLIDES MODE QUANTITY NATURAL REMOVAL
QUANTITY PATHWAY FINAL FORM FILTRATION
LOCATION FRACTION PARTICLE SIZE TRAPPING
INITIAL FORM SOLUBILITY OTHER ESF

Fig. 2. Accident release steps.

Sv/Bq) appropriate to the intake pathway. The radio-
nuclides to be included in dose calculations could then
be all those contributing significantly toward total dose
to any organ (for example, to 99% or some lower value
consistent with the uncertainty of the dose calculation).
Nuclide quantities and dose evaluation are discussed
further in Sections V.A.2. and V.F,, respectively.

Table VII contains a list of radionuclides (fission
products, activation products, and actinides) that are
likely to figure in accidental dose calculations. The list is
taken from analyses involving accidents followed by
very little decay time (reactor accident, short-cooled
fuel, or criticality accidents) and with longer decay time
(reactor fuel reprocessing accidents) (WASH 1400, Ap-
pendix VI, pp. 13-21, NRC 1975B). Although this list
should not be considered all-inclusive for all combina-
tions of nuclides and potential accidents, these nuclides
should be considered in the source term descriptions for
major accidents. Sources of information on nuclides
with major dose potential are WASH 1400 for spent
reactor fuel (NRC 1975B) and ICRP 30 (ICRP 1979,
1980).

Activation products are of limited importance for
most accidents in DOE nuclear facilities because of their
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general lack of mobility. However, special cases may
exist that should be investigated.

2. Radionuclide Quantities. The source term for a
radionuclide in dispersible form will normally be the
total activity present multiplied by a release fraction
(discussed later). Quantities of fission products, activa-
tion products, or actinides that could be dispersed from
spent fuel are determined on the basis of power history
(burnup) of the feed material and its cooling time. A
suitable source for fission product and actinide inven-
tories is the ORIGEN2 code (Croff 1980). RIBD
(Gumprecht 1968) is also used to obtain fission product
inventory. These codes require as input the fissile en-
richment of the fuel, the average neutron flux (neu-
trons/cm? - s), the total uranium or other heavy metal in
the core, and the irradiation time. Code output is a
tabulation of actinide, activation product (ORIGEN2
only), and fission product activities as a function of
cooling time. If ORIGEN2 or a comparable code is not
available, a simplified determination of the fission
product and actinide source terms of cooled reactor fuel
may be performed by scaling from example equilibrium
source terms for a standard set of conditions, if
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Fig. 3. Accident consequence steps.

similarity between the reactors is observed. Scaling from
example values in the ORIGEN2 manual is possible
because the inventory of the long-lived radionuclides is
proportional to burnup (power density times time) and
is not sensitive to power density at any given time.

B. Release Fractions

The release fraction is that fraction applied to the
total radioactive material in process to obtain the source
term (that amount released from primary confinement
in dispersible form). Release fractions established in
TID 14844 (AEC 1962) to allow calculation of doses for
comparison with 10 CFR 100 dose criteria are as
follows:

noble gases 100%,
halogens 50%, and
solid fission products 1%.

The solid fission product category was apparently in-
tended to also include the semivolatile solid fission
products (Ru, Rb, Cs, Te, Tc, and Se). A later addition
to this list was a Pu and U or other particulate actinides
category of 1% (NRC 1977A). These release fractions
were nonmechanistically determined for use in site
suitability calculations for light-water reactors where the
system is quite complex. Their applicability to accidents
in nonreactor nuclear facilities is not clear; their use as
an upper limit in SARs is common. However, nonreac-
tor nuclear operations in DOE facilities are, for the most
part, relatively straightforward. The accident sequence
may be readily understandable, compared with the reac-
tor case, and use of other lower values may be justified.
In specific accident cases for which applicable ex-
perimental data exist, lower values may be considered,
if conservative. Table VIII presents an excerpted sum-
mary of recommended safety analysis parameters com-
piled by Walker (1978). These values are based on
existing experimental data. Some values are justifiably
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TABLE VII. IMPORTANT RADIONUCLIDES FOR ORGAN
DOSE CALCULATIONS*

Release Whole Bone Bone
Radionuclide Body® Marrow Lung Surface Other

He-3 1
Co-58
Co-60
Kr-85

Kr-85m
Kr-87 1
Kr-88 2

Rb-86
Sr-89 2 2 1
Sr-90 1 2

Sr-91 1
Y-90
Y-91 1 1 1

Zr-95 1 1
Zr-97
Nb-95 1

Mo-99 1
Tc-99m
Ru-103 1 1 1 1

Ru-105 1
Ru-106 2 1
Rh-105

Te-127
Te-127m 1
Te-129

Te-129m 1 1 1
Te-131m 1
Te-132 1 2 2 2 2

[y
[y

Sb-127 1
Sb-129 1
I-131 1 1 1 1 1

1-132 2
1-133 2 1 1 1
I-134 1

1-135 2 1 1 1
Xe-133
Xe-135 1

[y




TABLE VII. (cont)

Cs-134 2 1 2 2
Cs-136 1 1
Cs-137 1 1 2
Ba-140 2 1 1
La-140 1

Ce-141 1

Ce-143

Ce-144 2

Pr-143

Nd-147

Np-239 1

Pu-238 2 1

Pu-239 2 1

Pu-240 2 1

Pu-241 1

Am-241

Cm-242 1 1

Cm-244 1

*Key: 2 = substantial contribution to total dose.
1 = small but important contribution to total dose.

Blank = low contribution.
bImmersion dose only.

“Other organs, including testes, which receive dose from a release of mixed

fission products.

lower than the TID 14844 criteria (AEC 1962) and are
considered suitable except as noted below.

e Total fissions from a criticality in a large liquid
system might be as high as 3 X 10" fissions; from
criticality in a liquid/powder system, 3 X 10%°
fissions (Section IV.A.3).

® Nonvolatile solids released from solutions spilled
within building confinement are expected to be less
than 1072%.*

The experience at TMI-2 and recent experiments at
ORNL and elsewhere indicate the 50% halogen release
fraction may be too large (NRC 1981B). Smaller releases
are expected due to a large amount of elemental iodine
(I;) reacting with cesium to form Csl, a much less
volatile and more water-soluble form than I,. Although
it is apparent that a reduction in release fraction is

*This work provided by W. S. Durant, Savannah River Labo-
ratory, August 1983.

forthcoming, a consensus on a smaller release fraction is
lacking at the present time.

Semivolatile solids (called volatile solids in Table
VIII, and including Ru, Sb, Rb, Cs, Te, Tc, and Se) are
released over a broad range of release fractions (up to
80%). Because of the radiological importance of this
nuclide group, each case should be reviewed.

Release fractions of other materials, such as pluto-
nium or uranium compounds in powder form, have
been reviewed and summarized by Walker (1978) and
Selby (1975). Their release fractions depend on many
variables, including temperature, air velocity, and par-
ticle size. However, a simplifying assumption of 100
mg/m? airborne concentration after settling and ag-
glomeration of particles has been used.

C. Reduction and Removal Factors

Reduction and removal factors are those factors by
which the released radionuclides may be reduced by
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TABLE VIIL. SAFETY ANALYSIS PARAMETERS SUMMARY—RELEASE FRACTIONS (Walker 1978)

Release Mechanism Safety Analysis Parameter Range of Observation = Current Practice Recommended Value
Failed Fuel-Gap Release  (a) Noble Gas 0.015-0.34 0.018-0.10 0.10
(Fraction released Krypton-85 — 0.30 0.30 -
except as noted) (b) Halogens 0.025-0.49 0.0032-0.10 0.10
Iodine-129 - 0.30 0.30
(c) Volatile Solids (Cs, Rb, Ru) <4 X 1075-0.80 - 0.01 —
(d) Nonvolatile Solids <2X1075-8x 1074 <1075-0.05 0.01 ’
Fire Release (a) Noble Gas — 0.90-1.00 1.00
(Fraction released (b) Halogen 0.65-0.84 1.00 1.00
except as noted) (c) Volatile Solids 3X1075-0.01 0.01-0.90 0.01
(d) Nonvolatile Solids 4X1075-0.38 0.01-0.60 0.01
(e) Fly Ash 5% 1074-0.20 0.01-0.05 0.01
(f) Airborne Particle Size (um) <0.1-10 <5 <5
Explosion (a) Noble Gas — 1.00 1.00
(Fraction released (b) Halogens —_ 1.00 1.00
except as noted) (c) Volatile Solids — 0.001 0.01
(d) Nonvolatile Solids 9X10750.14 0.01 0.01
(e) Airborne Material 1.0-71 mg/m? 10-100 mg/m? *100 mg/m?
(f) Airborne Particle Size (um) — <10-30 <10
Criticality (a) Initial Pulse—Fissions 1X 10'5-4.68 X 10'8 1X10%-3.7X 10"  1.0Xx10'
(b) Secondary Pulse—Fissions No Estimate 04X 107-5Xx 107 1.9x10Y
Pulse Interval No Estimate 10 min 10 min
(c) Total Fissions 3X10%-1.2 X 10% 1X 10"-1 X 10% 1.0 X 10"
Total Time No Estimate 7 min-24h 8h
(d) Gas Release Fraction No Estimate 1.00 1.00
(e) Halogen Release Fraction No Estimate 0.25-1.00 0.25
(f) Solid Release Fraction No Estimate 0.001-0.20 d

*Applicable to particulate material only.

bSee text for discusslon of alternate values.

“Tucludes release and plateout.

dyse Regulatory Guide values (NRC 1977B, 1979A, 1979B).

either natural or engineered means. A natural reduction
factor commonly applied to halogen release is 50%
plateout factor allowed by NRC (1977B, 1979A, 1979B).
This 50% of the 50% inventory release results in 25% of
the halogen inventory reaching the containment barrier
or the removal system. Another natural removal process
is deposition of particles from a cloud of released mate-
rial, both inside and outside of the facility. Deposition
outside the facility is considered most important and is
discussed in Section V.E.

Engineered safety features receive credit for removal
if they are designed, installed, tested, and maintained
according to prescribed standards (Brynda 1981). Table
IX provides a summary of removal factors from the
literature (Walker 1978). Although not all these factors
were investigated independently during preparation of
the Guide, the recommended values in Table IX
provide a basis for common usage, with the possible
exception of HEPA filter efficiency. Three situations
can be envisioned under which decisions must be made
regarding credit for HEPA filter stages. First, should
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credit be allowed for any stage of HEPA filters which is
not protected against heavy smoke loading? In this case,
protection is not likely to be realized at any stage
because upstream HEPA stages are likely to fail. Second,
what credit should be allowed if the postulated accident
is unlikely to affect the HEPA filters (no common failure
occurs)? In this case, it appears acceptable to allow
credit commensurate with in-place test results, that is,
approximately 99.95%. Third, an unclear situation may
exist in which degraded performance should be as-
sumed. The practice set by DOE-AL (ALO 1971) uses
the following efficiencies for HEPA filters under acci-
dent conditions, if it may be assumed they are testable as
installed and protected by prefilters, sprinklers (or
equivalent), and demisters:

e Iststage  99.9%,
® 2ndstage 99.8%,
® 3rdstage 99.8%, and
® 4thstage  99.8%.



TABLE IX. SAFETY ANALYSIS PARAMETERS SUMMARY-—-REDUCTION AND REMOVAL FACTORS (Walker 1978)

Release Mechanism Safety Analysis Parameter Range of Observation =~ Current Practice = Recommended Value
Particulate Filters (a) HEPA— 1st Stage 96.1-99.999 99.0-99.99 99.9*
(% efficiency) 2nd Stage 99.976-99.992 99.0-99.9 99.0*
3rd Stage 99.49-99.99+ 94.0-99.8 99.0*
4th Stage — 83.0 83.0*
(b) Sand Filter Bed 99.50-99.999 99.0 99.0
(c) Fiber Glass—Deep Bed 70-99.995 90.0 90.0
Noble Gas Traps (a) Refrigerant 75.0-99.99+ — NR®
(% efficiency) (b) Cryogenic (CO,) 90.0-99.993 — NR
Halogen Filters (a) Activated Charcoal
(% efficiency for bed I @ RH < 70%° 81.9-99.999 95.0-99.99 99.0
depth =5 cm) I @ RH > 70% >90.0-99.9997 90.0 90.0
CH;l @ RH < 70% 50.25-99.999+ 85.0-99.0 99.0
CH;l @ RH > 70% 8.77-99.99 30.0-98.0 30.0*
(b) Inorganic Adsorber
(Ag-KTB)
I - Low Loading® 99.0-99.9997 - 99.0
I - High Loading 57.0-76.0 -— 50.0
CH3l - Low Loading 80.0-99.9997 — 99.0
CH3;l - High Loading 45.9-99.0 —_ 50.0
(c) Silver Zeolite
I 99.0-99.99+ —_ 99.0
CH;l 90.0-99.999 — 99.0

*See discussion of alternate values in text.
bNR—-no recommendation.

“RH —relative humidity.

9Low loading <50-mg I, or CH;l/g of adsorber.

Regulatory Guide 1.52 recommends 99% in case of an
accident (NRC 1978B); this is considered too low. Faust
et al. assumed only one stage of operable filtration
providing 99.9% removal (Faust 1977); this is con-
sidered too restrictive when other tested stages are
present. A general discussion of HEPA filter credit
under accident conditions is contained in the Nuclear
Air Cleaning Handbook (Burchsted 1976).

Sand filter efficiency is expected to be 99.5%, based
on extensive operating experience at the Savannah
River Plant (Orth 1980). This value is the 97th percen-
tile efficiency experienced with operating filters; 99.97%
is the median efficiency from the same data. This value
(99.5%) may be used to calculate accidental releases
(including fire, if the filter has been suitably sized or
protected from plugging by combustion products).

Halogen removal is affected by humidity, loading,
and its chemical form. The accident description should
include estimation of each effect and choice of efficien-
cies which lead to conservative estimates of release.
Those suggested in Table IX are considered suitable

except for 30% efficiency against CH,l at high
humidities. Although recommended by NRC in Regula-
tory Guide 1.52 (NRC 1978B), the 30% figure is at the
low end of experimental data summarized by Walker
(1978) and is not considered conservative. An alterna-
tive value in the range 50 to 80% is considered more
appropriate.

D. Release Duration

Release duration for the accident case in nonreactor
facilities will usually be short (less than 8 h). In most
cases, the total release may be averaged over the total
time of release; however, some effort should be made to
characterize the timing of the release. If a peak concen-
tration exists during a short period of the release, that
period and concentration may be appropriate for use in
the dispersion and dose calculations. Evacuation or
other mitigation may affect the concentration selected
for the exposure.
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E. Meteorological Analysis and Dispersion

Dispersion of radioactive material in the atmosphere
following a major postulated accident requires use of
models that account for the major features of the acci-
dental release: its relatively short duration, its cloud
more often a puff than a plume, and a potentially high
concentration of radioactive material. The postulated
accident case is simplified somewhat by its brevity; that
is, it may be assumed in most cases that no major
change in meteorology occurs during the duration of
cloud dispersion.

This section deals with a suitable model, its general
acceptability, and the approximate range of its ap-
plicability. Choice of model and the adjustments to
models may have a major impact on the result. It is
suggested that the analyst consider each adjustment as
an important source of additional accuracy, while keep-
ing in mind the general level of uncertainty inherent in
each calculation leading to the dose. As in all other steps
of dose calculation, conservativism in the selection of
dispersion models and parameters is suggested.

1. Gaussian Dispersion Model. The straight-line
Gaussian dispersion equation (Slade 1968) is in general
use to model dispersion of chronic and accident re-
leases. Its use for estimating the time-integrated air
concentration %(Ci-s/m* or Bq-s/m% at downwind
locations is recommended for most accident conditions,
unless site-specific models of some other form have
been developed and verified. The basic Gaussian dis-
persion equation has been adjusted by various authors
to accommodate release and dispersion effects. These
adjustments are discussed briefly in the following sec-
tions and in greater detail in Appendix D. The range of
distances over which the Gaussian model should be
used varies with conditions (see Section C-I in Appen-
dix D) but the model is considered generally applicable
over the range 0.1 to 10-20 km. Beyond 20 km results
should not be considered better than order-of-magni-
tude estimates.

2. Dispersion Parameters/Stability Classifications.
The horizontal and vertical dispersion coefficients, oy
and o,, required in the Gaussian dispersion equation are
obtained either from site-specific meteorological
measurements (standard deviations of wind angles) or
by estimating an atmospheric stability class for which
standard coefficients have been established. Methods
for using site-specific data are cited in Appendix D. If
the necessary meteorological measurements are not
available, several methods for determining stability
class may be used. Examples are contained in Turner
1970, NRC 1974, and NRC 1983. See Appendix D for
others. The vertical temperature gradient method is no
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longer recommended by the AMS (see Appendix D).
Assumption of a conservative stability class (for exam-
ple, slightly stable or moderately stable) is an acceptable
and frequently used method for ground-level releases.

Determination of o, and o, from existing curves is
common and acceptable practice. For o,, the AMS
(1978) has suggested that the Pasquill-Gifford (Gifford
1961) curves and the McElroy-Pooler (1968) urban
curves are acceptable if adjustments are made for sam-
pling duration and surface roughness. Curves presented
by Briggs (1973) have combined data from Pasquill-
Gifford and several other sources to describe dispersion
of elevated releases.

The differences between puff and plume dispersion
by the Gaussian dispersion equation can be (and usually
should be) accounted for in the accident case. Methods
for calculating puff dispersion coefficients have been
addressed by Gifford (1977), Hanna (1982), and Turner
(1970).

3. Release Effects. The dispersion equation may re-
quire modifications due to release effects, notably
plume or puff rise (buoyant or momentum) and build-
ing wake effects.

a. Plume Rise. Credit for plume rise has not always
been taken in SARs and regulatory guides. However,
calculation of an effective release height above stack
height is considered reasonable for the accident case.
Equations appropriate for the descriptions of buoyant
and momentum plume rise have been presented by
Briggs (1969, 1975). An expression for cloud rise from
high-explosive detonation has been presented by
Church (1969).

b. Stack and Building Wake Effects. Stack tip effects
will be observed if exit velocity does not exceed 1.5
times the wind velocity. Building wake effects will also
be observed if the release height does not exceed 2-1/2
times the height of nearby structures. Adjustments for
these effects are discussed in Appendix D.

4, Dispersion Effects. As the cloud of released mate-
rial moves downwind, several dispersion effects may
alter the air concentrations obtained by the Gaussian
equation. Of these, radioactive decay, plume trapping
by an inversion, dry deposition, and fumigation are
considered of possible importance and are discussed
here and in Appendix D. Wet deposition, although
considered an inappropriate cloud depletion effect for
the accident case, is discussed briefly in Appendix D.
Chemical change of state by absorption of a gas by
atmospheric water or the chemical reaction with vegeta-
tion may be identified removal mechanisms for some



compounds; these are not expected to be important
removal mechanisms.

a. Radioactive Decay. Radioactive decay will be im-
portant only in depleting short-lived radionuclides re-
leased from a criticality accident. Decay effects are
accounted for in the decay and buildup models cited in
Section V.A., Source Terms.

b. Inversion Lid. As a general rule, unlimited mixing
depth should not be used. Dispersion analysis of some
locations with chronic inversions lasting more than a
few hours must include some restriction of mixing
depth (Turner 1970). Several alternatives for determin-
ing mixing layer depth are discussed in Appendix D.

¢. Fumigation. Fumigation conditions are capable of
causing locally high concentrations. Modifications to
the Gaussian equation to account for frequent fumiga-
tion conditions are presented in Turner (1970) and
Hanna (1982). Further discussion is provided in Appen-
dix D.

d. Terrain. Effective release height should be reduced
by the terrain height or the release height divided by 2,
whichever is smaller (Briggs 1973). Combined effects of
stability and terrain are discussed in Appendix D.

e. Dry Deposition. Dry deposition of particulate mat-
ter or gases may be of interest for ground deposition
estimates or for reduction of the source term at a
downwind distance. However, depletion of the cloud by
deposition of respirable particles (<10-um aerodynamic
equivalent diameter) will not have significant effect on
inhalation doses due to the low deposition velocity of
respirable particles. Ground deposition is discussed
further in Appendix D.

5. Meteorology. Two meteorological categories, me-
dian and unfavorable, are used to establish a range of
release dispersion from expected to extreme conditions.
These categories correspond to 50% and 0.5% sector
probability distribution of i /Qs, respectively. Specific
definitions of median and unfavorable dispersion fac-
tors are provided in Appendix D.

6. Population Dese. If population dose estimates are
needed, dispersion factors used to calculate con-
servative population doses may be assumed in the
direction having the largest nearby population. The
unfavorable dispersion factor for this sector could be
used to calculate the collective dose to the people resid-
ing in that sector (out to some minimum dose contour,
such as 25 mrem). If there are population centers in
several directions from the release, several sector
evaluations may be appropriate.

It is not appropriate to consider the entire population
exposed to the concentration at the cloud centerline.
Integrated activity concentrations over the area contain-
ing people and the actual population density in those
areas would be appropriate for population dose calcula-
tions.

F. Radiological Dose

Choice of models and input parameters are important
if dose conversion factors are to be obtained and applied
in a reasonably consistent manner. Doses to the whole
body and to specific organs are calculated for com-
parison with the dose guidelines proposed for Chapter I
of DOE Order 6430.1. This section deals with the mod-
els and parameters used to calculate doses from acci-
dent-caused exposures that are expected to be the major
contributors to accident consequences: inhalation of
radioactive material during cloud passage, direct radia-
tion received by immersion in the cloud, and ingestion
dose. Dose methods are discussed in greater detail in
Appendix E. A comparison of several dispersion and
dose codes was made using common input for two
postulated release cases. The results of this comparison
are presented in Appeudix F.

1. Inhalation Dose. The inhalation model described
by the ICRP Task Group on Lung Dynamics (TGLD) is
incorporated in most major computer codes for calcu-
lating inhalation doses (ICRP 1966). Formulation of the
TGLD model was based only on the need for protection
against harmful effects of radiation and is not
necessarily an accurate detailed description of the
behavior of inhaled radionuclides. This model is, how-
ever, considered suitable for the purpose of analyzing
hypothetical accidents, that is, estimating fractional
deposition of important radionuclides in the compart-
ments of the respiratory system and subsequent transfer
to other organs. The TGLD model is intended for use
with particle distributions that have an activity median
aerodynamic diameter (AMAD) between 0.2 and 10 pm
with geometric standard deviations of less than 4.5. For
the unusual distribution having an AMAD greater than
20 um, complete nasopharyngeal deposition can be
assumed. The model does not apply to aerosols with
AMAD:s below 0.1 um.

The TGLD model is included in the ICRP 30 dose
model (ICRP 1979), a major upgrading of the ICRP 2
dose model (ICRP 1959). A transition to the ICRP 30
model, which accounts for dose to an organ from
gamma and beta emitters deposited in the organ itself
and in nearby organs, is occurring within the DOE
complex. This transition is expected to continue as
computing facilities acquire the computer codes and as
various radiation standards such as 10 CFR 20 and
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DOE Order 5480.1A, Chapter XI, are revised using
ICRP 30 or similar models. In the interim, the following
(elaborated in Appendix E) are provided for appropriate
use:

e Codes based on ICRP 2 dose models may be modi-
fied to use organ masses from ICRP reference man
(ICRP 1974) and quality factors from ICRP 26
(ICRP 1977).

e Transfer fractions and biological half-times in
ICRP 30 models may be incorporated in models
where possible.

¢ Solubility classes of compounds in ICRP 30 may be
used in all calculations.

¢ Bone doses calculated for comparison with the
surface bone guideline dose proposed for DOE
Order 6430.1 may be calculated by ICRP 30 model
or by the ICRP 2 model of volume bone dose times
a distribution factor of n = §.

e The exposed person may be considered ICRP
reference man (ICRP 1974) (see definitions in Sec-
tions I11.B.2. and IIL.B.3.).

e The AMAD chosen as input to the TGLD model
represents the respirable fraction of the particle
cloud rather than the total particle mass.

¢ A 50-yr dose accumulation time may be used to
take advantage of occupational dose conversion
tabulations (differences between 50-yr and 70-yr
conversion factors are minor).

e Doses to more than one organ from a single inhala-
tion exposure may be combined into an effective
dose equivalent by a method similar to the ICRP
26 method (ICRP 1977).

2. Direct Irradiation from Cloud Immersion. Two
models are commonly used to calculate direct gamma or
beta dose from cloud immersion: the finite plume
model or the semi-infinite plume model. The finite
plume model is preferred for most accident analysis
cases where a puff release occurs and the lateral
dimension of the cloud is limited by unfavorable mete-
orology. If a semi-infinite model is used, a “finite
plume” correction factor should be applied to calcula-
tion of close-in doses (<10 km) (Strenge 1980). NRC
recommendations contained in Regulatory Guide 3.33
(NRC 1977B) state that immersion dose to the whole
body should be assumed at the 5-cm tissue depth
(Strenge 1980). ICRP 30 also uses an acceptable method
of calculating immersion dose by the method of Poston
and Snyder (Poston 1974). Calculation of dose to skin is
rarely necessary because its biological significance is
usually low compared with that of other organs receiv-
ing dose.

3. Ingestion Dose. Ingestion dose as a controlling
consequence of an accidental release is considered a
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lower likelihood than either inhalation or immersion
dose. However, a major leak to nearby waterways
should be considered in some instances. Although un-
likely to approach the radiation dose limits proposed for
Chapter I of DOE Order 6430.1, ingestion dose might
fall in the category of “other consequences to be con-
sidered” discussed in Section V.G. of the Guide.

Dispersion of radionuclides into the aquatic environ-
ment can be estimated by the method of Regulatory
Guide 1.113 NRC (1977C). Doses from ingestion of
contaminated water have been calculated by several
models; Regulatory Guide 1.109 (NRC 1977D), Strenge
(1980), Huang (1983), and ICRP 30 (ICRP 1979) are
examples.

G. Other Consequences to be Considered

Potential consequences of radiological accidents
other than dose to individuals may influence decisions
on site selection and major design features. The conse-
quences of environmental contamination, population
dose, and public health effects may be significant con-
siderations when a comparison must be made among
several alternative sites. In the absence of numerical
guidance, the conditions under which each of the conse-
quences could be evaluated are discussed, leaving as-
sessment of the result to an authority other than the
analyst. Usefulness of each result will depend on indi-
vidual circumstances.

1. Environmental Contamination. Contamination
by radionuclides from the postulated accident could
cause an economic impact or production loss in excess
of that deemed acceptable. Although numerical guid-
ance has not been provided in DOE orders or in NRC
regulatory guides, the cost of cleanup or the impact of
lost production at nearby facilities may be significant
considerations in the site evaluation and facility design.

The public health consequences of long-term ex-
posure to residual accident debris, after decontamina-
tion and return to original use, are small compared with
direct inhalation exposure doses and may usually be
neglected (see Appendix G). A possible exception might
arise if radioiodine were the major radionuclide released
into the environment by the accident. The cow-milk-
infant pathway for radioiodine may cause more
restricting doses than the dose from direct inhalation
from the passing cloud.

At present, consensus has not been reached among
government agencies on appropriate decontamination
limits for soil and property. Three approaches are com-
monly made toward limits: those based on health ef-
fects, food chains, and pathway analysis; those on de-
tection levels and ALARA concepts; and those which



are expedient in terms of cost and political consider-
ations. Preferred limits should be based on levels that
would give little additional health risk to the public once
the land and property are decontaminated and returned
to normal use. It is assumed that confiscation and
condemnation of private property in lieu of decon-
tamination and renovation to original use are not
acceptable approaches to this problem.

Current soil remedial action guidelines (DOE 1984)
for actinides and common fission products have been
derived for the DOE FUSRAP and SFMP programs
based on earlier work by Healy and the EPA (Healy
1971, 1977, 1979A, 1979B; Napier 1982; ORO 1983;
Gilbert 1983; EPA 1977; and EPA 1983). The EPA has
recently published the final remedial-action guidelines
for the natural uranium decay series in 40 CFR 192
(EPA 1983). The soil remedial-action derivation meth-
ods (pathway analyses) given in ORO 831 and 832
(ORO 1983, Gilbert 1983) have been used by the DOE
to be the basis for developing action guidelines for other
radionuclides when they are needed.

Several proposed cleanup levels currently exist for
actinides. The EPA has suggested a soil screening level
for plutonium (EPA 1977). This screening level was
calculated by EPA to meet the EPA proposed dose
guidance (1 mrad/yr to lung and 3 mrad/yr to bone)
with no remedial action necessary. Another suggested
level is a limit also based on a maximum dose to any
organ (Healy 1977, 1979A, and 1979B). These proposed
criteria are based upon limiting the amount of pluto-
nium that could be inhaled or ingested by the general
public living or working in areas contaminated with
plutonium.

Decontamination cost estimates may be based on the
approach used in WASH 1400 (NRC 1975B) and in the
Pantex EIS (Wenzel 1982). This approach includes three
land use categories (farm, suburban, and commercial),
but does not refine the analysis to the extent of including
site specification features beyond these three categories.
Other potential costs, such as decontamination of onsite
buildings and loss of operating time at contaminated
onsite buildings, could be considered separately.

Decontamination methods, decontamination guide-
lines, and cost estimates are discussed in greater detail in
Appendix G.

2. Population Dose. Population dose and population
center distance were defined earlier in Section IIL.B.
Calculation of radiological doses to individual members
of a population is also discussed elsewhere (Section V.F.
and Appendix E). Population dose can be valuable as an
additional index of the suitability of a site and as an
intermediate result needed in the estimation of potential
health effects of'a postulated accident.

The population which is subject to exposure is com-
monly considered the total population within an 80-km

radius of the proposed site. However, the accident case
usually involves only that part of the population con-
taining individuals directly contacted by the accident
cloud. That is, a limited number of people could be
exposed to potentially high concentrations of airborne
radioactive material. In this limited population, a
higher incremental health risk or a higher risk to the
individual receiving the average dose would be expected
to occur than in the total population. Therefore, dilution
of the population dose over a larger population should
be avoided when using the population dose in an esti-
mation of incremental health effects due to a major
accident.

Population dose may be calculated using integrated
concentration values and population densities. Cloud
centerline doses times the total population is considered
overly conservative for this estimate.

Assumptions regarding makeup of the exposed
population may require variation to suit the actual
population and the radionuclides released. If population
dose is the desired endpoint, say for comparison among
several alternative sites, a homogeneous population
made up of adults is an acceptable assumption. Errors
resulting from assuming a homogeneous population are
considered relatively minor in comparison with
possible errors in other areas of dose calculation (Etnier
1979). However, basiug a siting or major design feature
decision on a homogeneous population dose does not
account for differences in health risk factors as in-
fluenced by age at the time of exposure and sex distribu-
tion of the population. More study is needed to assess
the error magnitudes when homogeneous population
doses are used to estimate health effects. In the mean-
time, care should be taken to use conservative age- and
sex-averaged health risk factors with homogeneous
population doses.

Credit for a fraction of the population being indoors
during cloud passage may be justified if a suitable model
has been devised. The protection factor afforded by
being indoors is discussed by Cohen (1979). Credit for
emergency planning and evacuation should not be taken
unless the release is delayed beyond the time in which
effective action could be taken.

3. Public Health Effects. Public health effects may
result from a postulated radiological accident at a DOE
nuclear facility. These health effects might include acute
effects but would usvally involve only delayed effects
such as cancer mortality and perhaps serious hereditary
effects. Estimates should be based on health risk factors
which have been recommended by recognized advisory
groups. As discussed in Section V.G.2, health effects
estimates should be based on conservative age- and sex-
averaged risk factors when using a homogeneous (all-
adult) population dose. Two methods of estimating
health risks resulting from exposure to low levels of
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ionizing radiation have been prepared for use in DOE
NEPA documents (Buhl 1984). The first method is used
when demographic data are not available for the ex-
posed population; in this case, age- and sex-averaged
lifetime cancer (or serious hereditary defect) risk factors
are provided, based on the makeup of the US popula-
tion. The second method provides for a more detailed
risk calculation when the exposed population is signifi-
cantly different from the US population. Use of risk
factors averaged by age and sex over the US population
would lead to differences of a factor of 2 to 3 from the
exposed populations with more extreme age and sex
distributions (Buhl 1984). Health risk factors which are
considered appropriate for the purpose are discussed in
greater detail in Appendix B.

Advice on terminology to be used when reporting
estimated health effects in safety analysis documents
has varied among peer reviewers of the Guide. Better
public understanding or reduced chance of mis-
interpretation of the data by the reporting media or by
members of the public is the objective when reporting
potential health effects. It is difficult to put any non-
voluntary health risk into a more positive or favorable
light. The negative as well as the positive aspects of
DOE activities should be reported objectively without
shading meaning or loss of accuracy.

A number of semitechnical terms have been used in
the past to describe health risk. The following are exam-
ples of terms that can be used under appropriate circum-
stances: delayed cancer mortality, incremental risk of
eventual cancer death, expected cancer deaths, pro-
jected cancer deaths, potential health effects, and per-
haps others. The term used should acknowledge the fact
that radiation can cause cancer (or potentially serious
hereditary defects) but at low doses to individuals, this
likelihood is quite low. Increased chance of eventual
cancer death and incremental risk of eventual cancer
death are similar terms which accurately describe the
situation of an individual who receives a dose as a result
of a postulated accident. This dose represents a risk of
cancer, not a certainty. It is also considered helpful to
the understanding of this increased risk to include in-
creased risks from common activities of the public for
purposes of comparison.

Points to be made in providing health effect informa-
tion are (1) a finite but small probability exists that an
accident might occur which could have offsite conse-
quences; (2) should the accident occur, the analysis
shows some members of the public could receive radia-
tion doses; (3) it is not clear whether any of these doses
would be large enough to cause observable health ef-
fects—it is known that these effects would probably not
be observable for many years; (4) these health effects are
purposely overestimated in the analysis to assure that
any error in the estimate is accounted for; and (5) these
estimates are made to promote more informed deci-
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sions regarding the location of the nuclear facility and
the major design features included to minimize the
effects of any potential accident.
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APPENDIX A

GLOSSARY*

Absolute risk. Expression of excess risk due to a radia-
tion exposure as the arithmetic difference between the
risk among those exposed and risk in the absence of
exposure.

Absorbed dose. The energy imparted to matter by ioniz-
ing radiation per unit mass of irradiated material at the
place of interest. Its unit is the rad or gray (Gy) (see
Metric units).

Accumulated dose. A dose term coined for use in the
Guide to fit the postulated case of dose equivalent
accumulated over a time interval after a single acciden-
tal intake of long-lived radionuclides. No new source of
dose is added during the interval. The accumulation
interval should be specified; 50 yr is recommended, for
the reasons described in Appendix E, Section I.

Activity median aerodynamic diameter (AMAD). The
aerodynamic equivalent diameter below or above which
half of the activity of an aerosol with lognormally
distributed particle diameters is associated.

Aerodynamic equivalent diameter (D,.). The diameter of
a unit-density sphere that would have the same terminal
velocity due to gravity in air as the particle under
consideration.

Annual Limit on Intake (ALI). An ICRP secondary limit
on occupational exposure, as intake in 1 yr of radio-
nuclides resulting in stochastic effects in all organs
equivalent t0 0.05 Sv (5 rem) or nonstochastic effects in a
single organ equivalent to 0.5 Sv (50 rem).

ANSI. American National Standards Institute.

As low as reasonably achievable (ALARA). The criterion
stated in 10 CFR 20 that exposures of personnel to
radiation during routine operation (of LWRs) will be
“as low as reasonably achievable.”

BEIR. Biological Effects of Ionizing Radiation (Na-
tional Academy of Sciences Committee on . . .).

Breathing rate. The volumetric rate of air exchange by
the respiratory system; the product of tidal volume and
respiration rate. The ICRP has established the following
standard breathing rates for reference man:

*Terms in italics are defined elsewhere in this glossary.
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Resting 1.25 X 1074 m3/s
Light activity 3.33X 107 *m3/s
Heavy work 7.17 X 10™* m3/s
Heavy exercise 18.5X 10* m¥/s

Committed dose or dose commitment. The radiation
dose calculated for radiation protection purposes to
evaluate the dose received during some period of ex-
posure plus the dose accumulated over a period of years,
say 50 yr of occupational exposure, resulting from radio-
nuclides deposited within the body during the exposure
period.

Confinement. Usually refers to a system of cladding,
containers, piping, glove boxes, other barriers, and air
cleaning equipment, which prevent release of radioac-
tive material into occupied spaces. Primary confine-
ment refers to the first barrier provided for this purpose.

Containment. Usually refers to a structure capable of
containing (with some nominal leakage) an over-
pressure caused by explosion or release of pressurized
contents of vessels.

Credible event. An event whose probability of occur-
rence is above a specified threshold (recommended in
the Guide to be greater than 1078 per year).

Critical facility. A nuclear facility for radioactive mate-
rial handling, processing, or storage, and other facilities
having vital importance to DOE programs or high
dollar value, such as plutonium processing, tritium
processing, weapon assembly (Pu/HE), and certain
storage facilities.

Critical system. A system whose continued integrity and
operation are essential to assure confinement or
measure the release of radioactive materials in the event
of a DBA. Usually the ventilation, fire detection and
suppression, electrical, and utility systems.

Criticality accident. The accidental assembly of suffi-
cient fissionable material to initiate a self-sustaining
neutron chain reaction. The resulting neutron burst, if
unshielded, is a major hazard to nearby workers. The
energy produced disperses fission products which can
cause potential health effects onsite and offsite.



Damping. Dissipation of energy by motion within a
structure or in underlying geologic formations. Usually
an index of the ability of a structure to withstand
vibratory damage.

Decontamination factor. The quantity of radionuclide
per unit area before decontamination divided by the
quantity remaining after decontamination. Also the
ratio of upstream to downstream concentration applied
to removal capability of fluid cleaning systems.

Design basis accident (DBA). See definition and dis-
cussion in Section IIL.B.1.

Dilution factor. The ratio of concentration of radio-
nuclides (Ci/cm?) in samples of standard volume taken
before and after dilution of contaminated material by a
larger volume of a medium.

Dispersible form. The form of radioactive material
which makes it subject to airborne or waterborne dis-
persion by the dispersive energy at hand; at least a
fraction of the dispersed material will be directly
respirable (see respirable fraction) or subject to con-
version to a respirable or ingestible form by exposure in
the environment.

Dispersion. The process of natural mixing of a material
released to the atmosphere with air, causing a reduction
in concentration with distance from the source. See
median dispersion factor and unfavorable dispersion
factor.

Dispersion factor 3/Q (s/m?). Ratio of the air concentra-
tion (g/m? or Ci/m3) and the release rate (g/s or Ci/s) or
the ratio of the time-integrated concentration (g - s/m3
or Ci-s/m?) and the total quantity released (g or Ci).
Dispersion factor yields dose when multiplied by an
amount released, a breathing rate, and a dose conversion
factor.

Dose accumulation time. A time period over which
expected dose from a long-lived radionuclide retained
in the body after a single accidental intake is estimated
(see accumulated dose).

Dose conversion factor. A factor with units of dose
equivalent per unit activity inhaled or ingested which is
multiplied by other factors to obtain the dose equivalent
received by a specific organ (see Appendix E, Section II).

Dose equivalent. A quantity that expresses all kinds of
radiation on a common scale for calculating the effec-
tive absorbed dose; defined as the product of absorbed
dose in rad (or Gy) and modifying factors such as
quality factor or an organ distribution factor. The unit
of dose equivalent is rem (or Sv).

Effective dose equivalent. See definition and discussion
in Section IIL.B.

Effective release height. Height above ground at which a
release of airborne radionuclides is assumed to occur.
Usually stack height plus adjustments for buoyant or
momentum plume rise and any terrain effect (see Ap-
pendix D, Section III).

Elevated release. A point source release occurring above
ground level (>0-3 m). Usually refers to a release at the
effective release height.

Engineered safety feature (ESF). Any feature of a nu-
clear facility, including structures, systems, and compo-
nents, provided to prevent or mitigate the accidental
release of radioactive materials from the facility. Typi-
cal ESFs are containment structures, confinement bar-
riers, air cleaning systems (filters, absorbers, traps,
scrubbers), devoted emergency cleanup systems, fire
protection systems, and safety systems.

EIS. Environmental Impact Statement.
EPA. Environmental Protection Agency.

Event tree analysis. An inductive analysis which
portrays the various paths or scenarios that may result
in a major consequence when some initiating event
drives a system out of its standard operating mode.

Facility boundary. The boundary, usually a fence or
other physical barrier, provided for the security of the
facility. Some facility boundaries provide a radiological
accident exclusion area.

Fault tree analysis. A deductive failure analysis which
focuses on one undesired event and provides a system-
atic method for determining causes of this event. The
undesired event constitutes the top event in a fault tree
diagram and may be a catastrophic failure.
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Fumigation. An atmospheric inversion condition
prevalent just after dawn in which newly developed
convective eddies mix the effluent plume within the
shallow unstable layer next to the ground. This con-
dition can cause the greatest ground-level concentra-
tions observed in the neighborhood of a stack over
periods of about 30 min to 1 h.

Genetic effect. Serious health effects in future genera-
tions resulting from a radiation dose to either parent,
usually autosomal dominant and x-linked, irregular in-
herited, recessive, and chromosomal aberrations.

HEPA filter. A high-efficiency particulate air filter,
usually capable of 99.97% efficiency as measured by a
standard photometric test using 0.3-um droplets (aero-
dynamic equivalent diameter) of dioctylphthalate
(DOP).

ICRP. International Commission on Radiological
Protection.

Incremental risk. A risk added to existing or accepted
risk by a proposed new activity.

INEL. Idaho National Engineering Laboratory.

Inversion. A meteorological condition which exists
when 1emperature increases with altitude in the at-
mosphere. Characteristically, a layer is formed which
blocks normal plume rise.

Life table. A statistical determination of age-specific
probabilities of death from all causes among various
population groups. Associated survival and longevity
data are included. Life tables may be used to estimate
the number of radiation-induced cancer deaths that
would result from accidental exposure of a population.

Low population zone. The area (immediately surround-
ing an exclusion area) which contains members of the
public, the total number and density of which are such
that there is reasonable probability that appropriate
protective measures could be taken in their behalf in the
event of a serious accident.

LWR. Light-water reactor, either pressurized-water re-
actor or boiling-water reactor.

Median dispersion factor. The dispersion factor ((x/Q))
which is exceeded by 50% of the hourly x/Qs observed
in the sector and at the distance to the person whose
dose is to be calculated.

Metric ton. One thousand kilograms or 2205 1b.

Metric units. The metric system or System International
(SI) units are recommended for voluntary adoption in
DOE Order 6430.1. The radiological units and con-
version factors are as stated below.

Mitigation. Minimizing the effect of a postulated acci-
dent by means of facility siting or its major design
features.

Basic SI
New SI Dimensions Old Unit
Quantity Unit, Symbol Symbel Symbeol Conversion
Exposure coulomb per roentgen,R 1Ckg!=
kilogram 39X10°R
Absorbed Dose  gray, Gy joules per rad, rad 1 Gy = 100 rads
kilogram
Dose Equivalent sievert, Sv joules per rem, rem 1 Sv=100 rems
kilogram
Activity becquerel, Bq per second, curie, Ci 1Bq=

—1

27 X107 Ct
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Nonnuclear detonation or single-point detonation. A
chemical reaction within the high-explosive compo-
nents of a nuclear weapon, which results in an explosion
that can disperse radioactive materials in the weapon
component but with less nuclear yield than the equiva-
lent of 4 1b of TNT (approximately 2.5 X 10" fission in
plutonium).

Nonstochastic effects. A radiation effect whose severity
in an individual is a function of dose.

NRC. Nuclear Regulatory Commission.

Nuclear detonation. An energy release through a nuclear
process that is equivalent to the detonation of more than
the equivalent of 4 Ib of TNT within a few microseconds
(approximately 2.5 X 10" fissions in plutonium).

Nuclear facility. See definition in Section I.C.

Offsite. Any location beyond the site boundary where a
member of the public can be legally situated beyond the
control of the owner and operator of the nuclear facility.
Related details are discussed in Section III.B.2.

Offsite person. See definition and discussion in Section
1IL.B.2.

Onsite. Any location inside the site boundary but not
within the facility under evaluation.

Population center distance. Distance from the nuclear
facility structure to the nearest population center of
greater than 25 000 inhabitants (see Section II1.B.5).

Population dose. See definition and discussion in Sec-
tion IIL.B.4.

PRA. Probabilistic risk assessment.

Protective response recommendation (PRR). A projected
numerical radiation dose to individuals in the popula-
tion that may trigger a protective response by emergency
response agencies.

Recurrence time or return period. A statistically de-
termined time period after which natural phenomena or
other events of a particular severity would be expected
to be repeated, based on historical records sup-
plemented in some cases by expert opinion.

Reduction factors. A factor by which the released radio-
nuclides are reduced by natural means (plateout, gravi-
tational deposition, absorption, etc.). See Section V.C.

Relative risk. Expression of risk due to an exposure to
radiation as the ratio of the risk among those exposed to
the risk in the absence of exposure. Relative risk projec-
tion method assumes the rate of future cancer
mortalities due to radiation dose is proportional to the
rate of natural cancer mortalities that would occur if no
rad)ation dose had occurred.

Release fraction. That fraction of total radioactive mate-
rial in process or in storage which is assumed released
from primary confinement in dispersible form by a
postulated accident. See Section V.B.

Rermoval factor. A factor by which the released radio-
nuclides are removed by engineered means (absorption
beds, filters, sprays, etc.). See Section V.C.

Respirable fraction. The mass associated with airborne
particles whose aerodynamic equivalent diameter is less
than 10 um.

Respiration rate. The rate at which a full respiratory
cycle takes place (inhalation and exhalation).

Risk, risk assessment. See definition and discussion in
Section I11.B.

Safety system. Active systems such as detection systems,
isolation valves and dampers, annunciators, and other
automatic systems required to achieve a high level of
safety in normal operations or safe shutdown in the
event of an accident.

Site boundary. Usually tlie boundary of the property
over which the owner or operator can exercise strict
control without the aid of outside authorities. The site
boundary does not have to be a fence or other physical
barrier. See discussion in Sections I11.B.2 and IIL.B.5.

Solubility class. One of three classes of biological half-
times (tg) established by the ICRP to indicate rate of
clearance of radionuclides from the pulmonary region of
the lungs: Class D, 1 to 10 days; Class W, 10 to 100 days;
and Class Y, more than 100 days.

Somatic effects. Harmful effects of an agent (such as a
radioactive material) within the body of the person or
animal receiving dose, rather than in offspring of the
receptor.

Source term. The amount of radioactive material avail-
able for release after the release fraction from primary
confinement is applied; it is therefore the amount of
radioactive material released from primary confinement
in dispersible form.
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SRP. Savannah River Plant.

Stochastic effects. A radiation effect where the
probability of occurrence, rather than severity, is a
direct function of dose; a radiation effect occurring
without threshold, such as hereditary effects and
carcinogenesis.

38

Tidal Volume. Volume of air inspired or expired during
each respiratory cycle.

UBC. Uniform Building Code.

Unfavorable dispersion factor. The dispersion factor
(x/Q) which is exceeded by 0.5% of the hourly %/Qs
observed in the sector and at the distance to the person
whose dose is to be calculated.



APPENDIX B

RADIATION DOSE AND HEALTH EFFECTS

I. INTRODUCTION

Radiation health effects data were reviewed with
these objectives: to provide recommended health risk
factors for consideration of public health effects, and to
review the method for calculating effective dose equiva-
lent where more than one organ receives significant dose
from a single intake of radioactive material.

Appropriate health risk factors are in debate within
the radiation health and epidemiological communities
and major uncertainties exist. However, public health
effects from routine operation and potential accidents in
nuclear facilities have come under scrutiny and deserve
consideration.

Whether health risk estimates need to be reported will
probably depend on the magnitude of the dose. If the
estimated dose is lower than annual background radia-
tion, it would cause little additional health risk. Report-
ing trivial risks would be of little value. However, doses
to individuals in the range between background and the
25-rem siting guideline dose could cause health effects
which may warrant consideration.

Portions of this discussion can be found in greater
detail in a Los Alamos report (Buhl 1984). This report
provides methods of estimating radiation health risk for
use in National Environmental Policy Act (NEPA)
documents prepared by DOE.

II. ESTIMATES OF RADIATION-INDUCED
HEALTH RISK

Estimates of the increased risk of cancer mortality
resulting from exposure to ionizing radiation have been
published by

e the Committee on the Biological Effects of Ionizing
Radiations (BEIR Committee) of the US National
Academy of Sciences in 1972 (the BEIR I report,
BEIR 1972) and in 1980 (the BEIR IlI report, BEIR
1980);

e the United National Scientific Committee on the
Effects of Atomic Radiation (the UNSCEAR Com-
mittee, UNSCEAR 1977, 1982); and

e the International Commission on Radiological
Protection (ICRP 1977).

Different approaches were taken by these organizations
in presenting their risk estimates. Both UNSCEAR and
the ICRP published age-averaged and sex-averaged risk
coefficients, giving the incremental lifetime risk of an
individual dying of a radiation-induced cancer either
per unit absorbed dose (UNSCEAR) or per unit dose
equivalent (ICRP). The BEIR Committees on the other
hand, tended to publish age- and sex-specific risk rates,
giving the annual risk of dying of cancer in terms of age
at exposure and elapsed time since the exposure.

The first approach has the advantage of simplicity. If
the cumulative organ dose to a population in an assess-
ment area is given, the number of health effects resulting
from that dose is easily estimated by multiplying the
cumulative organ dose by the risk factor for that organ.
However, if the population at risk were significantly
different from the population over which the risk factors
had been averaged (for example, if the population con-
sisted of male radiation workers between ages 20-25),
the estimate of health effects using an age- and sex-
averaged risk factor may not be representative.

This difficulty is remedied by using the second ap-
proach, which employs risk-rate coefficients for each sex
and age group. The enhanced flexibility in this ap-
proach, however, is offset by an increased complexity.
Input data required to perform this health effects calcu-
lation include the population distribution by age and
sex, life table for each sex, and if a relative risk projec-
tion model is used, cancer mortality rates by age and
sex.

The risk estimates from BEIR III age- and sex-
averaged lifetinie risk factors were calculated from the
BEIR III risk-rate factors (when lifetime risk factors
were not given). These estimates are listed in Table B-I
for the most important organs of concern. In obtaining
the BEIR III lifetime risk factors, we used a life-table
calculation with the 1980 US population distribution by
age and sex (US Bureau of the Census 1982) and the US
decennial life tables (US National Center for Health
Statistics, 1975).

The BEIR III lifetime risk estimates were calculated
using the linear (L) dose response curve, which assumes
that the cancer risk increases linearly with dose (for both
low-LET and high-LET radiation); the quadratic (Q),
which assumes a quadratic model to provide a lower
bound (low-LET radiation only); and the linear-quad-
ratic (LQ) (low-LET radiation only), which is an inter-
mediate estimate. The BEIR III Committee recom-
mended that a linear-quadratic model be used for low-
LET radiation. However, the linear function may be
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preferable in view of the recent reassessment of the
doses at Hiroshima-Nagasaki, which has resulted in a
reduction of the estimated neutron flux, especially at
Hiroshima. The linear dose response function is less
affected by changes in the neutron relative biological
effectiveness and neutron flux and at this time would
appear to conservatively estimate the risk of cancer
induction by radiation (Buhl 1934).

For completeness, the risk of serious genetic disorder
in all subsequent generations that may result from ex-
posure to ionizing radiation has also been included in
Table B-1. This risk was taken as the equilibrium risk
from the UNSCEAR and BEIR III reports, since as
pointed out in BEIR III, “the total of all serious* genetic
effects that will be expressed over all future generations
as a consequence of exposure limited to a single genera-
tion, is numerically equal to the total for each generation
in the equilibrium situation” (BEIR 1980). The genetic
risk estimator recommended by the ICRP was adopted
(ICRP 1977), in which the risk of serious hereditary ill
health in the first two generations was estimated to be
100 X 10~%/rem and of the same magnitude in later
generations. The total risk was taken by the ICRP to be
200 X 107%/rem.

Risk estimates applied to postulated accident cases
should be derived from similar exposure modes where
possible. Similarity in radiation type, exposure
pathway, dose rate, population makeup, and clearance
time would be ideal but is seldom available. What
choices should be made when similarity is lacking, or
whether differences can be tolerated, is a major ques-
tion.

The major points to be made (each considered ap-
plicable to health effects considerations in accident anal-
yses) are as follows:

® Primary reference. The BEIR III report can be
relied upon heavily in arriving at recommended
risk factors, primarily because the BEIR III report
is the most recent, thereby benefiting from input
from the earlier reports and from experimental
data reported in the meantime. Extensions of the
BEIR III report results were made to broaden its
areas of applicability.

® Population comparability. Use of age- and sex-
averaged cancer risk factors is recommended for
estimating health risk in a population similar to the
1980 US population (or a population of unknown
makeup, but probably similar to the 1980 US
population). These factors are basically the same as
those listed in Table B-1. A a more detailed calcula-

*Autosomal dominant and x-linked; irregular inherited, re-
cessive, and chromosomal aberrations (BEIR 1980).
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tion might be preferred for estimating health risk
from an exposure of a population much different
than the US population (that is, a nearby work
force composed primarily of men aged 25 to 30 yr).
A computer code is available for this purpose (Buhl
1984). Use of risk factors averaged by age and sex
over the US population may lead to differences of
up to a factor of 2 or 3 from a similar treatment of
exposed population with more extreme age and sex
distributions. The analyst would evaluate the
significance of this uncertainty and decide whether
a more detailed calculation is appropriate.

Reporting health risk. When results of health risk
calculations are expressed, many options are avail-
able. As shown in Table B-I, the BEIR III report
expressed organ cancer risks from low-LET radia-
tion in terms of linear, linear-quadratic, and quad-
ratic dose response equations, each modified by an
absolute or relative risk projection model. Other
than an indication of the lower limit of uncertainty
in risk estimation, the quadratic calculation is not
considered to acceptably fit dose response data.
The linear-quadratic form, although recommended
by the BEIR III Committee as a preferred central
value, has recently come into question following
review of Hiroshima-Nagasaki gamma and neu-
tron doses. Until the ensuing recalculation is com-
pleted and accepted by radiation protection bodies,
use of a model which conservatively estimates risk
is advisable. The linear model is unanimously con-
sidered by UNSCEAR, BEIR III, and ICRP to
overestimate low-LET radiation risk. For most
cases, risk results calculated by the linear model are
considered also suitable for use as an upper limit of
uncertainty. The range bounded by the absolute
risk projection and the relative risk projection of
the linear estimate are considered appropriate for
expressing risk results of accident analyses (Buhl
1984).

Dose rate and level considerations. The NCRP rec-
ommends a reduction of linearly extrapolated total
cancer risk from whole-body low-LET radiation, if
the exposure is at low doses and low dose rate. This
allowance compensates for the effect of biological
repair mechanisms. Reducing the risk factor in the
all-cancer category for whole-body radiation (in
Table B-I) by a factor of two would be appropriate
if the dose rate were less than S rad/year and the
dose level were less than 20 rad.



TABLE B-1. LIFETIME R1SK OF DYING OF A RADIATION-INDUCED CANCER (Cancer Deaths/10° Person-Rad)

Low-LET Radiation (beta, gamma, x-ray radiatlon)

High-LET Radiation (alpha radiation)

BEIR 111 BEIR 111*
Absolute Relative Absolute Relative
UNSCEAR 1ICRP Risk Risk UNSCEAR ICRP* Risk Risk

All Cancers 100 100 167(L) 501 (L) — — - -
(Whole-Body (75-175) 77(LQ) 226 (LQ) — — — -
Radiation) 14Q) 28(Q)
Breast 25¢ 25° 36 23 — 500° — —
Bone Surface 2-5 5 -140- 20-50 100 -274-
Lungs 25-50 20 100 270 200-450 400 800-1500° 2 200-4 000°
Liver 10-15 <10 15 56 100 <200" 300 —
Thyrold 515 s 26 170 — 100 — —
Leukemia 15-25 20 -585(L)- §0-55' 400 -
(Red Marrow) - —_ -23(LQ)- —_ —_ —_

- - -3(Q)- - - -
Genetic
Disorder® 149* 200 60-1 100 — 4000 1 200-22 000

L = linear dose response, LQ = linear-quadratic, Q ="quadratic.

*The L-L model was used in making these risk estlmates.
A quality factor of 20 has been assumed.

“The breast cancer risk for women has been reduced by 50% for the general population.

“The BEIR 111 report lists a dose-squared exponential fraction and a llnear fraction to exg the dose-resp

lnear fractlon is given here.

“The RBE of alpha radiation for lung cancer is 8-15 (BEIR 1980, p. 327).
Calulated from the Thorotrast patiemis* data.

SNumber of serlous disorders in all subsequent gencrations.

for bone cancers. For convenlence, only the

¥The quoted risk factor of 149 X 10¢ genetic disorders per rad is taken from UNSCEAR (1982). Thls value supersedes the previons value of 185 X 10¥/rad glvenln

UNSCEAR (1977).

III. EFFECTIVE DOSE EQUIVALENT

Doses calculated for potential accidents can be com-
pared with guideline doses existing for individual or-
gans in a straightforward manner, unless significant
dose is calculated for more than one organ. In this case,
a method is needed to consider the contribution of each
organ dose to possible delayed health effects. The
purpose of this appendix is to review existing health
effect data (Table B-I) and suggest a method which
could be used to evaluate a quantity equivalent to a
single-organ dose. For the purposes of the Guide, the
desired quantity is called effective dose equivalent and
is related to the whole-body dose. The effective dose
equivalent may be compared with the 25-rem whole-
body dose limit proposed for DOE Order 6430.1,
Chapter I. The effective dose equivalent may be derived
by establishing a risk equivalence between mulitiple-
organ doses and a single whole-body dose. Establishing
this risk equivalence was suggested earlier by Strom and
Watson (Strom 1975) and by the ICRP (ICRP 1977).
The ICRP states in ICRP 26 that the risk of delayed
mortality should be treated the same whether the whole
body is irradiated uniformly or whether several organs
receive the dose. Derivation of organ weighting factors

from health effects data available in 1976-1977 allowed
ICRP to calculate an effective dose equivalent. A similar
method for calculating weighting factors is recom-
mended, although not necessarily using the ICRP 26
organ risk factors. The finalized risk factors calculated
from BEIR III (Table B-I) after review by
epidemiologists and health scientists will probably be
adopted. In the meantime use of weighting factors in
ICRP 26 (ICRP 1977) may be appropriate.

REFERENCES

BEIR 1972: National Academy of Sciences, National
Research Council, Advisory Committee on the Biologi-
cal Effects of Ionizing Radiations, “The Effects on
Populations of Exposure to Low Levels of Ionizing
Radiation” (National Academy of Sciences, Washing-
ton, DC, 1972).

BEIR 1980: National Academy of Sciences, National
Research Council, Committee on the Biological Effects
of Ionizing Radiations, “The Effects on Populations of
Exposure to Low Levels of Ionizing Radiation” (Na-
tional Academy Press, Washington, DC, 1980).

41



BUHL 1984: T. E. Buhl and W. R. Hansen, “Estimating
the Risks of Cancer Mortality and Genetic Defects
Resulting from Exposures to Low Levels of lonizing
Radiation,” Los Alamos National Laboratory report
LA-9893-MS (May 1984).

ICRP 1977: “Recommendations of the ICRP,” Interna-
tional Commission on Radiological Protection Publica-
tion 26 (1977).

STROM 1975: P. O. Strom and E. C. Watson, “Calcu-
lated Doses from Inhaled Transuranium Radionuclides
and Potential Risk Equivalence to Whole Body Radia-
tion,” International Atomic Energy Agency report
TIAEA-SM-199/114 (1975).

UNSCEAR 1977: United Nations Scientific Committee
on the Effects of Atomic Radiation, “Sources and Ef-
fects of lonizing Radiation” (United Nations, New
York, 1977).

42

UNSCEAR 1982: United Nations Scientific Committee
on the Effects of Atomic Radiation, “Ionizing
Radiation: Sources and Biological Effects” (United Na-
tions, New York, 1982).

US Bureau of the Census 1982: “Preliminary Estimates
of the Population of the United States by Age, Sex, and
Race: 1970 to 1981,” US Bureau of the Census, Current
Population Reports, Series P-25, No. 917 (US Govern-
ment Printing Office, Washington, DC, 1982).

US National Center for Health Statistics 1975: “United
States Life Tables: 1969-71,” US Department of Health,
Education, and Welfare Publication (HRA) 75-1150
(US Government Printing Office, Washington, DC,
1975).



APPENDIX C

RISK ASSESSMENT METHODS

I. INTRODUCTION

Risk is the combination of probability of the occur-
rence of a serious event and the possible consequences
of the event, either to persons, facilities, or the environ-
ment. Various procedures have been employed for the
determination of estimated risks, including de-
terministic, probabilistic, judgmental, and cost benefit
(Rhyne 1983).

In deterministic assessment, specific releases are pos-
tulated without an identified mechanism causing the
release and without any known probability of occur-
rence. The primary example of this is the large “loss of
coolant accident” assumed for LWRs. A calculated
consequence such as a radiological dose is compared
with some upper limit, with the facility site considered
acceptable if no consequence exceeds this limit. No
inference of the safety of the reactor is made in this
assessment, only of the legal acceptability of the site.

Probabilistic criteria provide an upper limit on the
probability that a consequence will exceed a given value
and thus require that all events which could contribute
significantly to perforniance criteria be considered. Al-
though inherently more complex and requiring more
data, this method provides greater insight into potential
system failures.

Judgmental procedures are useful when acceptability
criteria are not explicitly defined and are left to the
judgment of the analyst or the regulator. This procedure
is not considered a viable basis for many safety review
criteria.

The cost-benefit criteria are attempts to compare the
expected costs with the expected benefits using a com-
mon value system; however, there is a difficulty in
placing a common value on human life and injury.
While used in some NRC regulatory processes, deci-
sions based upon this method are usually of a relatively
narrow scope rather than the basis for the entire process.

Current regulatory processes consist largely of overall
safety criteria developed over several decades. The
analyst reviews the design to assure that the criteria
have been met. Current DOE and NRC criteria are
largely deterministic and are based on scenarios and
values that have been used in the past. For a number of
reasons, probabilistic methods are presently used more
to supplement deterministic methods than to replace
them.

Of the three approaches considered acceptable for
use, the deterministic approach has the advantages of
greater familiarity and wider acceptance by reviewers
including the lay public, less complexity, and generally
taking less time to perform the analysis. Its major
disadvantage is the lack of formal structure which al-
lows greater variety of results, depending on the judg-
ment of the analysts. NRC is encouraging greater use of
probabilistic methods (NRC 1983). Although they result
in a more comprehensive analysis, the probabilistic
methods require extensive training of the analyst and
extensive supporting data.

In performing a deterministic risk analysis, the
analyst starts with a known or conservatively assumed
sequence of events leading to a major release. Conse-
quences of the release are calculated and then compared
with a given upper limit. If the postulated consequences
do not exceed this upper limit, the facility site and major
design features are acceptable under this event. The
calculations are repeated for each event and can be
repeated for the contributions between interrelated or
possible contributing events which might mitigate or
enhance a given accident.

The analyst starts a probabilistic analysis with the
consideration of all events which can contribute to the
performance (failure) of all of the given systems, assign-
ing a probability value to each component of the system.
Usually this probability is the possibility of a failure per
unit of time, obtained from historical data and failure
records and also best estimations. One then considers
the magnitude of both the probability and the potential
consequences to arrive at an assessment of the risk
presented by the particular failure. An estimate is made
of the consequences possible through a stated chain of
events. While more complex and requiring a greater
amount of time and data, this method provides greater
insight into potential system failures and potential inter-
actions of the set of systems. For example, failure of a
second system may produce amplification of the conse-
quences postulated from a prior failure.

One approach is to use a combination of the de-
terministic and the probabilistic methods, starting with
the deterministic method and following with probabilis-
tic risk analysis as a confirmatory process. Useful tools
for these techniques are available, including fault tree
analysis (NRC 1981) and the Management Oversight
Risk Tree (MORT) diagrams (MORT 1975, Briscoe
1979). These must be coupled with adequate data bases.
The safety analyst uses these to
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e identify sources of energy within a system which
are large enough to cause a major release of radioac-
tive or otherwise hazardous material,

e identify the conditions under which this material
could be released as well as the factors which could
amplify or mitigate the release, and

e estimate the probability and magnitude of the pos-
tulated release and estimate the consequences of
the postulated release.

This same procedure is followed for each step from the
initiating event, through the entire system, to the esti-
mation of the consequences to the facility, the people
exposed, and the environment. For whatever method
and tools are used by the safety analyst in the assessment
of risks, it is extremely important that the methods,
estimations, and calculations be adequately supported
by documentation and examples, to allow reviewers to
approximate the steps in the analysis and validate the
conclusions of the analyst.

II. QUALITATIVE RISK METHODS

A qualitative or relative risk evaluation approach
currently in use (Lucas 1981, ANSI 1976, Brynda 1981,
DOD 1977, ORO 1984) requires subjective judgment in
assigning an accident to a probability class, for example,
anticipated, unlikely, extremely unlikely, or incredible.
These classes may be assigned ranges of numerical
probabilities. A dose guideline may be selected depend-
ing on the analyst’s determination of probability class;
the more probable the accident, the lower the dose
guideline selected. This method leaves more to the
analyst’s judgment but provides a systematic approach
to risk assessment.

III. QUANTITATIVE RISK METHODS

Quantitative methods are currently in use at DOE
nuclear facilities (Durant 1980, 1981; Lucas 1981). Acci-
dent probabilities are based on incident frequencies
recorded in extensive data bases. Because the rela-
tionship between frequency of incidents (component
failures, operator errors, etc.) and accident probability is
not well known, subjective judgment cannot be com-
pletely eliminated from the process. However, for-
malized risk assessment methods such as PRA (probabi-
listic risk assessment) (NRC 1983) and fault tree analy-
sis (NRC 1981), coupled with an adequate incident data
base, can be valuable tools in evaluating the risks as-
sociated with a facility. A conservative risk limit may
also be applied in conjunction with this risk evaluation
method.
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For many DOE facilities, an adequate incident data
base may not exist, preventing an estimate of the
probability of occurrence of a certain event. Because
broadly accepted risk guidelines do not presently exist
and present experience is not adequate to allow calcula-
tion of the probabilities of most accidents, adoption by
DOE of a risk assessment method is not recommended.
The probabilistic methods certainly provide a useful
supplement to the deterministic method currently in use
and should be continued by local option.
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APPENDIX D

DISPERSION CALCULATION METHODS

1. BASIC DISPERSION EQUATION

To calculate downwind doses from an accidental
release of radioactive material, air concentrations of the
gas or airborne particulate material must be determined.
The straight-line Gaussian dispersion equation is typi-
cally used. The Gaussian formula for the air concentra-
tion, %, at a downwind location (x,y,z) may be found in
Slade (1968).

Air concentrations should be calculated for 16 com-
pass directions (22.5° sectors centered on north-north
northeast, etc.).

The Gaussian dispersion model is estimated to be
accurate to within a factor of 2 for distances of 0.1 to
10-20 km when onsite meteorological tower data are
available and conditions are reasonably steady and
horizontally homogeneous (AMS 1978). Beyond 20 km,
Gaussian dispersion calculations can only be considered
to be order-of-magnitude estimates. Conditions which
will reduce the accuracy of the Gaussian dispersion
calculations include aerodynamic wake flows, rough or
urban terrain, very buoyant or dense gases, or dis-
persion under very stable or unstable conditions.

The use of the Gaussian model may not be ap-
propriate for reactive gases and particulate matter.
Alternative methods accounting for possible trans-
formations should be investigated. The dispersion of
dense gases is discussed by Britter (1979, 1980, 1983).

II. DISPERSION PARAMETERS/STABILITY
CLASSIFICATIONS

The horizontal and vertical dispersion coefficients, o,
and o,, required for the Gaussian dispersion equation
can be estimated from measurements of the standard
deviation of the wind angles or by estimating the at-
mospheric stability and using a set of curves which are a
function of downwind distance and stability. If
measurements of o, the standard deviation of the
horizontal crosswind component of the wind, are avail-
able, oy is estimated from the formula o, = oexflx),
where x is the downwind distance from the source.
Several sets of functions have been presented for f{x)
(Cramer 1976, Draxler 1976, Horst 1979, Irwin 1979A,
Pasquill 1976); some of these functions have been re-
viewed by Irwin (1983).

If measurements of oy are not available, the stability
class must be determined. Several methods for estimat-
ing stability class are currently in use (Turner 1970,
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NRC 1974, NRC 1983). The NRC has also issued
regulatory guides which apply to specific facilities; Reg-
ulatory Guides 1.4 (NRC 1974A) and 3.33 (1977A) are
typical. One of the more widely used methods, the
vertical temperature gradient (AT) method (Hanna
1977, NRC 1983), has the disadvantage of not assessing
the mechanical component of turbulence, that is, wind
shear and surface roughness. Thus, one of the other
methods, including both the effects of buoyancy and
mechanical mixing, may be a better selection. The Rich-
ardson number, bulk Richardson number, and Monin-
Obukhov length (Golder 1972) can also be used to
determine the stability class. '

Functions relating measurements of c,, the standard
deviation of the vertical wind angle, to o, have been
presented (Draxler 1976, Cramer 1976, Pasquill 1976,
Irwin 1979A). However, determining o, directly from o,
has not been recommended by the American Meteoro-
logical Society (Hanna 1977) as the standard method for
determining o, because of the difficulty in making ac-
curate measurements of o.. Thus the atmospheric stab-
ility class can be determined in a manner similar to that
described for o, and o, is then determined from a set of
curves. Many sets of curves are available for determin-
ing o, and o, depending on the source height, averaging
time, etc. For o,, the AMS (Hanna 1977) has suggested
that Pasquill-Gifford (Gifford 1961) curves and the
McElroy-Pooler (1968) urban curves are acceptable if
adjustments are made for sampling duration and sur-
face roughness. Curves presented by Briggs (1973) for o,
and o, have combined data from the Pasquill-Gifford,
Brookhaven, and TVA curves for dispersion from
elevated sources. Lamb (1979) has presented equations
for o, (and the effective release height h) for nonbuoyant
releases into an unstable atmosphere. Some site-specific
dispersion curves have also been developed (Yanskey
1966, Fuquay 1964) which are the most appropriate
choices for those sites.

Curves describing plume dispersion are often used to
describe the dispersion of a puff release. However, puff
releases initially have a faster rate of growth than
plumes (Hanna 1982). Gifford (1977) has summarized
22 experiments of relative (puff) diffusion showing
cloud width proportional to (time)*? for travel times
between 1000 and 3000 s. Beyond 10 000 s (2.78 h), the
puff growth rate slows to approximately a linear de-
pendence on time. A method for calculating puff dis-
persion coefficients is presented by Hanna (1982). To
account for the size of the puff at the release point, the
dispersion coefficients should be initially set equal to
(puffradius)/2.15 (Turner 1970).



III. RELEASE EFFECTS

The dispersion equations may require modifications
due to plume rise or building wake effects. The specific
modifications are presented in the sections dealing with
those topics.

A. Plume Rise

Equations appropriate for the description of buoyant
and momentum plume rise have been presented by
Briggs (1969, 1975). The reader is referred to these
sources for a complete presentation of these plume rise
equations. An expression for the cloud rise from a high-
explosive detonation has been presented by Church
(1969). The vertical dispersion coefficient, 6,, may also
require modification due to plume rise. Pasquill (1976)
has suggested that o, be enhanced for a buoyant plume.

B. Stack and Building Wake Effects

If the exit velocity of a stack release is less than 1.5
times the wind speed at stack height, stack tip down-
wash is considered. Briggs (1973) presents a method for
calculation.

If the release height is less than two and one-half
times the height of the building or adjacent solid struc-
ture, building wake effects are considered. Hosker
(1981) and NRC (1982) present guidance for the selec-
tion of appropriate equations to assess building wake
effects.

IV. DISPERSION EFFECTS

As the cloud of released material moves downwind, a
number of processes may affect the air concentrations.
These include radioactive decay, plume trapping by an
inversion, dry deposition, etc. The necessary modifica-
tions to the dispersion equation are presented in the
following sections.

A. Radioactive Decay

The amount of radioactive material will be affected
by radioactive decay and daughter product buildup as
the release travels downwind. These effects are ac-
counted for in the decay and buildup models cited in
Section V.A,, Source Terms.

B. Inversion Lid

As the release travels downwind, its vertical spread
can be limited by the presence of an inversion or by the
mixing height. The Gaussian dispersion equation is
modified to consider reflection from this elevated stable
layer. The Gaussian equation is adjusted to include
reflection from a stable layer by adding terms according
to Turner (1970). Climatological estimates of mixing
heights can be obtained from Holzworth (Holzworth
1972). Hourly estimates of mixing heights can be made
using radiosonde data, acoustic sounder measurements,
or a parametric relationship which specifies mixing
height as a function of other boundary-layer parameters
(Arva 1981, Venkatram 1980, Benkley 1979). The value
of the vertical dispersion coefficient, o,, should be lim-
ited to the depth of the mixing layer or the inversion
height. Alternatively, the Gaussian dispersion equation
can be used without modification if ¢, is limited to 0.82,
where ¢ is the depth of the mixing layer. Beyond the
distance where o,=%, the material is spread uniformly
between the ground and the lid. The air concentration
can then be expressed in a simpler form of the Gaussian
equation (Turner 1970).

C. Fumigation

High ground-level concentrations can be produced
during fumigation conditions (Hanna 1982). These con-
ditions can occur in the proximity of large bodies of
water (NRC 1982) or for a short period following sunrise
when a surface-based inversion is present. Modifica-
tions to the Gaussian equation to account for fumiga-
tion are presented by Turner (1970) and Hanna (1982).
Guidance on the length of time fumigation conditions
may be observed is provided by NRC (1982). Idaho
National Engineering Laboratory uses 1-h duration if
release height exceeds 75 m and 15-30 min for lower
release heights.

D. Terrain

Under unstable or neutral atmospheric conditions, an
airborne release will tend to rise over downwind terrain
obstacles. However, the original effective release height
above the terrain will not be maintained. The effective
release height should be reduced by the terrain height or
the release height divided by 2, whichever is smaller
(Briggs 1973). Under stablz atmospheric conditions, the
release will not rise with the terrain and so may impinge
on the ground if the obstacle is sufficiently tall.

If a release impacts elevated terrain, an artificial jump
in the concentration at the terrain feature can occur due
to the reflection term in the Gaussian equation (Egan
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1979). This effect can be corrected by the requirement
that along the axis of maximum concentration, the
concentration cannot increase with distance.

Under stable conditions, diffusion in a valley is lim-
ited by the valley walls. When the width of the valley, w,
is equal to 2o,, the highest concentrations occur along
the valley wall. These may be calculated as shown by
Hanna (1982).

Another approach to estimating concentrations in
complex terrain under neutral and stable conditions is
to define an amplification factor, the ratio of the max-
imum concentration occurring in the presence of terrain
to the maximum concentration from the same source
located in level terrain. Snyder (1983) has summarized
several wind-tunnel and towing-tank studies which
have been performed to define amplification factors for
sources located in various positions with respect to
terrain features.

Complex terrain can also increase the horizontal and
vertical dispersion of a plume or puff as it travels
downwind. If the Pasquill-Gifford stability typing
scheme is used for a location in complex terrain, it has
been suggested (Strimaitis 1981) that during nighttime
stable conditions, the Pasquill-Gifford stability should
be changed by one class toward unstable to reflect the
increased dispersion. Where possible, onsite data
should be evaluated to determine appropriate modifica-
tions of dispersion parameters in complex terrain.

E. Dry Deposition

Ground deposition can be estimated by multiplying
the radionuclide concentration in air at ground level by
a deposition velocity representative of the particles in
the cloud. Deposition velocities for unit-density
spherical particles, 0.1- to 100-um D, range from 107
to 25 cm/s. A common assumption is that deposition
velocity varies from 0.1 to 10 cm/s with an average of |
cm/s (Sehmel 1980).

Dry deposition for gases is treated in the same man-
ner as particulate material. Deposition velocities for
gases range from 10™ to 10 cm/s; 1 cm/s is often
assumed for deposition calculations (Sehmel 1980).
Noble gases should be treated as having a zero depo-
sition velocity.

If ground deposition is calculated, downwind air
concentrations are modified to reflect the effective de-
crease in the source term. This is done by replacing the
total emission, Q, in the dispersion equation with Q(x),
the source remaining at a downwind distance, x (NRC
1983) Overcamp (1976) has presented a modified
Gaussian plume model for calculating dry deposition of
fine and heavy particles and gases. It combines a down-
ward sloping plume to account for settling and a con-
stant deposition velocity.
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F. Wet Deposition

Plume depletion from wet deposition may be con-
sidered for determining the total amount of material
deposited on the ground following the release. In gen-
eral, wet deposition should not be included in the
calculation of air concentrations unless it can be shown
that the release has a strong probability of occurrence
during a rainstorm or snowstorm.

The amount of material deposited on the ground can
be calculated as a function of the air concentration
(NRC 1983). The air concentration may be reduced by
washout as it travels downwind (Hanna 1982). A
scavenging coefficient can be determined as a function
of rainfall rate and a stability-dependent coefficient
according to Ritchie (1978).

V. METEOROLOGY

The meteorological variables required for evaluating
downwind air concentrations are typically developed
from 2-3 yr of data collected at a location representative
of the site of the release (Strimaitis 1981) or are con-
servatively specified as Pasquill Type F and wind speed
of 1 m/s. Guidance for onsite meteorological measure-
ment programs, including instrument location and
measurement techniques, is presented by Strimaitis
(1981). The estimation of wind speed at release height is
discussed by Irwin (1979B) and Hanna (1982). The
treatment of calm winds is discussed in NRC (1977B)
and Hanna (1982). Two meteorological categories, me-
dian and unfavorable, are suggested for accident-release
dispersion calculations. Because accident releases are of
short duration, the median and unfavorable dispersion
factors are assumed to be constant during the duration
of the release. Descriptions of unfavorable and median
categories are provided below.

A. Unfavorable Dispersion

To calculate the concentration to which the exposed
person is exposed under unfavorable conditions, hourly
dispersion factors (x/Q) should be calculated at the
distance of the offsite person. For each of 16 sectors, a
cumulative probability distribution of % /Qs should be
constructed. The i /Q value that is exceeded by 0.5% of
the total number of hourly %/Qs in the data set is the
“unfavorable” dispersion factor for that sector. For
example, if the data set comprises 8760 observations,
the 0.5% % /Q for the sector is the 1 /Q exceeded by 0.005
x 8760 or 44 observations. The sector having the highest
unfavorable dispersion factor defines the wind direction
assumed to occur during the release, and the un-



favorable dispersion factor in this sector is used to
calculate the desired dose.

The 0.5% y /Q was selected for consistency with NRC
Regulatory Guide 1.145 (NRC 1982). The 0.5% sector
% /Q was chosen by the NRC as being consistent with the
5% direction-independent % /Q (NRC 1981), while al-
lowing the consideration of the directional dependence
of atmospheric diffusion conditions. Thie NRC retained
arequirement in Regulatory Guide 1.145 for comparing
the highest 0.5% sector 3 /Q with the 5% direction-
independent % /Q and selecting the highest for dose
calculations. However, from a parametric study (NRC
1981), it was judged that for most sites the 0.5% x /Q will
be the most conservative 3 /Q and the comparison with
the 5% direction independent % /Q need not be included.

B. Median Dispersion

To calculate the concentration to which the max-
imally exposed person is exposed under median condi-
tions, a similar procedure is followed. For each sector in
which the person is located, hourly dispersion factors
are calculated for the distance to the person from the
point of release. A cumulative probability distribution
of x/Qs is developed, and the %/Q which is exceeded by
50% of the hourly dispersion factors in that one sector is
defined as the “median” dispersion factor. The sector
having the highest median dispersion factor defines the
wind direction assumed to occur during the release, and
the dispersion factor in this sector is used to calculate
the desired dose.

C. Population Dose

To calculate the population dose, the release is as-
sumed to travel in the direction having the largest
nearby population. The meteorological conditions
producing the unfavorable dispersion factor for this
sector are used to calculate the dose to the people in that
sector. If there are population centers in several direc-
tions from the release, several sectors may require
evaluation to determine the largest population dose.

It is not considered necessary to expose the entire
population to the concentration at the cloud centerline.
Integrated activity concentrations over the area contain-
ing people and the actual population density in those
areas would be used to calculate population dose.
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APPENDIX E

DOSE METHODS

I. INTRODUCTION

Doses to whole body and to specific organs from a
postulated accident are calculated for comparison with
the site criteria doses proposed for Chapter I of DOE
Order 6430.1. Contributions to dose from the accident
case come primarily from radioactive material inhaled
during cloud passage and direct radiation to the whole
body received while immersed in the cloud. Other
possible sources of dose (ingestion by the cow-milk-
human or crop-food-human pathways, direct radiation
from the facility, or delayed exposures from con-
taminated water or land) are secondary contributors
which may require evaluation under special conditions.

II. INHALATION DOSE MODELING

Inhalation dose depends on the time-integrated
radionuclide activity concentration (Ci*s/m*® or
Bq - s/m3), the breathing rate of the subject (m?3/s), the
fraction of the inhaled radionuclide reaching the organ
of interest, and the organ dose conversion factor
(rem/Ci or Sv/Bq). Recommendations are made in the
choice of parameters to calculate these major dose-
related factors.

A. Organ Dose Conversion Factors

Dose to an organ depends on how soon the radio-
nuclide clears the lungs, how much of'it is transferred to
the organ through the bloodstream, and how much and
how long it is retained by the organ tissue. Several
models are available which also account for dose re-
ceived by an organ from nearby organs containing
radioactive material.

The primary methods used to calculate dose or dose
conversion factors have been published by the Interna-
tional Commission on Radiological Protection (ICRP),
an authoritative radiation protection organization. The
various contractors and offices in the DOE are in vary-
ing stages of transition from the ICRP Publication 2
models for lung, bone, and other organs (ICRP 1959) to
the recent models in ICRP Publication 30 (ICRP 1979,
1980). More complex than ICRP 2, the ICRP 30 models
account for dose to (target) organs from beta- or gamma-
emitting nuclides deposited in neighboring (source) or-
gans. This added complexity accounts for no change in
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dose if the nuclide is an alpha emitter but may be quite
large for some organs if the nuclide is a gamma emitter.
For example, lung dose directly from deposited

137Cs-137Ba (Class D) would be only 0.0025 rem/Ci (6.8 x -

1071°Sv/Bq), while dose from neighboring organs would
contribute an additional 0.014 rem/Ci (3.8 x 10~
Sv/Bq). Dose calculations for mixed fission products
generally yield higher results with the ICRP 30 models
than with earlier models. The major differences in the
ICRP 2 and ICRP 30 models have been discussed in
several publications (Bair 1979, Runkle 1981).

The apparent movement toward adoption of ICRP 30
models is considered favorable based on the following
observations:

® The methods are recommended by a recognized
international commission whose earlier recom-
mendations have been broadly accepted.

e The methods are believed to be made more ac-
curate by the source-target dose refinement de-
scribed above and by updated transfer fractions
incorporated in it.

® Progress is being made toward adoption of ICRP
30 models or variations of them by NRC, EPA, and
other US agencies, such as the current revision of
10 CFR 20 occupational dose standards by NRC.

® DOE is currently revising Chapter XI of DOE
Order 5480.1A to provide ICRP 30-based exposure
limits.

Computer codes based on models other than ICRP 30
generally yield comparable results for alpha emitters if
common input parameters are used. The major sources
of variation come from choice of quality factor, organ
mass, transfer fraction, compound solubility (clearance
rate), and dose model for some organs. The organ dose
models and major parameters used in the major dose
codes are described in later sections.

Since ICRP has converted to the International Sys-
tem of Units (SI), using sievert (Sv) for dose equivalent
and becquerel (Bq) for activity, similar usage within the
DOE adds convenience for those offices using the ICRP
30 models. According to DOE Order 6430.1, increased
use of SI units is encouraged on a voluntary basis. In this
transition period, it is suggested that quantities in other
units be accompanied by converted quantities in SI
units.



B. Lung Clearance Model

The ICRP Task Group on Lung Dynamics (TGLD)
model (ICRP 1966) has been incorporated into most of
the computer codes presently in use within DOE. The
1966 model has been modified slightly in ICRP 19 and
ICRP 30 (ICRP 1979). The form recommended for use
is found in ICRP 30. Regional deposition fractions are
provided in ICRP 30 and its supplements for only one
particle size (1.0-um activity median aerodynamic di-
ameter), although a formula for calculating deposition
fractions of particles of other sizes is provided.

The ICRP lung model is based on these assumptions
and considerations (Bair 1979):

e Irradiation of the lung is more limiting than ir-
radiation of lymphatic tissues, although for some
radionuclide compounds, the average doses to
lymph nodes may be many times greater than the
average lung dose.

o The risk of radionuclides as particles in the lungs is
likely to be less than if the same amount of material
is distributed more uniformly.

® Dose equivalents to specific regions of the
respiratory tract can be estimated; however, be-
cause of the many uncertainties regarding cells at
risk, localization of deposited radionuclides, etc., it
was concluded that such estimates are unwar-
ranted.

¢ In adults, the tracheobronchial region, pulmonary
region, and the pulmonary lymph nodes are con-
sidered as one organ of 1000 g.

e The dose to the nasopharyngeal region was
neglected since it is usually small compared with
other regions.

e Radioactive daughters remain with and behave like
the parent radionuclide.

C. GI Tract Model

The gastrointestinal tract has been partitioned into
four sections (stomach, small intestine, upper large in-
testine, and lower large intestine) according to the bio-
logical model developed by Eve (Eve 1966). The Eve
model has been at least temporarily adopted by ICRP
(ICRP 1977, 1979). The Eve model calculates the dose
at the surface of the bolus (contents), not through the
mucous layer or at the site of the most sensitive cells;
however, application of a 1/100 factor corrects this
defect for alpha emitters (Bair 1979).

The transfer of radioactive materials to body fluids is
estimated from the fraction of a stable element absorbed
into the blood following ingestion (f; values). Values of
f| for a number of classes of compounds are included for
each element (ICRP 1979). For radioactive decay

daughters formed in the GI tract, the value of f; used is
that appropriate for the parent nuclide. Also, the
metabolic behavior of the daughter is assumed to be the
same as that of the parent.

D. Bone Dose Medel

ICRP 30 departs from the ICRP 2 practice, which has
been to adjust volume bone dose for distribution of
surface seekers (Pu and Sr) relative to radium by apply-
ing a distribution factor n of 5. Doses are estimated by
the ICRP 30 model for two regions of bone, both of
which are considered to be at risk for cancer induction
by radiation (Bair 1979):

e Marrow—Since hematopoietic stem cells are as-
sumed to be randomly distributed in the marrow
within trabecular bone of adults, the dose equiva-
lent to the hematopoietic cells is calculated as the
average over the marrow filling the cavities. The
mass of active red marrow in the trabecular bone is
taken to be 1500 g.

® Bone Surfaces—For the osteogenic cells on en-
dosteal surfaces and epithelium on bone surfaces,
the dose equivalent is calculated as the average
over tissue up to a distance of 10 um from the
relevant bone surfaces. The total endosteal area is
taken to be 12 m% The mass of the 10-um-thick
layer is taken to be 120 g.

Several assumptions are made in the absence of data
on the distribution of radionuclides in bone:

e Radionuclides of the alkaline earths (Mg, Ca, Sr,
Ba, Ra) with radioactive half-lives of greater than
15 days are considered to be uniformly distributed
throughout the bone volume.

¢ Radionuclides with half-lives of less than 15 days
are considered to be distributed on bone surfaces.

Bone dose from actinides can be affected by burial of
deposited material by new boune mineral, which is
variable with age of the person and rate of exposure;
however, this effect was considered too complex to be
accounted for in the ICRP 30 model.

E. Particle Size Distribution

As noted earlier, the particle size distribution in a
newly formed cloud changes with time as small particles
agglomerate into larger particles and the larger particles
settle out of the cloud. An estimate should be made of
the particle size characteristic described by activity me-
dian aerodynamic diameter (AMAD) that exists where
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the exposed person receives the exposure. This AMAD
becomes input to the TGLD model, from which comes
regional deposition in the respiratory system. The
AMAD of the respirable fraction [mass associated with
particles whose aerodynamic equivalent diameter (D,,)
is less than 10 um] is the desired input to the TGLD
model, rather than AMAD of all particles remaining in
the cloud. One-micron AMAD has been used widely to
provide a conservative estimate of inhalation dose for
plutonium and uranium aerosols; however, the actual
AMAD may lead to larger doses from accidents involv-
ing particle sizes smaller than 1 pm.

Particle size information for plutonium undergoing
simulated accident conditions is extensive, particularly
the plutonium release studies performed by Mishima
and his colleagues (1965, 1966, 1968, 1973, and others).
Selby (1975) has summarized particle size and concen-
tration data for accident cases involving plutonium.
Kirchner (1966) and Elder (1974) characterized pluto-
nium aerosols in glove boxes and ducts under nonacci-
dent conditions. More recent plutonium aerosol
characterizations have been reported by Raabe (1978).
Information on size and amounts of particles poten-
tially released by accidents in fuel reprocessing or
processes involving materials other than plutonium has
not been located during preparation of the Guide.

F. Compound Solubility

Selection of compound solubility can cause broad
variability in results of dose calculations, as can be
observed in the ICRP lung model (ICRP 1966).
Clearance of inhaled materials in the ICRP lung model
is described by D, W, or Y classification: D for those
with a pulmonary clearance half-time of less than 10
days, W for 10 to 100 days, and Y for greater than 100
days. Radionuclide compounds have been assigned to
one of these classifications by ICRP (ICRP 1980). The
ICRP assignments to solubility classifications may be
appropriate for use in dose calculations unless ex-
perimental data to the contrary can be provided.

G. Exposed Person

Existing DOE orders or NRC regulatory guides do not
specify that the exposed person be anyone other than an
adult receiving the highest dose as a result of an acci-
dent. Past practice has been to assume ICRP reference
man as the receptor of accident-induced dose (ICRP
1974). A change in this practice is not considered
necessary, although each case should be reviewed on
individual merits. Exposure to radioiodine causes
higher dose in thyroids of infants and children than in
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adults and may be a special case which deserves descrip-
tion and evaluation.

Breathing rate of the exposed person may be based on
the standard rates established by ICRP for reference
man (ICRP 1974). The standard rate of 3.5 X 1074 m3/s
corresponding to light activity is recommended for
doses received as a result of an accident under 8-h
duration.

H. Quality Factor of Radiation

A single quality factor (QF) for alpha radiation is not
consistently used throughout the DOE, allowing a factor
of 2 difference in dose. The following list from ICRP 26
(ICRP 1977) contains the recommended quality factors
for all radiation types. The quality factor for neutrons
may be varied if the average energy or energy spectrum
is known.

Type of Radiation Quality Factor (QF)
Alpha 20
Alpha-recoil 20
Beta or electron 1
Gamma 1
Fission fragment 20
Fission neutron 10

I. Decay Scheme Data

Decay scheme data presently in use with ICRP 30
model dose calculations are contained in ICRP Publica-
tion 38 (ICRP 1983) as calculated by an ORNL com-
puter code (Dillman 1980). Other sources of updated
data to consider are the ENDF/B fission product data
(Rose 1976) and the ORNL radioactive decay handbook
(Kocher 1981). The importance of this updated data in
improving accuracy of dose calculations is unknown.

J. Uptake Time and Dose Accumulation Time

Calculation of an accident dose conversion factor is
usually based on a short-term intake of the nuclide (less
than 8 h). ICRP 30 dose conversion factors are based on
50-yr dose received after intake of a unit amount of the
radionuclide and are therefore compatible with acute
inhalation exposure.

Dose accumulation times should be selected to be
long enough to account for most of the dose. For the
purposes of this Guide, the 50-yr period commonly used
as a dose accumulation time, roughly equivalent to
average occupational lifetime, is used. Fifty years may
also be assumed to equal or exceed the remaining life-



time of the individual of average age in an exposed
offsite population. Intermediate times may be useful for
illustrative purposes, but for dose calculated to compare
with proposed DOE Order 6430.1A dose criteria, 50 yr
has been used.

K. Effective Dose Equivalent

Effective dose equivalent is used when dose to mul-
tiple organs from a single exposure is postulated. The
methodology for calculating this dose for comparison
with whole-body dose limits is simple:

D= ;2 (individual organ dose, D;)
X (individual organ weighting factor, W;)

Individual organ weighting factors may be the ICRP
weighting factors (ICRP 1977).

III. DIRECT IRRADIATION FROM CLOUD IM-
MERSION

Two models are commonly used for calculating direct
dose from cloud immersion: the finite plume and the
semi-infinite plume models (Slade 1968). Although the
finite plume model is more complex and requires more
computer time to run, it has the advantage of greater
accuracy at distances nearer to the accident site (Wenzel
1982). The results of both models converge when the
plume is relatively large (compared with the mean free
path of gamma photons) and has diffused to the ground.
At relatively short downwind distances, the semi-in-
finite model overestimates the dose for ground-level
releases during stable meteorological conditions and
underestimates the dose from elevated releases. It is
suggested that use of the semi-infinite cloud model be
limited to calculations of dose beyond 10 km if the
release is elevated (Wenzel 1982) or that a “finite”
plume correction factor be applied to calculations of
close-in doses (Strenge 1980). The finite plume model is
preferred under most conditions and is available in
several computer codes (RSAC-3, Wenzel 1982; SUB-
DOSA, Strenge 1975). Codes using the semi-infinite
model are also available (EXREM III, Trubey 1973;
RSAC-3, Wenzel 1982).

Immersion dose models usually provide a dose rate at
the body surface. For the purpose of calculating an
immersion dose additive to whole-body dose from other
sources, a dose at 5-cm tissue depth has been recom-
mended (NBS 1954, NRC 1977). Total body dose at 5-
cm tissue depth may be calculated from the surface dose
as described by Strenge (1980). ICRP 30 calculates

whole-body dose from immersion by a different method
(Poston 1974), which is also appropriate. Gamma doses
to other organs from cloud immersion do not vary
greatly from the whole-body (5-cm) dose, as observed by
Strenge (1980). If skin dose is the major contributor to
dose (airborne beta or weak gamma emitters), the skin
dose should be the sum of surface gamma dose and the
beia dose at a depth of 7 mg/cm? (NRC 1977).

IV. INGESTION DOSE MODELING

Ingestion of water contaminated by accidental release
of radioactive material to nearby lakes and streams is a
possible source of dose. However, neither ingestion by
the drinking water pathway or by the cow-milk-human
or crop-food-human pathiways have been confirmed to
be major contributors to dose from a credible DBA.
Although it appears unlikely that ingestion dose would
approach the limits on radiation dose proposed for
Chapter I of DOE Order 6430.1, guidance on ingestion
dose is discussed in this appendix on the assumption
that ingestion dose may fall in the category of “‘other
consequences to be considered” (Section V.G. of the
Guide).

The accident leading to ingestion dose is assumed to
be a gross leak of a liquid contaminated with radioactive
material, such as tritium, into nearby lakes or streams.
An internal dosimetry model such as the GI tract model
of the ICRP (1979) is suitable for calculating dose from
direct radiation of the GI tract and metabolic transfer
from the small intestine to other organs. INREM 11
(Killough 1978) is a suitable coniputer code for calculat-
ing ingestion dose conversion factors. Dispersion of the
radionuclides can be estimated according to Regulatory
Guide 1.113 (NRC 1977A); doses from ingestion of
contaminated water can be estimated according to Reg-
ulatory Guide 1.109 (NRC 1977B). An acute liquid
release model for tritiun1 and other radionuclides has
been prepared for the Savannah River Plant by Huang
(1983).
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APPENDIX F

DOSE CODE COMPARISON

I. INTRODUCTION

Several computer codes containing the primary in-
halation dose models have been used to calculate in-
halation dose from radiological accidents. These codes
and their major features are summarized in Table F-1.
The objectives of this effort were to

® gain experience with the major codes now in use
elsewhere;

® calculate doses with codes of similar capabilities
using a semistandard set of input representative of
major postulated accidents;

e intercompare results from these codes to detect
major differences which might lead to inconsisten-
cies in the siting and major design feature process;

e identify codes considered most useful for accident
analysis; and

o identify the codes written for chronic dose assess-
ment which are adaptable to the accident case.

Results of this effort are preliminary and are sum-
marized in the following sections.

II. RESULTS AND DISCUSSION

Standard input for the codes listed in Table F-I was
compiled for two postulated releases: an instantaneous
elevated (puff) release of 2*Pu0O, and an 8-h ground-
level release of mixed fission products. Those codes
capable of dispersion calculation were provided com-
mon meteorological data and depletion data. Other data
such as particle size, uptake time, and dose accumula-
tion time were also common.
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Results from dispersion and dose calculations are
presented in Table F-II. Those codes only capable of
dose calculation were supplied with a common %/Q (at
10 000 m) from which to calculate organ doses. These
results can be summarized as follows:

® The cause of a problem with the elevated dis-
persion calculation by the HADOC code was not
readily located; RSAC-3 and DACRIN y/Q values
were in good agreement; and CRAC-2 %/Q values
were low by a factor of 4 for the ground-level
release because an expansion factor proportional to
the time of release was included in CRAC-2 but not
in the other codes.

® Lung doses were in good agreement among
HADOC, RSAC-3, DACRIN, and ICRP after
quality factor differences were accounted for;
CRAC-2 and INREM II were unaccountably lower
in PuO, dose.

® Bone doses were calculated within factors of 2-4 by
all codes except CRAC-2, which was unaccoun-
tably lower.

® Liver doses were in good agreement (a factor of 2)
among HADOC, DACRIN, ICRP, and INREM II.

¢ Thyroid doses were not valid in this comparison
because of poor choice of radioiodine amounts.

Experience with these codes (HADOC, DACRIN,
ICRP, and CRAC-2 at Los Alamos and RSAC-3 by D.
Wenzel at INEL) showed all were adaptable to input for
this simple accident case with the exception of CRAC-2.
CRAC-2 was written for analysis of health and environ-
mental consequences and mitigation effects related to a
nuclear reactor accident and is too large and complex to
allow the dose discrepancies noted above to be readily
reconciled, nor is the code amenable to running a
simplified problem.



6¢

»
I i ' \’ : ) 5 “ . ) .} N .
TABLE F-1. DISPERSION AND DOSE CODES
Environmental Transport Internal Dosimetry Computerization
Wet Dry Cloud Pop.
Atmospheric  Depos. Depos. Irrad. Inhalation Ingestion Dese Language Computer Reference Remarks®
CRAC-2 A A A A A A FIV® ¢ Ritchie 1982 AtSNLA, WASH 1400
R R R R R R (NRC 1975); TGLD modet?
HADOC A A A A FIV 7600  Strenge 1981 At PNL, DACRIN,
TGLD model
DACRIN A A FIV 6600  Houston 1974 At PNL, TGLD model,
R ICRP 2 dose model
INREM I A A FIV 7600  Killongh 1978A,B At ORNL, similiar
R R to ICRP 30, TGLD model
ICRP
(ORNL) A FIV Watson 1980 At ORNL, ICRP 30,
TGLD model
RSAC-3 A A A A A A A FIV 7600  Wenzel 1982 At INEL, TGLD model/ICRP2
R R R R R R R

A =accldental release, R = routine release.

ASNLA—Sandia National Laboratories, Albuquerque; PNL—Battelle Pacific Northwest Laboratories;

ORNL—Oak Ridge National Laboratory; and INEL—Idaho Nationa! Engineering Laboratory.

YFTV—Fortran IV programming language.

‘Memory requirements exceeded capacity of CDC 7600; code was run at Los Alamos on CRAY computer.

4TGLD model—ICRP Task Group on Lung Dynamics model.




TABLE F-II. SUMMARY OF RESULTS

Inhalation Dose (rem)
Code x/Q (s/m*)  Whole Body Lungs Bone Liver Thyroid
Elevated Release of 2*°Pu0O,
HADOC* 1.2X 10710 40X 1077 19X10°8 6.5%X 1078 39X10°8 —
(27X1077" (9.0X107) (42X107% (15X10™% (8.8X107%) —_
RSAC-3* 2.8X1077 3.1X10°¢ 44X10°3 1.3X107* 1.7 X103 —_
DACRIN* 2.7X 1077 2.6 X10°¢ 4.6X10°3 7.9X10°5 3.7X10°5 ~—
CRAC-2* 19X1077 ~—- 1.4X10°3 —_ -— —
(2.7X1077)® —_ (2.0X107%) -_ —_ —_
ICRP (2.7X1077)p® — 1.0X10™% (3.1X10™% (6.9X1075 —
INREM II*¢ (2.7X1077)® — (2.8X107% (8.7X107% (3.8X107% —
Ground-level Release of Mixed Fission Products
HADOC 48%10~ 0.32 6.3 43 — 73X 10
RSAC-3 45X10°¢ 0.19 4.5 3.1 —_ 2,7X 1075
DACRIN 4,6 X107 0.40 33 23 -— 1.4X 1074
CRAC-2 1.2 X 1075 1.6 X102 0.62 4,1X 1072 —_ 29x1073
(4.6 X105 (6.1 X107?) (2.4) (0.16) — (1.1X107%)
ICRP (4.5 X 1075 —_ (6.3) 3.7 —_ (1.8X1072%¢
INREM II¢ (4.5 X 1075 —_ (6.0) —_ —_ (25X 10738

*This code used QF = 10 for alpha particles rather than QF = 20.
bCode does (did) not calculate 3/Q; the standard value in parentheses was used.

‘From INREM II dose factors tabulated in Killough 1978B.

“Most of this dose comes from 3Cs (radioiodine amounts chosen were unrealistically low).
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APPENDIX G

ENVIRONMENTAL CONTAMINATION CONCERNS

I. INTRODUCTION

Potential for dispersing radioactive material into the
environment could affect both the site selection and
major design features of a nuclear facility. Long-term
radiation dose to the population in the region, major
cleanup costs, and loss of production at nearby facilities
are potential consequences. For the purposes of the
Guide, it is assumed that contamination would be
cleaned up to acceptable limits and long-term dose from
residual contamination would not be a major concern.
Loss of production at a nearby facility is a site-specific
matter not easily handled in a generalized guidance
document. Therefore, discussion has been limited to
decontamination costs, which have received only mini-
mal attention in most accident analyses. This appendix,
although reflecting a general shortage of specific decon-
tamination cost information, may be of help to the
analyst when environmental contamination concerns
are considered.

II. DECONTAMINATION PARAMETERS
A. Radionuclide

Determination of which radionuclides would be im-
portant if the environment were seriously contaminated
by an accidental release depends on original amount,
radioactive half-life, and dose conversion factor of the
radionuclide. Methods of determination are discussed
in Section V.A.1. of the Guide.

B. Source Strength

The original source strength provides an indication of
the severity of the spill or release. Decontamination
costs are generally proportional to the contamination
surface concentration, which is proportional to the
amount released at the source (Finley 1979).

C. Chemical Form

The chemical form is important because decon-
tamination methods depend on the decontamination
factors. Ability to remove the radionuclide affects the
cost of decontamination; that is, a surface could be

decontaminated by physical or chemical cleaning or
totally removed, such as removing a section of pave-
ment with jackhammers.

D. Dispersal Mechanism

The dispersal mechanism determines the distribution
of the concentration levels to be expected and the uni-
forniity over the contaminated areas.

E. Evacuation and Land Use Denial

Short-term decisions on which areas to evacuate or
restrict usage affect decontamination costs. Security
needs and costs before, during, and perhaps after decon-
tamination depend on the land use pattern and con-
tamination levels involved. Even after extensive decon-
tamination, some contamination will remain in the
environment. Surveillance to follow long-term move-
ment through the food chains may be needed. Land use
before decontamination may be restricted. Certain
crops, livestock, and produce (milk, for example) could
be purchased and disposed of. Livestock foraging may
be restricted from some areas.

F. Decontamination Factors

The decontamination factor is the amount of radio-
nuclide per unit area before decontamination divided
by the amount remaining after decontamination. A
large variety of decontamination methods is available,
ranging from careful hand scrubbing to wet sandblasting
(Fore 1982, Chester 1981). Usually the simpler, inex-
pensive methods work for large areas. Removal and
disposal of a surface may be more cost effective than its
decontamination, as is the case for soil (Menzel 1971,
James 1973). Decontamination data for radionuclide
chemical forms encountered are needed for a variety of
surfaces and liquids. Table G-I provides examples of
decontamination factors developed for PuO, (Wenzel
1982).

G. Economic and Population Information for the Area

The building replacement, land, and crop values can
be obtained from US Department of Agriculture
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TABLE G-I. DECONTAMINATION FACTORS FOR PuO;*

General Description of Method

Decontamination Factor

Manual removal of vegetation 2
Manual removal of 2 in. of soil 100
Vegetation removal with farm equipment 2
Removal of 4 in. soil with road equipment (2 passes) 300
Manual decontamination of building interior

using detergents 100
Fire hosing, hard surfaced once (pavement and roofs) 30
Fire hosing, hard surfaced twice 50
Manual water hosing of vegetation 10

%Cobb 1973, Finley 1979, McGrath 1975, James 1973, Menzel 1971, Smith 1978, NRC 1975, and Wenzel

1982.

economists. Depending on the depth of the analysis, an
economic activity assessment of the area would be
needed to estimate evacuation and land use denial cost
estimates. The accuracy of the analysis in general de-
pends on the quality of the population density data for
each contamination level and land use type chosen and
the detail of monitoring performed before the operation.

III. DECONTAMINATION TASKS AND COSTS
PER UNIT AREA

A. Waste Disposal Methods

Waste disposal is a major cost. Whether solid waste is
retrievable (>100 nCi/g transuranic) or nonretrievable
determines the waste disposal method. Liquid wastes
will also be disposed of differently, depending on the
level of contamination. Worker radiation dose is
directly proportional to radionuclide concentration in
the waste. Packaging and attendant cost is related to
waste radionuclide concentration. The transport dis-
tance for offsite disposal should be considered.

B. Land Use Patterns

The basic decontamination tasks and costs depend on
land uses of the contaminated arca. Table G-Il is a
generalized listing of typicai land use types for
agricultural areas, town, and central city. Tables G-III
and G-IV give building parameter and land use frac-
tions helpful for cost estimation. Detailed analysis
would require site-specific data rather than the gen-
eralized data in Tables G-II through G-1V.
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C. Decontamination Costs/Unit Area

Decontamination cost/unit area or per capita tables
for each land use pattern (agricultural, town, central
city) and decontamination level should consider the
following:

e initial radiological survey of entire contaminated
area;

¢ land use denial and produce purchase;

e perimeter, urban, and long-term security;

e radiation surveys—oprecleanup, during cleanup,
final certification, surveillance;

¢ decontamination tasks and costs for each land use
area;

e restoration of topsoil and fertility, lawns, streets,
buildings, property, and recreational potential; and

e onsite decontamination and restoration.

For illustration, Table G-V gives costs of three land use
areas and three decontamination levels as DFs for PuO,
contamination.

IV. ACCIDENT DECONTAMINATION COST

Once summary cost tables similar to Table G-VI for
decontamination cost/unit area or per capita and land
use have been developed, the costs for the entire acci-
dent decontamination can be estimated over the con-
tamination levels and their area and land use patterns.

A. Accident Radionuclide Contamination Levels

A puff dispersion model such as DIFOUT (Luna
1969) can be used to estimate the contamination levels
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TABLE G-II. POPULATION DENSITY AND LAND USE FRAC-
TIONS FOR AGRICULTURAL, TOWN, AND CEN-

TRAL CITY AREAS*
Town or
Rural Satellite Central

Population and Land Use Agriculture City City
Population density (people/acre) 0.01 3.0 16.0
Land use (fraction/acre)

Single-family residences b 0.3 0.2

Residences <6 floors - 0.1 0.1

Residences >6 floors — 0.05 0.1

Commercial buildings ~ 0.1 0.2

Public buildings -— 0.05 0.2

Parks and cemeteries 0.05 0.2 0.1

Undeveloped land 0.1 0.1 0.5

Agricultural land 0.8 0.1 0.05

*See Finley 1979, NRC 1975, and Wenzel 1982.
bSingle-family residences in rural areas can be estimated by dividing the population

density by 3.2 people per family.

TABLE G-III. BUILDING AND DWELLING PARAMETER ESTIMATES

Single-Family Single-Family Suburban Suburban Commercial
Rural Suburban Apartment Apartment or Public

Parameter Residential Residential (3 story) (6 story) Building
Buildings/acre 1 5 5 5
Families/acre 1 30 60 0
Lot size (ft?) 40 000 7260 7260 7260 7260
Street area (ft) 3560 1450 1450 1450 1450
Driveway/parking lot area
(12 1000 300 2660 3260 3260
Floor area per floor (ft) 2500 2000 2600 2600 2600
Number of families/floor 1 2 2 0
Open area and lawn (ft?) 36500 4960 2000 1000 1000
Interior horizontal

area (ft%) 2500 2000 39000 78 000 78 000

from particulate deposition. Some assumptions are
needed for the nonhomogeneity of close-in deposition.
This can be conservatively estimated by assuming
the first or highest isopleth (line of similar concentra-
tion) to contain one-halif of its area with hot spots set at
the highest ground contamination level. The average
concentration within an isopleth can be assumed to be
one-half of the next isopleth line value.

B. Isopleth/Land Use Category

The contamination isopleths and the 80-km grid can
be scaled and overlaid on topographical or Landsat
maps (see Stephon 1979) to estimate areas of un-
developed, agricultural, suburban, commercial, or other
land use patterns. Once the fraction of each land use
type is estimated for each isopleth, then population
census data can be used to estimate the population in
each land use fraction.
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TABLE G-IV. BUILDING TYPE AND LAND USE AREA FRACTION ESTIMATES

Fraction Fraction
of Street of Open Fraction of Area
Area Plus Area Plus Occupied

Land Use Type (m?) Driveway Lawn by Building
Rural single-family residence* 4047 0.11 0.84 0.05
Suburban single-family residence 809 0.20 0.57 0.23
<6-Story suburban apartment 809 0.47 0.23 0.30
>6-Story surburban apartment 809 0.54 0.12 0.34
Commercial or industrial area — 0.50 0.05 0.45
Public building area — 0.50 0.20 0.30
Parks and cemeteries — 0.05 0.90 0.05
Undeveloped and agricultural® — 0.025 0.95 0.025

*Streets and driveways might not be paved or asphalted, which requires different decontamination methods and costs.

C. Accident Decontamination Cost

The total cost for the accident in dollars can be
calculated by multiplying the area within an isopleth
land use category (m?) times the decontamination cost
per unit area and contamination level for that land use
category (dollars/m?) and summing these for each land
use category and isopleth. The total cost can then be
adjusted for inflation for the year of concern.
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TABLE G-V. DECONTAMINATION METHODS AND COSTS (1981 DOLLARS) FOR AGRICULTURAL,
SUBURBAN, AND COMMERCIAL AREAS FOR PuO; (Wenzel 1982)

Agricultural Suburban Commercial
- Area Area Area
> R Decontamination Method and Description ($/acre) ($/acre) ($/acre)
(S DF < 10
4 Radiation surveys 480 1200 1200
- Normal plowing 120-240 —_ —_
Firehose streets and sidewalks 1100 1100
Firehose roofs and walls 1100 2200
Irrigate and heavily water soil and
vegetation 1100 1100
TOTAL 600-720 4500 5600
10 < DF < 100
Radiation surveys 720 1200 1200
Crop purchase 300-500
Vegetation removal farm equipment 780-1 600
Soil removal road equipment 269-480
Remote disposal site preparation 500 500 500
Transport nonretrievable waste 2 000 ft 400
Restore and replant 1150 2800 2800
(Rural residential home) (800-7 900)
Manual removal sod and 2 in. soil 1 900-3 200 1200
Firehose streets and sidewalks 1100 1100
Firehose roofs and walls 1100 2200
Transport nonretrievable waste S0 miles 1 500-2 240 1 500-2 240
Suburban residential home 240-2 360 160-1 600
<6-Floor apartment 240-2 400 240-2 400
>6-Floor apartment 120-1 200 240-2 400
Commercial and public buildings 410-4 100 960-9 600
TOTAL 4 110-5 350* 11 110-22 200 12 100-27 240
DF = 100
Radiation surveys 960 1200 1200
Crop purchase 309-500
Manual removal vegetation and 2 in. soil 1900-3 200 1900-3 200 1200
Remote disposal site preparation 500 500 500
Package and transport retrievable waste
1000 miles 27 500-41 800 27 500-41 800 27 500-41 800
Restore and replant 1200 2800 2 800
(Rural residential home) (1 600-157 600)
Firehose roofs and walls twice and
collect water 2100 4800
- Firehose streets and sidewalks twice 2100 2400
- Treat collected liquid waste 3900 6700
- Suburban residential home 480-4 700 320-3 200
- <6-Floor apartment 480-4 800 480-4 800
4 >6-Floor apartment 240-2 400 480-4 800
- Commercial and public buildings 900-7 200 1 900-19 000
-

TOTAL 32 360-48 160" 44 100-76 700 50 280-93 200

*Does not include cost of buildings.




TABLE G-VI. TOTAL DECONTAMINATION COST SUMMARY ESTIMATES

Dollar Costs Dollar Costs Dollar Costs Dollar Costs
Land Use (NRC 1975) (Smith 1978) (Finley 1979) (Wenzel 1982)
Agriculture Land
DF <10 ~230/acre ~900-4 900/acre — ~600-720/acre
10 < DF < 100 —_— ~3600-515 000/acre —_— ~4 100-5 350/acre
DF = 100 — —_ — ~32 360-48 160/acre
Suburban Land
DF < 10 ~109-125/capita - - ~4 500/acre
10 = DF < 100 ~ 84-93/capita —_ ~185/capita ~11 100-22 000/acre
DF = 100 — — — ~44 100-76 700/acre
Commercial Land
DF =10 ~216-631/capita —_ ~130/capita ~5600/acre
10 < DF =100 ~204-620/capita —_ ~638/capita ~12 100-27 240 /acre
DF = 100 - - — ~50 280-93 200/acre
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