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ABSTRACT 

An o v e r a l l  e v a l u a t i o n  c o n c e p t  f o r  u s e  i n  making  d i f f e r e n t i a l  
c o s t - b e n e f i t  a n a l y s e s  i n  e n v i r o n m e n t a l  a s  l o w  a s  r e a s o n a b l y  
a c h i e v a b l e  (ALARA) d e t e r m i n a t ' i o n s  i s  b e i n g  implemented  b y  
Rockwe l l  Hanford O p e r a t i o n s .  T h i s  e v a l u a t i o n  i n c l u d e s  c o n s i d e r a -  
t i o n  o f  seven c a t e g o r i e s :  1 )  c a p i t a l  costs; 2 )  o p e r a t i n g  costs; 
3)  s ta te  o f  the a r t ;  4 )  safety; 5 )  a c c i d e n t  or u p s e t  
consequences ;  6 )  r e l i a b i l i t y ,  o p e r a b i l i t y ,  and m a i n t a i n a b i f  i t y ;  
and 7 )  d e c o m m i s s i o n a b i l i t y .  A p p r o p r i a t e  w e i g h t i n g  f a c t o r s  f o r  
e a c h  o f  these c a t e g o r i e s  a r e  under  deve lopmen t  so t h a t  ALARA 
d e t e r m i n a t i o n s  c a n  be made b y  comparing  " s c o r e s "  o f  a l t e r n a t i v e  
p r o p o s a l s  f o r  f a c i l i t y  d e s i g n ,  o p e r a t i o n s ,  and upgrade .  . 

T h i s  method o f  e v a l u a t i o n  c i r c ' umven t s  the t r a d i t i o n a l  b a s i s  
o f  a  s t a t e d  mone tary  sum p e r  person-rem o f  d o s e  commitment .  T h i s  
a 1  t e r n a t i v e  was g e n e r a t e d  b y  a d v i c e  from l e g a l  c o u n s e l  who 
a d v i s e d  a g a i n s t  f o r m a l l y  p u r s u i n g  this avenue  o f  approach  t o  
ALAR.4 f o r  e n v i r o n m e n t a l  and o c c u p a t i o n a l  d o s e  commitments .  
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BACKGROUND 

. Existing radiation protection programs are based primarily 
on maintaining personnel exposure and dose to the general public 
below federally established limits (and in many cases below some- 
what more restrictive control levels established by employers). 
In addition, because as low as reasonably achievable (ALARA) is 
not a totally new concept, many radiation protection programs are 
already aimed at reducing occupational and environmental doses to 
ALARA. However, the phrase "as 1 ow as reasonably achi evabl elt 
contains the philosophical concept of "reasonable" which is 
difficult to quantify. Currently ALARA determinations are the 
result of a complex and largely subjective evaluation process. A 
system or mechanism for making ALARA determinations in an orderly 
manner using qualitatively and quantitatively defensible bases is 
needed. For this type of assessment, most existing ALARA 
evaluation practices are impractical or inadequate. 

Determination that a particular action is ALARA requires 
three distinct decisions: first, a decis.ion must be made as to 
which situations or designs are to be analyzed for possible 
investment to reduce .exposure; second, a decision must be made as 
to which, alternative to recommend for each situation or design 
concept analyzed; and third, management must decide which alter- 
native to implement. 

The first decision can be made by developing criteria and 
standards which pertain to situations requiring ALARA determina- 
tions. Then the analyses must be performed. It is at this point . 
that ALARA analyses can be used for evaluation of each of the 
possible alternatives. Recommendations as to the apparent best 
course(s) of action can then be made, but final decisions must 
await review of the entire project or ~ituation with respect to 
parameters other than simple dose reduction. A defensible point 
value approach is the recommended method of arriving at a final 
decision. 

A methodology for doing ALARA evaluations for releases of 
radioactive materials to the environment, based upon a point 
value system, is presented herein. This methodology goes beyond 
the more traditional cost of reduction per man-rem saved approach 
and factors in nontraditional costs such as the cost of construc- 
tion in expected accidental deaths. Also considered is a 



projected impact to the environment from the postulated environ- 
mental release which is not directly related to calculated radia- 
tion doses to people. 

The point value system developed is based upon establishing 
categories and assessing the overall value of each category in 
terms of expected costs or expected benefits. Categories 
initially included are: 

Capital Cost 
Operating Cost 
Safety 
Accident Consequences 
State of the Art 
Reliability 
Operability 
Maintainability 
Decommi'ssionability. 

This evaluation scheme is used to compare the total cost of 
doing a project with the projected total impact on the environ- 
ment if the' project, is not done. Project costs include both 
monetary and industrial safety considerations, and environmental 
impacts include calculated population doses and calculated 
impacts not.directly related to human radiation doses. 

MONETARY CONSIDERATIONS 

Costs associated with a facility and operation exhibit a 
significant portion of the evaluations undertaken in any 
decision-making process whether b.y an individual or within a 
large, complex organization. This ALARA protocol re1 ies heavily 
on costs because of the above reality. 

Cost assignments are made on the basis of best available 
estimates as follows: 

To ta l  Cost = Capital Cost + (Annual Operating Cost x Service 
Life) 

A point assignment is made on the basis of one point per 
$1,000. (See Appendix for rationale.) 

Capital cost estimates are required at an early stage of a 
design development. Costs of modifications, upgrades, retrofits, 
etc., can usually be estimated .from previous experience if more 
definitive data  are not available. 



Operating cost may be more difficult to determine, 
especially over the service life of the facility. Components of 
operating cost would include: 

e Maintenance 
o Personnel 
e Utilities 
e Raw materials. 

Service life also presents a problem in that in many cases 
estimates will be required. Professional experts should be con- 
sulted for those cases where precedent or explicit statements of 
the service life are missing. 

Decommissioning costs could also be very significant if the 
initial design did not consider ease of decommissioning. How- 
ever, since estimates of these costs are subject to large errors, 
due to time and technology constraints, they are not addressed 
directly here but rather they are indirectly addressed later as a 
portion of the total cost. 

SAFETY CONSIDERATIONS 

Safety and accident consequences are quantified on a basis 
of 100,000 points per death regardless of whether that death can 
be attributed to an industrial accident or radiation dose (see 
Part 1 of the Appendix). 

INDUSTRIAL SAFETY 

If a project being evaluated involves significant work with 
.heavy equipment or hazardous materials, then an estimate of the 
expected probable deaths from the work should be made. 

For example, statistics kept by the National Safety Council 
(NSC, 1981) show that 0.07 deaths can be expected from one 
million man-hours of construction activities. Therefore, if the 
project being evaluated will require 10,000 hr then statistically 
speaking 0.0007 deaths can be expected for a point assignment of 
70 at 100,000 points per death. 

ENVIRONMENTAL RADIATION SAFETY 

Assessments for 
rate u f  100,000 po 
conversion is made 

s environmental safety are also made at the 
ints per death, however in this case the 
to points per person-rem by applying a 



projected mortality rate of 8 x 10-5 early cancer deaths per 
person-rem for an average population, as developed from 
epidemiological and stat isti cal studies and reported by the 
National Research Council (Alexander, 1982 and BEIR, 1980). For 
calculational convenience this is rounded up to a probability of 
10-4 early cancer deaths per person-rem, which is equivalent to 
10 points per person-rem. 

Env4 r.url~l~rr.ll;al r a d i a t i o n  safety asscssmcnts are made using a 
two-tiered approach. First, the direct calculated dose commit- 
ments are determined using mod'els such as DACRIN, GRONK, FOOD, 
and ARRRG (Houston, 1974; Soldat, 1974; and Napier, 1980). 
Second, an assessment to estimate indirect detriments to the 
environment i s made. This second assessment promotes an 
awareness of environmental detriment even though dose assessment 
models indicate a limited impact. 

.' . 

The assessment of indirect detriments is done in two steps. 
Determination of the maximum possible cumulative dose equivalent 
commitment to a hypothetical population is the first step. This 
calculation ignores any pathway analysis and assumes that all 
radioactive material is incorporated into the population unti 1 it 
has decayed. Equation (1) is a formulation of this parameter. 

where: PDC = population cumulative dose equivalent 
commitment . 

k 
C - summation for Ilk" ,radinn~~clides released 
i=l . 
Ai = total activity of radionuclide "i" released 

Bi = dose , equivalent conversion factor for radio- 
nuclide "i" 

qi = maximum permissible body burden for 
radionuclide "i" 

hi = the mean life of radionuclide "i" 

t = time. 



In the case of noble gases which do not become incorporated 
into the metabolic processes of the body, it will be necessary to 
perform analogous computations to evaluate the equivalent PDC. 
Point assignments of 10 points per person-rem are made based on 
the above calculation. 

The second step involves evaluation of the effluents in 
order to infer a fraction of the above PDC point assignment. 
This quasi analytical evaluation assesses t h e  impact of t h e  
environmental detriment imposed by the releases postulated. Four 
assessments are performed: 

1. The "bubble concept" is utilized to determine the 
impact of these effluents on the total bubble from the 
site* 

2. A pathway factor is used to qualitatively assess the 
degree of difficulty for these effluents to be a part 
of a population dose equivalent 

3. A time to decay factor assesses the total time these 
materials can be expected to remain radioactive* 

. . .  

4. The concentration of the radionuclide in the effluent 
is compared to the concentration guides for unrestric- 
ted release (DOE, 1981). 

The summation of the factor values is converted to a nega- 
tive power of ten [i.e., lo-(s+a+t+c)] which is then multiplied 
with PDC point total. This point total is added to the total 
from the environmental dose assessment. For example, suppose a 
facility were to release 20,000 Ci of 3~ in an airborne effluent 
and the P ~ c  po'int total is calculated to 2x109 points (Eq 1). 
Suppose the h11hh1 e wi 1 1  be increased, pathway avai 1 abi 1 i ty is 
high, total decay time is less than 104 yr, and the concentration 
is at Table I (DOE, 1981) concentration guides. The summation of 
the factor values in this case is 6; therefore the multiplier is 
10-6, and as a result, 2,000 points would be assessed in this 
situation. 

The summation if all of the points, from the safety assess- 
ment will then be carried forward with cost assignments. 

*see the Appendix far explanation of bubble concept and 
total decay concept. 



Table 1 contains suggested values for these assessments. 

Table 1. Effluent Evaluation Factors. 

Bubble Concept 

Pathway 

Parameter Range 

Time to Total Decay (p=0.95) 

Factor value 

1 
2 
3 

size(s) 

Avai 1 abi 1 i ty(a) 

Increase 
Stab1 e 
Decrease 

Radionuclide Concentration 

High 
Med i um 
Low 

Time (T) 

1 
2 
3 

*Table I and Table I1 refer to the appropriate 
concentration guides in DOE 5480.1A (DUE, 1981). 
See the Appendix for explanation of bubble concept 
and total decay concept. 

~ > 1 0 ~  yr 
1 0 4 ~ ~  <lo6 yr 
r <lo4 yr 

ACCIDENT CONSIDERATIONS 

1 
2 
3 

1 

2 
3 

Concentration*(c) 

Safety analysis reviews provide accident scenarios and con- 
sequences in terms of frequency and severity. The appropriate 
parameters and values can then be utilized to assign point values 
for costs incurred. These costs would include monetary losses 

>Table I 
>Table I1 and 
<Table 1 
<Table I1 



and expenditures, and personnel and popu la t ion  exposure t o  rad ia -  
t i on .  I n  add i t ion , '  t he  p u b l i c  r e l a t i o n s  aspect must be 
considered along w i t h  o ther  i d e n t i f i e d  acc ident  consequences. 

A quas i -ana ly t i ca l  approach tnay serve t o  est imate accident  
consequences where sa fe ty  ana lys is  rev iew data are n o t  a v a i l a b l e  
and i n tang ib les  r e q u i r e  incorpora t ion .  Table 2 i n d i c a t e s  such a  
methodology. 

The sum o f  the f a c t o r  values presented i n  Table 2 prov ides a  
scale f a c t o r  which determines the  p o i n t  assignment. That assign- 
ment i s  made by consider ing the sum as a  percentage value and 
m u l t i p l y i n g  i t  by the  t o t a l  o f  the  cos t  and sa fe ty  cons idera t ions  
developed t o  t h a t  po in t .  

TABLE 2. Accident/Upset Condit ions, 
Consequence Eva lua t ion  Factors. 

Parameter 

Accident s e v e r i t y  

Accident frequency 

Ef fec t iveness  o f  
m i t i g a t i n g  
ac t ions  o r  
designs 

Pub l ic  r e l a t i o n s  
impact 

Cleanup costs 

Uncer ta in ty  'of 
measurements 

Range 

High 
Med i um 
Low 

High 
Med i urn 
Low 

High 
Med i um 
Low 
None 

High 
Low 

High 
Medium 
Low 

High 
Low 

Factor  value 

3 
2 
1 

3 
2 
1 

1 
2 
3 
4 

2 
1 

3 
2 
1 

2 
1 



STATE OF THE ART 

State of the art is a generic term used in this context to 
denote the ability to change procedures, design, equipment, and 
facilities to reflect the current level of sophistication of 
technological improvements in all fields of endeavor related to 
waste management and fuels reprocessing. A failure to apply 
recognized state of the art in any aspect of operations involving 
materials or agents hazardous to health may cause the perpetrator 
to be held liable for damages in tort actions (Tressler, 1969 and 
Hutton, 1966). Another purpose of a viable ALARA program is to 
force advances in effluents control techniques. On this basis, 
state of the art takes on added significance (BEIR, 1977). 

These considerations add impetus to improving facilities and 
operations with the objective of reducing detriments, both occu- 
pational and environmental. Status quo is not a viable ALARA 
option. Table 3 contains suggestions for assessing state of $he 
art. 

TABLE 3. State of the' Art Factors. 

High 
Med i um 

Degree of 
state of the art 

The state of t h e  art fac to r  value selected is treated as a 
percentage to be multiplied by the sum of the costs and safety. 
This product is then considered the state of the art contribution 
to the total score. 

  actor value 

RELIABILITY - OPERABILITY - MAINTAINABILITY 

These three categories are grouped together because they are 
interrelated. The successful implementation of these categories 
into a facility design can reduce occupational and environmental 
detriments to values much less than those experienced with less 
than adequate reliability, operability, and maintainability. 
Again a qualitative approach is used in lieu of more detailed 
infurlnation. Table 4 lists suggested values. 



TABLE 4. Reliability-operability- 
Maintainability Factors. 

The sum of the three factor values for a specific case is 
treated as a percentage of the total , cost (CT)  plus safety (S) 
point score. The product of this multiplication is then added as 
the reliability, operability, and maintainability portion .of the 
total point score (i.e., R+O+M = X%, X% x (CT+S) = value). 

DECOMMISSIONABILITY 

Factor values 

0 
5 
10 

0 
5 
10 

0 
5 
10 

Parameter 

Reliability (R) 

Operabi 1 i ty (0) 

Maintainabi 1 i ty (M) 

Decommissioning, or the ease of decommissioning, must be 
given proper consideration in order to do an ALARA ana1ys"is. 
Facilities which are not designed with decommissioning in mind 
can lead to unnecessary costs and exposure of personnel and the 
public to radiation in the future (Hinson, 1980 and 
MacDonal d , 1980). In evaluating the decommissioning of a 
facility or design we must consider inventories of radioactive 
materi a1 s,  ease of decommi ssi.oni ng in terms of removal and/or. 
renovation efforts, and the facility design flexibility to 
accomodate other activities at the end of the normal service 
life. Other works (Hinson, 1980; Manion, 1980; and 
MacDonald, 1980) provide basic considerations. 

Range 

High (redundancy) 
Med i urn 
Low 

High (human factors) 
Med i um 
Low 

High (ease of main- 
tenance) 

Med i um 
Low 

Three basic alternatives are available for decommissioning 
(Manion, 1980). These are: 

1. Permanent in situ protective storage of all or part of 
all residual inventory of radionuclides 



2. Temporary protective storage followed by removal of all 
hazardous residual radionucl ides to . an approved 

. storagelburial facility and release of the site for 
unrestricted use 

3. Temporary pr0tectiv.e storage followed by removal of 
most of the hazardous residual radionuclides to an 
approved storagelburial facility and release of the 
slte for 1~linlLeJ use as a controlled facility, 

Suggested values for qualitative decommissioning factors are 
presented in Table 5. These can be used in 1 ieu of more precise 
analysis when not available. 

TABLE 5. Decommissionability Factor Values. 

Range Remarks 

Some design effort 
Extensive design effort 

This factor value is treated as a percentage of the cost 
plus safety point score. The product of this operation is added 
as the decommissioning portion of the total score. 

EXAMPLE EVALUATION 

As an 'exampl'e let us define a hypothetical situation where a 
faci 1 ity is processing radioactive materials and discharging 
water contaminated with Strontium-90 at Table I (DOE, 1981) 
concentrations at a rate of 1,000 gal (3.8 X 103 L) per day. 
.This water is discharged to a subsurface disposal facility and 
the plant is located in an arid region 50 mi from the nearest 
groundwater user. We want to know. if it would be reasonable to 
install a water treatment device to clean the water to drinking 
water quality. Intuitively. we believe that it will not be cost 
effective . since the discharge is below ground (no airborne 
transport pathway) and the nearest drinking water well is 50 mi 
away (insignificant groundwater transport). 



COST CONSIDERATIONS 

Let us assume the treatment plant will' cost one million 
dollars to build and 50 thousand dollars per year to operate for 
a 20-yr expected lifetime. Construction will require 10 thousand 
man-hours to complete and operation will require 50 hr/yr of 
construction-type activities. Therefore the total projected cost 
is given an evaluation point total of 2,000 for monetary costs. 
Expected deaths from industrial accidents yield a point total of 
77 for a total of 2,077 (Table 6). 

TABLE 6. .Project Implementation Costs. 

. . 
SAFETY CONSIDERATIONS 

The environmental impact of such a release would normallly 
be addressed in a facility Safety Analysis Report or similar 
documentation. That documentation should define the population 
and maximum individual dose commitments according to established 
dose models. Let us assume that the calculated population dose 
commitment is 2.3 person-rem. 

Point value. 

1,000 
7 0 

1,000 
7 

Total 2,077 

Item 

Construction 

Operation 
(20 yr) 

The .assessment for indirect enviromental detriment is done 
by calculating the maximum possible population dose using 
Equation 1 and modifying that dose according to the factors given 
in Tab.le 1. 

Cost 

$1,000,000 
10,000 man-hr 

$1,000,000 
1,000 man-hr 

The absolute maximum possible population dose for 20 yr of 
plant operal;iur~ a t  Table I (DOE, 1981) concentrations is 
1.73 x 108 person-rem. 

That dose is'modified according to Table 1 as follows: 

e The total bubble size is expected to increase. Factor 
value equals 1 

@ The pathway analysis indicates that the availability to 
the environment is low due to subsurface disposal and 
no near water wells. Factor value is 3 



Time to total decay is calculated to be 1,920 yr. 
Factor value is 2 

e Release concentration is at the Table I value 
(DOE, 1981). Factor value is 1. 

These factor values total to 7 for a total calculated 
indirect environmental impact of 17.3 person-rem 
(1.73 x 108 x 1 x 10-7). Therefore the t o t a l  environmental 
impact calculated for this evaluation is approximately 19.6 
person-rem. The point value for the potential benefit of clean- 
ing up this effluent to drinking water quality is 196 points thus 
far. 

The safety considerations relative to industrial accidents 
during construction and operation were .addressed earlier under 
the cost considerations heading. 

ACCIDENT CONSIDERATIONS 

Accident considerations for this situation being evaluated 
are such that operation of the plant without the proposed modifi- 
cation should be safer than with the modification. If we assume 
that the Safety Analysis Report indicates that the factors for 
accident conditions are as listed in Table 7, then we can also 
assign applicable values for the proposed change (also shown in 
Table 7). 

STATE OF THE ART 

We must assume that the existing effluent treatment system 
is not equivalent to the current level of sophistication avail- 
able in the industry. lherefore we will assign a state-of-the- 
art factor value of 10 as indicated earlier in Table 3. The new 
equipment proposed is assumed to be state of the art; therefore a 
factor value of zero is assigned. 

RELIABILITY-OPERABILITY-MAINTAINABILITY 

These categories are evaluated as shown in Table 8. The 
proposed new system is assumed to be more complex and therefore 
less reliable. 



Table 7. Accident/Upset Factors for Example Evaluation. 

*The totals shown in Table 7 will be converted to percentages 
and used to assign.point values later. 

Parameter 

Accident severity 

Accident frequency 

Effectiveness of mitigating 
actions or designs 

Public relations impact 

Cleanup costs 

Uncertainty of measurements 

~otal s* 

Table 8. Reliability, Operability, and Maintainability 
Factors for Example Evaluation. 

Factor values for 

Status 

1 

1 

2 

1 

1 

1 

- 
7 

Parameter 

Reliability 

Operability 

Maintainability 

Proposed 
modification 

2 

1 

2 

1 

2 

1 
I 

- 
9 

Factor values for 

Status quo 

0 

0 

5 

Proposed modification 

5 

0 

5 



DECOMMISSIONABILITY 

Decommissioning of the existing disposal system is assumed 
to be via deactivation and in situ disposal with no significant 
removal and hand1 ing of radioactive materials. Therefore no 
design effort is required and a factor value of 0 is assigned. 

The new system is assumed to require some design effort for 
decommissioning and a factor value of 5 is assigned. 

FINAL EVALUATION 

Finally, all the factors and values discussed are drawn 
together as shown in Table 9 and the total point value for the 
status quo is considerably lower than the value for the proposed 
modification. Therefore the modification is not reasonable to 
pursue. 

Table 9. Example, Evaluation. 

Parameter 

Construction costs 

Construction accidents 

Operation costs 

Operation accidents 

Environmental impact 

Accident consequences 

Reliability 

Operability 

Maintainability 

State of the art 

Decommissionability 

Totals 

Factor values for 

Status quo 

0 

0 

0 

0 

196 

14 (7%) 

0 (0%) 

0 (0%) 

10 (5%) 

20 (10%) 

0 (0%) - 
240 

Proposed modification 

1,000 

7 0 

1,000 

7 

0 

187 (9%) 

104 (5%) 

0 (0%) 

104 (5%) 

0 (0%) 

104 (5%) 

2,576 



CONCLUSIONS 

The preceeding sections have outlined a methodology by which 
differential cost-benefit analyses in environmental ALARA deter- 
minations can be carried out in a systematic fashion. This 
methodology is not intended to be the final word on performing 
these analyses, but it is rather a mechanism by which to initiate 
ALARA considerations at an early stage of the design process. 
Continuing refinement with use should improve this methodology as 
more experience is gained. 
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POINT VALUE RELATIONSHIPS 

R. L. Kathren (Kathren et a1 ., 1980) developed current 
values of a person-rem for use in ALARA evaluations and 
concluded that if dose reduction can be achieved at a cost 
of 5$2,000 per person-rem, then it should be done. 
Similarly, he concluded that if it would cost ~$60,000 per , 
person-rem, then it probably should not be done. We have 
chosen to use $10,000 per person-rem, since our evaluation 
techniques are somewhat conservative. We achieve this by 
assigning one point per $1,000 and lo'points per person-rem 
and, since the early cancer death risk from radiation is 
about 1x10-4 per person-rem, we assign 105 points per death 
from nonradiation attributed causes. 

THE BUBBLE CONCEPT 

The U.S. Environmental Protection Agency (EPA) routinely 
applies a multiple source or bubble concept in determining 
the allowable effluent release levels in an area with more 
than one producer of such effluent. This concept is applied 
by calculating the maximum a1 lowable ambient concentration 
of a pollutant (and thereby, the areal environmental detri- 
ment), using that value to determine the maximum allowable 
release levels, and allocating individual relase limits to 
the various pollutant sources within the area or bubble. 

A modification of that concept can be applied to radioactive 
effluent releases from an area of multiple release points. 
That modification could be applied by calculating the amount 
of air or water that would be required to dilute the total 
quantity of airborne or waterborne effluents to DOE 
Order 5480.1A, Chapter XI, Table I1 concentrations 
(DOE, 1981). That calculation could be based on total 
effluents released, total decayed effluents, or any 
subportion thereof. 

For example, historical airborne effluent release records 
indicate that the current worldwide inventory of 2 3 9 ~ ~  and 
90Sr, which are the result of Hanford Site 200-Area airborne 
releases, may be as high as 1.36Ci and 14.9Ci 
respectively. If all this material had been retained in the 
local air, it would take 8 x 1014 ft3 of air to dilute the 
2 3 9 ~ ~  and 9 x 10+9 ft3 of air to dilute the 9 0 ~ r  to Table I1 
concentrations (DOE, 1981). The 90~r bubble size is a small 
percentage of the total and does not affect the radius of 
the equiva1,ent hemispherical bubble. 



3. TIME FOR TOTAL DECAY OF RADIOACTIVE MATERIAL 

The classical treatment of the decay of a radioactive mater- 
ial predicates exponential decay behavior with the passage 
of time and is valid for the large number of excited nuclei 
which will undergo radioactive decay (Evans, 1955). The 
exponential decay description does not lend itself to pre-, 
dictions of the time interval necessary for all of the 
excited n u c l e i  of a radioactive species to decay. 

An equally rigorous approach assumes a population of excited 
nuclei with its inherent constant half-life and is formu- 
lated to determine the amount of time required for all 
members of the population to decay with a specified degree 
of confidence (Jackson, 1965). In the limiting condition of 

. a requiring absolute certainty that all members of the popula- 
tion have decayed, this approach predicts the passage of an 
infinite period of time, which is in agreement with the 
traditional treatment. 

In the following paragraphs the latter approach is used to 
provide estimates at the 95% confidence level of the time 
required for decay of given radionuclide populations. The 
number of atoms in a population of a given radionucl ide is 
directly proportional to the product of the half-life and 
the activity. A unit activity of a radionuclide with a 
half-life of one year has fewer parent nuclides than does 
the same activity of a radionuclide with a half-life of one 
million years. Therefore, the time interval in terms of the 
number of half-1 ives wi 11 increase with increas.ing half-1 ife 
for the same initial activity at the reference time. 

Radioactive materials discharged to the environment in 
effluents can be assumed to be radiologically detrimental 
during the period of time in which any radioactivity 
remains. An estimate of the period of time which a given 
activity, A, (in microcuries) of radioactive material with 
half-life, T 1/2 (in years) will require to completely decay 
at a specified confidence level (i-e., probability that all 
atoms have decayed is 95%) can be made in the following 
manner (Jackson, 1965). This estimate is of use in 
comparing the duration of effects ot discharge ot ditt'erent 
radionuclides to the environment. 

The number of atoms, N ,  present is 



where 

1.68~1012 = constant to convert pCi to disintegrations 
per second, year to seconds, and the 
conversion from decay constant to half- 
life. 

A = activity of the radionuclide in pCi 

T 1/2 = half-life of the radionuclide in years. 

Since a particular radionuclide has either decayed or not 
decayed, the probability, Po, of all N atoms decaying in n 
half-lives is 

Equation 2 can be rewritten as 

An approximation of the natural logarithm on the right hand 
side of Equation 3 

Substituting into Equation 3 

QnPo = -N(1/2)" 

and solving for n 

If the probability of total decay is assumed to be 0.95, 
Equation 6 can be evaluated as 

N = 44.9 + 1.44 Rn AT112 ( 7 )  

3 



For example, 1.0 pCi of 2 3 9 ~ ~ ~  T 1/2 = 24.390 years, will 
require 59.5 half-lives (1.45 x 106 years) to have a proba- 
bility 'of 0.95 that all the plutonium has decayed. There 
will, of course, be 23% daughters in existence at this 
time. Table 1 is a listing of some radionuclides of concern 
in effluents and the time required for all of the activity 
to decay.with a probability of 0.95. 

TABLE 1. Time to Total Decay (p = 0.95) of 1.0 pCi of 
Various Radionculides. 

The use of this concept is best illustrated by an example. 
Assume that a fuels reprocessing plant wi1.1 emit an 
estimated 1x10~ Ci/yr of 85~r to the atmosphere when in 
o er-atiorr. How much t.lrne wlll be requlred for all of the 
BeKr from a 10-yr campaign to decay with a probability of 
0.95? The first step is to calculate the time interval for 
10 MCi to decay to 1.0 pCi, (i.e., 460yr). From Table 1, 
another 520 yr is required .to complete the tota.1 decay (p = 
0.95), for a total time interval of 380 yr. 

Total time (yr) 

6.0x102 
2.5~102 
.5.2x102 
1.4~103 
4.5x101 
9.5~101 
1.5~103 
4.1~103 
2.2x102 
1.5~106 
2.3~104 

Radionuclide 

3~ 
60~0 
85 ~ r  
9 0 ~ r  
1 0 6 ~ ~  
134~s 
137~s 

. 1 5 4 ~ ~  

l55~u 
2 3 9 ~ ~  
z41~m 

No. of half-lives 

48.5 
47.3 
48.3 
49.7 
44.9 
45.9 
49.8 
48.0 
47.1 
59.5 
53.7 
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