
e 

e 

osI-1;/. 
YANKEE ATOMIC ELECTRIC COMPANY ® Tel+~~n;1~~~:;:;~711 

G~~ 580 Main Street, Bolton, Massachusetts 01740-1398 

December 2, 1996 
FYC 96-010 

Mr. John C. Hoyle 
Secretary of the Commission 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555-0001 

Attention: Chief, Docketing Service Branch 

Subject: NRC Strategic Assessment and Rebaselining Initiative (61FR52475, dated 
October 7, 1996) 

Dear Mr. Hoyle: 

Yankee Atomic Electric Company (Yankee) appreciates the opportunity to comment on 
NRC's initiative to strategically assess and rebaseline its mission and goals. Yankee is the owner 
of the Yankee Nuclear Power Station, which is in the process of being decommissioned. Yankee 
is also the provider of engineering and licensing services to other nuclear power plants within the 
United States. Yankee's comments, which are attached, respond to the following direction
setting issue papers: 

• 
• 
• 
• 
• 
• 
• 
• 
• 

low level waste (DSI 5) 
high level waste and spent fuel (DSI 6) 
operating reactor program oversight (DSI 11) 
risk-informed, performance-based regulation (DSI 12) 
public communications initiatives (DSI 14) 
fees (DSI 21) 
research (DSI 22) 
enhancing regulatory excellence (DSI 23) 
decommissioning of power reactors (DSI 24) 

We would add that the Commission's periodic assessment of the NRC's direction and 
activities can be extremely beneficial. However, for such an important initiative, the Commission 
has not provided stakeholders with sufficient ~ime for review and comment, even with the 
extension that was granted. The lack of review time was underscored by a number ofNRC 
licensees and members of the general public at the first NRC workshop. Further, we are 
concerned that the overall process gives the appearance of stakeholder input, but the schedule for 
review of comments, if conducted over the short period of time originally proposed, is unlikely to 
be substantive in terms of any meaningful analysis of the stakeholders' comments. To ensure 
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Letter, Yankee to US. NRC 
December 2, 1996 

schedule for review of comments, if conducted over the short period of time originally proposed, 
is unlikely to be substantive in terms of any meaningful analysis of the stakeholders' comments. 
To ensure meaningful consideration of all comments on such a broad range of key issues, the 
Commission should consider a revised schedule that allows for sufficient NRC Staff and 
Commission evaluation and entertains the possible additional interaction with stakeholders prior 
to establishing a new direction. 

We also would emphasize that the papers fail to highlight the significant improvements 
made by the NRC and the industry over the last 17 years since the TMI accident, and in doing so, 
continue to cultivate the idea that there is much need for improvement in terms of ensuring public 
health and safety. The Commission needs to seriously consider that a point might be reached 
where the costs of the regulator imposed "continual improvement" initiatives bring into question 
the economic viability of the nuclear option, and as a result ofNRC policies and actions, society is 
effectively denied the benefits of this important energy source. We urge the Commission to 
commit to a concerted effort to develop an objective standard for adequate protection of the 
public health and safety, beyond which no additional, incremental efforts to reduce risk should be 
required. We believe that unless such an effort is completed, licensing, oversight, investigative, 
and rulemak:ing initiatives will continue to place undue weight on subjective judgements and non
quantitative criteria, thereby fueling the never-ending upward spiral of performance expectations 
for licensees. 

Attachments 

c: M. Fairtile, NRC, NRR 
J. White, NRC, Region I 

Sincerely, 
YANKEE ATOMIC ELECTRIC COMPANY 

'•\.t 'li1 . J 'z-a vt-l 
M. Grant 
ager, Regulatory and Industry Affairs 
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Letter, Yanhe to U.S. NRC 
December 2, 1996 
Attachment 4 

COMMENTS ON DSI 12 
RISK-INFORMED, PERFORMANCE-BASED REGULATION 

Yankee endorses NEI's comments on DSI 12 and offers the following additional remarks. 

Question 1. What, if any, important considerations may have been omitted 
from the issue paper? 

Consistent with Yankee's and NEI's comments concerning DSI 11, Operating Reactor 
Program Oversight, we found no meaningful discussion of any projected activities directed 
toward establishing a comprehensible nexus between the Safety Goals articulated thirteen years 
ago by the Commission and an objective standard to assess the adequacy of the existing 
regulation and the need, if any, for additional regulations. We believe that PRA techniques 
represent one of the most powerful means of achieving this goal and minimizing the highly 
subjective judgments which seem to unduly influence most regulatory actions. We believe that 
in order to assess whether a new regulatory requirement would result in "a substantial increase 
in overall protection to public health and safety," the Commission must articulate an objective 
standard for adequate protection. 

Question 2. How accurate are the NRC's assumptions and projections for 
internal and external factors discussed in the issue paper? 

In the discussion of internal and external factors, many of these factors are stated in such 
general terms that it is difficult to offer substantive comments. However, this section of the 
DSI cites a number of initiatives which seem to be accorded greater value than we believe is 
warranted by actual results. To cite just one example, the DSI notes that in 1995, the NRC 
and the EPA developed a joint paper entitled "White Paper on Risk Harmonization" to help 
explore ways to "harmonize" risk goals and to develop mutually agreeable approaches for risk 
assessment methodologies to assess radiological risk. We are not aware of any tangible benefit 
from this undertaking. In this era where it is becoming increasing clear that everyone's 
resources are finite, we believe that the NRC should accept the challenge of demonstrating 
results and clear benefits commensurate with the resources expended on initiatives such as the 
risk harmonization effort. 
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Attachment 4 

Question 3. Do the Commission's preliminary views associated with the issue paper 
respond to the current environment and challenge? 

Similar to our comment in response to Question 2, the Commission's preliminary views seem 
to be a compendium of generalities so it is difficult to comment. We would note that the very 
vagueness of these views does not bode well for achievement of significant progress in this 
area in the future. We would like to reiterate that an objective baseline is fundamental to 
achievement in this area. We believe that the NRC must commit to a concerted effort to 
develop an objective standard for adequate protection of the public health and safety. 

Question 4. Which option do you endorse? 

We agree with NEI. We would add that formal probabilistic risk studies are not always 
needed in order to adopt a performance-based, risk-based approach to regulation. In some 
cases, it is intuitively obvious, such as in the case of decommissioning in which there no 
longer is the potential for accidents that can significantly impact the public health and safety. 
DSI 12 states that "[t]he Commission recognizes that, in order to accomplish the principal 
mission of the NRC in an efficient and cost effective manner, it will in the future have to focus 
on those regulatory activities that pose the greatest risk to the public." While the 
Commission's revised decommissioning licensing process, promulgated this year, better 
reflects the minimal risk associated with decommissioning, the revised process is still replete 
with signs that the Commission is unwilling to adopt a performance-based, risk-informed 
regulation. For example, rather than focusing the revised rule on the performance criteria that 
must be met (i.e., radiological release criteria), the Commission promulgated prescriptive 
criteria for submittal and contents of a License Termination Plan. The Commission also failed 
to establish decommissioning as an EA/EIS categorical exclusion even though 
decommissioning results in an overall improvement in the environment, and subjected the 
License Termination Plan to an opportunity for hearing, even though the focus at that point 
should be on performance to the radiological release criteria that pertain. 
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DRAFT 1212196 

A RISK BASED METHODOLOGY FOR ASSESSING 
THE EFFICACY AND PRIORITIES OF RADIATION 

PROTECTION PROGRAMS 

Abstract: 

By 

William P. Dornsife 

Ajit Bhattacharyya 

Pennsylvania Department of Environmental Protection 

Bureau of Radiation Protection 

There is increasing concern as to whether our limited resources are being allocated to those radiation 
regulatory programs that produce the greatest return measured by risk avoided. Public perception 
and lack of an accepted methodology for comparing risk based program efficacy appear to be the 
major contributors to this problem. This report offers a new approach to the concern and is intended 
to encourage decisionmakers to use this new approach. A new, simple methodology for evaluating 
the risk based efficacy of regulatory programs is proposed, which provides several different 
approaches for comparing the cost effectiveness and priority of these programs. As an example of the 
application of this methodology, the various programs of the Pennsylvania Bureau of Radiation 
Protection are evaluated and compared. This evaluation provides some insightful results and shows 
that current funding and prioritization of radiation programs are exactly opposite to their risk based 
efficacy. 

Introduction 

There is increasing concern in the radiation protection community that the limited resources which are 

available to mitigate health and safety risks are not being directed to those radiation programs which can 

be controlled most effectively from a cost-risk benefit basis. This is partially due to existing negative 

public perception of radiation and nuclear power. These perceptions have been documented by various 

researchers and are generally well known (Sandman 1986). An even more basic problem may be the 

absence of a generally accepted methodology for assessing the risk based efficacy of the various 

radiation protection programs. If such a methodology were available, not only would decision-makers 

be able to direct resources to those programs that avoid risk most cost-effectively; but, in addition, this 

methodology could be used as a tool to illuminate the public perception problems. 
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This report presents a simple risk-based methodology that is intended to address these issues. In 

addition to describing this proposed methodology in detail, this report will include examples of its 

application. These examples, quite appropriately, will include the various programs that are 

administered by the Pennsylvania Department of Environmental Protection Bureau of Radiation 

Protection (PADEP). Not only will these examples effectively cover a wide range of typical radiation 

programs in this country, but the results are very enlightening. The current regulatory programs in the 

PA Bureau of Radiation Protection that will be evaluated are the following: Low Level Radioactive 

Waste (LLRW) Disposal, Radon, X-ray Registration and Inspection, Naturally Occurring and 

Accelerator-Produced Radioactive Material (NA.RM) Licenses and Inspection, and Environmental 

Radiation which includes NORM disposal and contaminated site remediation. Examples will also 

include radiation exposure problems and issues which the P ADEP has identified or participated in 

resolving. Each program will be evaluated individually from a cost, risk-based perspective, and then 

compared for purposes of determining relative program efficacy and for prioritization purposes. This 

broad perspective and comparison of programs is best done at the state level. Federal agencies rarely 

compare programs outside of their narrow areas of responsibility. 

It should be noted that this methodology can easily be used to evaluate and compare non-radiological 

environmental and public health and safety regulatory programs. Evaluation of these programs using 

, ' 1 

one common methodology would allow comparison across a broad spectrum of state and federal agency e 
responsibilities to assure that resources are allocated to all programs on the basis of their risk-based 

efficacy. 

General Methodology 

First, for each program, a baseline "unmitigated" risk profile is defined which captures the intrinsic 

hazards associated with the activity; either, absent reasonable controls and regulations, or at an alternate, 

but well defined, regulatory level. Wherever possible, the risks are quantified in terms of potential 

health effects (e.g., cancer deaths avoided) and then calculated over the anticipated hazard life. The risks 

may be real (actual mitigation of indoor radon exposure) or projected (future conservative estimates of 

exposure from LLRW disposal or a remediation project). 
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Next, an estimate is made of the reduction in risk from the baseline that will result from the 

implementation of an enhanced regulatory program, with its required mitigative standards, safety 

practices and controls. Here again, the risks may be real or projected. In all cases, the exposure 

scenarios are consistently applied to both the base and mitigated case programs in order to make a valid 

comparison. 

The cost to the regulated community or other entity to establish and implement the regulatory program 

and/or mitigate the risks is then estimated for an appropriate time frame, consistent with the risk profile. 

Although a major component of the regulatory cost may be incurred for some programs at the federal 

government level, the only component considered in most of these examples are the PADEP's regulatory 

program costs that are needed to support the development of the program and oversee the risk reduction 

activities of the regulated community. 

Once these estimates have been made, the three quantities (risk reduction, cost to avoid or reduce the 

risk, and state regulatory cost) are applied to a decision model which estimates the risk-based efficacy 

and priority of the program under consideration. If the program spans a long timeframe, the costs and 

risks can be discounted before aggregation. 

Definition of the Indices Used in this Report 

The following indices have been developed and will be used for evaluation and comparison of the 

various programs in this report: 

The more traditional method for estimating program efficacy is simply to divide the total costs for both 

mitigation of the risk and the regulatory program by the actual risk avoided. This is called Cost per Risk 

Avoided (CRA) and is defined as follows: 

Where: 

CRA = Ii C!!!.i! +Ii Cm:. = dollars per cancer avoided (1) 
Ii r 

ll.Cmit = Increment in cost for the regulated community to reduce risk between two 

alternate programs over an appropriate time frame. The programs may be fully 

regulated or include only superficial controls. 
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ACrcg =Cost difference for the alternate regulatory programs, if any, for the two 

alternatives. 

t1r = Risk reduction in health effects avoided (cancer deaths) over the timeframe of 

the hazard. 

The second approach is to use the index defined in Appendix B, called the Priority Index (PI). As 

discussed in Appendix B, this index is generally a truer measure of the life cycle efficacy of a regulatory 

program. Since all of the examples evaluated in this report are equally weighted two party projects 

(regulator and mitigator), the appropriate definition from Appendix Bis the following. 

PI= -Lo .!..( t1r x AC ) (2) 
g2 AC1xAC2 

Where: AC = ACmit + ACreg =Total cost of program 

Other parameters are the same as defined in Equation (1) 

The argument in equation (2) has the dimensions of risk avoided per dollar spent. As the argument 

increases (less dollars spent per life saved), the negative value of the Log of the argument (or the PI) 

decreases, indicating a more effective program. The (Log) operator is included in the definition because 

it is more reflective of the large uncertainties that may be involved in the calculations. Appendix B 

contains a more detailed discussion of the use and derivation of the Pl. 

In equation (2), when either ACreg or ACmit approach zero, the argument becomes very large; and may no 

longer be a meaningful comparison of program efficacy. Since some of the programs or identified 

problems may have either very small regulatory or mitigation costs, or these costs may be indeterminant, 

it is appropriate to introduce another index for evaluating program efficacy. This index is called the 

CRAI (CRAI), and is defined as follows. 

CRAI = Log( ACreg :ACmit) (3) 

It will be recognized that this index is simply the logarithm of the CRA that was previously defined in 

equation (1). As with the Pl, it also better reflects the order of magnitude uncertainties inherent in the 
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some of the calculations when comparing the results. This index is mathematically related to the PI (as 

described in Appendix B) and will, to some extent, serve as a reality check for the Pl. 

In order to better understand the importance and unique insight gained by the use of the PI compared to 

the CRAI, it is necessary to consider a typical regulatory program life cycle. This life cycle is illustrated 

and the key features are described in Figure 1. If the CRAI differs from the PI by more than two or three 

units [Equation (1) is two or three orders of magnitude different from the argument in equation (2)], then 

the PI is probably not a very meaningful comparison of program efficacy and the CRAI should be used 

for this purpose. In all cases, judgment will need to be exercised based on specific knowledge of the 

program to determine which index is the more appropriate indicator of program efficacy. 

Evaluation of P ADEP Radiation Protection Programs 

In order to provide meaningful examples of use of this proposed methodology, the indices defined by 

equations (1), (2), and (3) are used to evaluate the various PADEP radiation protection regulatory 

programs and other selected radiation protection issues. The important assumptions, parameters and the 

calculation of the indices are summarized in the following discussion for each program. A more detailed 

discussion of the methodology, major assumptions, and calculational methods for most of the examples 

are presented in Appendix A. 

LLRW Pro2ram 

The disposal in an engineered facility of all the LLRW expected to be generated in Pennsylvania over 

the next 30 years is compared to the situation where a disposal facility is not available, and long term 

storage at the site of generation or in a centrally located facility must be used. For the long term storage 

option. releases are assumed to begin at 50 years and continue for the next 500 years at a constant rate, 

with adsorption only in soil. For disposal, releases are assumed to begin at 300 years and continue at a 

constant rate for the next 1000 years, with adsorption in both soil and a concrete waste form. Because of 

the extremely long term nature of LLR W project costs compared to the other examples, an additional 

case is calculated which assumes the costs are discounted at the rate of 5%. The major assumed 

parameters and calculated indices are shown in Table 1. Appendix A. l should be consulted for a more 

detailed discussion of this example. 
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Figure 1. Graphical summary of the Priority Index (PI) as a useful measure of regulatory program efficacy. 
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For a typical program, costs and risk avoided reach steady state conditions in this range as the 
program matures. The fact that PI becomes more dominated by the regulators cost in this range 
makes this index a more effective measure of regulatory program efficacy. At this stage ACmit >> 
ACreg on an annual basis and therefore the CRAI will become a constant or may begin to increase, 
but PI will continue to decrease as the regulatory program effectively continues to reduce risks. 
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Radon Program 

The actual costs and risk reduction by installation of radon mitigations systems in Pennsylvania over the 

past ten years are compared to the alternative of no program and the assumption that no mitigations 

would have been performed. The calculations for risk avoided are based on a random sample of actual 

mitigations that have been performed over the past three years, using pre and post mitigation testing 

data. Three assumed cases for calculating risk avoided are evaluated: 

(1) The actual number mitigations that have been performed over the past 10 years and the cumulative 

exposure avoided to the end of that time period. 

(2) The same number of mitigations as case (1), but with exposure assumed to be avoided for an 

additional 10 years. This assumes the mitigation systems will operate for an additional 10 years, and 

is considered to be the most likely case. 

(3) As an example of a prospective analysis, the program is assumed to continue for the next ten years. 

The total number of mitigations are assumed to be twice that of case (1) and cumulative exposure 

avoided only for the 20 years that mitigations occur. 

The major assumed parameters and calculated indices are shown in Table 2. Appendix A.2 should be 

consulted for a more detailed discussion of this example. 

General X-ray Program 

The difference in measured exposures for typical X-ray examinations and the PADEP X-ray program 

regulatory costs in 1995 is compared to 1985. The risk avoided is assumed to be directly proportional to 

the reduction in the exposure at skin entrance (ESE) measurements for the various X-ray procedures 

from 1985 to 1995. It is further assumed that only the regulatory costs have contributed to this reduction 

in exposure, although it is recognized that the regulated community may have made substantive 

expenditures for equipment upgrade and improved quality assurance during this period. The major 

assumed parameters and calculated indices are shown in Table 3. Appendix A.3 should be consulted for 

a more detailed discussion of this example. 

X-ray-Computerized Tomography (CT) Upgrade 

A recent survey was conducted by personnel from the P ADEP Southwestern Regional Office (Angelo et 

al. 1996) which identified the fact that CT machines using Xe screens compared to solid state screens 
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consistently produce an higher average patient exposure of about 3.7 rad per scan for head CT's and 

about 1.9 rad for body CT's. For purposes of calculating mitigation costs, it was assumed that all the 

CT machines in Pennsylvania currently equipped with Xe screens are upgraded to solid state screens. 

The regulatory costs are assumed to be negligible to implement this upgrade. The major assumed 

parameters and calculated indices are shown in Table 4. Appendix A.3 .1 should be consulted for a more 

detailed discussion of this example. 

X-ray-Fluoroscopy Upgrade 

The P ADEP Southwestern Regional Office has also conducted a detailed survey of fluoroscopy units 

(Angelo et al. 1994). This survey found that there was a significant difference in the average dose to the e 
patient of about 47.5 R per examination between the digital and film CINE units, with the digital units 

having the lower exposure. The methodology used to calculate risk avoided and costs is very similar to 

the previous CT upgrade example. It was assumed that all of the film CINE units in Pennsylvania are 

upgraded to the digital (DCF) mode. Assuming the regulatory cost to implement this upgrade are 

insignificant, the major assumed parameters and calculated indices are shown in Table 5. Appendix 

A.3.2 should be consulted for a more detailed discussion of this example. 

Environmental Radiation- Babcock &Wilcox (B&W) Apollo Facility Remediation 

The B& W facility in Apollo, PA has recently undergone a major decontamination and decommissioning 

effort. The risk avoided has been estimated by calculating the exposure from the measured levels of 

contamination before and after remediation, and assuming the site will be used for residential purposes. 

Since long lived naturally occurring radionuclides are involved, the avoided risks for assuming varying 

exposure times are also evaluated. The actual total expenditures for remediation have been used as the 

mitigation costs. The major assumed parameters and calculated indices are shown in Table 6. Appendix 

A.4 should be consulted for a more detailed discussion of this example. 

Environmental Radiation - Cannonsburg Site Remediation 

The Cannonsburg site was the first remediation performed in the mid-l 980's under the authority of the 

Uranium Mill Tailings Remediation Act (UMTRA). This was the site of former Vitro rare metals plant 

which processed radium in the early 1900's. About 150 offsite properties also had significant levels of 
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contamination. The risk data was taken directly from the Final Environmental Impact Statement 

(U.S.DOE 1983). The chosen alternative of on site disposal in a clay lined mill tailings cell was 

compared to no action alternative of maintaining the present conditions (primarily industrial use). The 

on site disposal alternative requires long term care and maintenance, so a residential scenario was not 

assumed. The exposure time was assumed to be 1000 years for risk calculation purposes. This also 

corresponds with the design life of the mill tailings cell. The remediation cost of $51,900,000 was 

directly extracted from the Project Schedule and Cost Estimate Report (U.S.DOE 1987). Although the 

law required that the Commonwealth of Pennsylvania had to pay at least 10% of the cost, the regulatory 

cost was assumed to be negligible. The calculation of the major parameters and indices are shown in 

Table 7. Since the risk and cost data for this example are taken directly from the referenced reports, no 

details are included as an appendix. 

Environmental Radiation-Naturally Occurring Radioactive Material (NORM) Disposal 

NORM contaminated sludge from an oil and gas brine treatment facility has recently been discovered in 

Pennsylvania at a local sanitary landfill. The P ADEP has given an exemption to continue transporting 

and disposing of the sludge in the landfill in accordance with permit conditions. The methodology used 

for this example was similar to that used for the B& W Apollo site remediation examples. The 

mitigation costs are based on the actual costs for transportation and disposal at the landfill. The major 

9 assumed parameters and calculated indices are shown in Table 8. Appendix A.5 should be consulted for 

a more detailed discussion of this example. 

Radioactive Material <RAM) Alternate Criteria for Release of Patients Administered RAM 

The USNRC has recently conducted an evaluation of the alternatives for public exposure criteria from 

patients released after administration of radiopharmaceuticals. The results of this evaluation have been 

published as NUREG-1492 (USNRC 1994). In order to provide a broader perspective of the three 

alternatives that were evaluated, the exposure and cost data from NUREG-1492 are evaluated using the 

indices of this methodology. The methods for calculating the major parameters are shown in Table 9. 

Since the risk and cost data for this example are taken directly from the referenced report, no details are 

included as an appendix. 

Nuclear Power Plant Decommissioning 
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Using a method similar to that used for the B&W remediation example, the risk based efficacy of 

various nuclear power plant (boiling water reactor) decommissioning and waste disposal options are 

evaluated. These options are then compared to the hypothetical need for disposal of residual coal ash at 

a coal-fired power plant. Only the radiological impacts from the coal ash, which are currently 

unregulated, are considered in the analysis. The radionuclide concentrations are estimated from the data 

in NUREG/CR-0672 (USNRC 1980) for the nuclear power plant and EPA 520/7-79-006 (USEPA 

1979) for the coal ash. The cost data for nuclear plant decommissioning is extracted from NUREG/CR-

6174 (USNRC 1994) and the coal ash is assumed to be disposed of at the Envirocare of Utah facility at 

the current estimated average cost. Appendix A.6 contains a more detailed discussion of the 

assumptions and methodology used in this example. The major assumed parameters and calculated 

indices are shown in Table 10. 

Discussion and Interpretation of Results 

Table 11 provides a summary of the CRA, PI and CRAI for each of the radiation protection programs examples 

that are evaluated by this methodology. The programs are listed in order of increasing CRA and CRAI values. 
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Table 1: LLRW program assumed parameters and calculated indices. 

Cost Cancer 
Rqulaton: Risk Miti&ation Cost per Risk Avoided 

Cost {LLRW &enerators} Priority Index 
Calculation Deaths {CRA} CRAI 

Difference Cost Difference 
Option Avoided $/cancer death avoided ill} 

(Sm ill ions) ($millions) 

94.8 - 0.2 = $322 -$8 = $1248 - $540 = 1022 x 106 
= 10.8 x 106 -Log!(1022x!O"' x94.6 }o-66 to{1022 

xl0
6 
]= 7.03 Undiscounted 94.6 $314 $708 94.6 2 314><708 94.6 

94.8- 0.2 = $93 - $1 = $531 - $259 = 364 x 106 = 3.85 x 106 -Log!( J64x!O"' x94.6 }o-16 Lo{ 364 
xl 06] = 659 Discounted 94.6 $92 $272 94.6 2 CJl.XJ.72 94.6 

Table 2: Radon program assumed parameters and calculated indices. 

R!:&ulaton: Risk Miti&ation 
Cost per Risk A voided 

Priority Index 
Lun2 Cancer {rqulated community} 

CRAI 
Cost 

{CRA} 
Prouam 

Deaths Difference Cost Difference 
$/cancer death avoided ill} Case --

Avoided 
($millions) ($millions) 

( 4.56 x 106 Person- ($1 x 106 per ($1 x 107
) + ($6.0 x 107

) 
$8.0 x 107 = 7.84 x 10'4 

-Log!( 8.0XI er' xI<l21 }423 w{ 8.0 x107 ]=4.89 
WLM) x (224 x 10-6 year) x (10 years) + ($3.7 x JO') Case 1 

LCD/WLM) = = = $7.0x107 1021 
2 7.0xl.O 1021 1021 SI x 107 

(7.S2 x 106 Person- ($1 x 106 per ($1 x 107
) + ($6.0 x 107

) 
$8.0 x 107 = 4.75 x 104 

-Log!( s.oxIO-' x1684 }4.02 ~I: x10
7 

]=4.61 
WLM) x (224 x 10-6 year)x (lOyears) + ($3.7 x 10') Case2 

LCD/WLM) = = = $7.0x107 1684 
2 7.0xl.O 1684 $1x107 

(17.4 x 106 Person- ($1x106 per ($2 x 101> + ($12.0x 107
) 

$16:1x107 =4.13x 104 

-log!(16.lxl<r' x3898 } 195 w{;:xio7 ]=4.62 
WLM) x (224 x l 0-6 year) x (20 years) + ($1.1 x 106

) Case 3 
= $14.1x107 3898 LCD/WLM) = = 

2 14.1><2.0 3898 $2 I 107 

10 



Table 3: General X-ray program assumed parameters and calculated indices. 

Cancer Regulatory Risk Mitigation Cost (!er Risk A voided 
Priority Index 

Deaths Cost Difference {regulated community} {CRA} 
Avoided Cost Difference $/cancer death avoided !m 

(132/2 cancers/yr) (J.75- 0.4) x 106 x (10 yr) 
Note: ~6.8 x 106 I( 660) = 10,300 =-Log- =4.31 x IO yr = 660 2 

= $6.8 x 106 660 2 6.8x 106 

(Note) 

Note: lfit is assumed that .1Cmi1 "" 0, then the PI as defined approaches infinity. It should be noted that if it is assumed that the 
regulated community mitigation cost is much higher than the regulatory cost (mitigation cost"" total cost), the PI reduces to this 
expression. This shows the utility of the PI for assessing regulatory programs. 

Table 4: X-ray CT upgrade assumed parameters and calculated indices. 

Cancer Regulatory Risk Mitigation Cost (!er Risk A voided 
Priority Index Deaths Cost Difference {r~ulated community} {CRA} 

Avoided Cost Difference $/cancer death avoided .cm 
(105 fatal cancers/year) 

($100,000/CT machine) Assuming that L\C..,8 "" O; the PI, x (10 years remaining life) -so ~10 x 106 = 9500 
= 1050 x (100 in PA)= 

1050 
as defined, approaches infinity. 

$10,000,000 

e 11 e 

CRAI 

w{ 6·:°6
] = 4.01 

CRAI 

Lo [ 10x106] = 3.98 
g 1050 



e e 

Table 5: X-ray fluoroscopy upgrade assumed parameters and calculated indices. 

Cancer Regulatory Risk Mitigation Cost per Risk A voided 
Priority Index 

CRAI Deaths Cost Difference (r~ulated communiU:l (CRA} 
Avoided Cost Difference $/cancer death avoided .cm 

(28,670,000 R/yr) x (0.16) x (10 
-so ($125,000/CT machine) 

$25.1x106 = 3200 
Assuming that ACreg A$ O; the 4 25.lxl06] = 351 years remaining use) x (0.34 area 

x (201 in PA)= PI, as defined, approaches 
7800 ratio) x (5 x 10-4 cancer deaths/rem) 

$25,125,000 7800 infinity. -7800 

Table 6: Environmental Radiation - B&W remediation program assumed parameters and calculated indices. 

Cancer 
Regula to a Risk Mitigation 

Cost ~r Risk A voided 
Program Cost (regulated communitl'.} PrioriU: Index 

Deaths (CRA} CRAI Case Difference Cost Difference --
Avoided $/cancer death avoided .cm ($millions) (Smillions) 

(I) Assuming ~74 x 106 = 8.6 x 105 Lo{ 74xl06] = 5.93 100,000 years of 86.3 -so $74 x 106 86.3 Assuming that 
exposure 863 

(2) Assuming 
$74 x 106 = 4.0 x 106 

ACres A$ O; Lo{ 74xl06] = 6.60 10,000 years of 18.4 -so S74 x 106 ~ 

18.4 exposure 18.4 

(3) Assuming 
$74 x 106 = 10.7 x 106 the PI Lo{ 74xl06] = 7.03 2000 years of 6.0 -so $74 x 106 

exposure 6.9 
6.9 

( 4) Assuming 
$74 x 106 = 2.9 x 106 Lo{ 74xl06] = 6.46 all radionuclides 25.5 -so $74 x 106 approaches 

released are 25.5 infinity. 255 
ingested 
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Table 7: Environmental Radiation - Cannonsburg site remediation calculated parameters and indices. 

Regulatory 
Remediation 

Cost per Risk A voided Cancer 
Total Priority Index 

CRAI Deaths Cost 
Cost 

(CRA) 
ru} Avoided Difference $/cancer death avoided 

(0.0106- 0.00302 lung cancer deaths/yr) + 
$51,900,000 $51.9 x 106 = 5.86 x 106 Assuming that ~Crea ~ O; the Lo{ 5 L9xl06] ~ 6.77 (0.0013 - 0.0000305 other fatal cancers/yr) -so PI, as defined, approaches x ( 1000 years) = 8.85 8.85 infinity. 8.85 

Table 8: NORM disposal assumed parameters and calculated indices. 

Cancer Regulatory Risk Mitigation Cost per Risk Avoided 
Priority Index Deaths Cost Difference {regulated communiU'.l {CRA} CRAI 

Avoided Cost Difference $/cancer death avoided ru} 

($43,000 = expense/yr/FTE) x (3400 tons/yr) x (5 yr) x 
-Lo .!.( 516000 

x8)=4.04 r.o{ 516~000] = 4.81 8.0 (overhead= 1.4) x (0.8 FTE's) ($27.50 per ton) = ~516,000 = 64,500 

= $48,000 $468,000 8.0 g 2 48000 x 468000 

e 13 e 
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Table 9: Alternatives for release of patients administered RAM assumed parameters and calculated indices. 

Regulatory Risk Mitigation 
Cost l!er Risk Avoided Priority NUREG-1492 Cancer Cost Difference Cost Difference (CRA) Index CRAI Alternatives Deaths ($millions) ($millions) 
$/cancer death avoided 

--
{fil Avoided hosp + lost time + record 

Alt (1) l mSv 
(18,600 person-rem) x USNRC costs are 402 + 24.l + 0 - $426.l x 106 45.8 x IO' Assuming Lo{ 426.~~106]=7.66 {100 mrem) total (5 x 10-4 rem·1

) = 9.3 
that effective dose 

9.3 not known 426.l 
equivalent 

Alt (2) <1110 
(36,800 person-rem) x but assumed to 60 + 3.6 + 0 = 

$63.6 x 106 = 3.4S x 106 ~Crea 11t1 O; Lo [ 63.6xl06] = 6.54 MBq (30 mCi) or (5 x I0-4 rem"1
) = 

18.4 g 18.4 <0.05 mSv 
be very small 63.6 

the PI (5 mrem)/hr@ lm 18.4 

Alt (3) 5mSV 
(39,500 person-rem) x compared to 30 + 1.8 + 1.2 = 

$33 x I06 = 1.67 x 106 approaches Lo{ 33xl 06] = 6.22 
(500 mrem) total (5 x 10-4 rem·1

) = 
19.8 19.8 effective dose 

mitigation costs 33 infinity equivalent 19.8 
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Table 10: Nuclear verses coal-fired power plant decommissioning: assumed parameters and calculated indices. 

Cancer 
Regulatory Risk Mitigation 

Cost per Risk A voided 
Program Cost (rg:;ulated communib'.} Prioritv Index 

Case 
Deaths 

Difference Cost Difference 
(CRA} CRAI 

Avoided $/cancer death avoided .(f!l 
($millions) ($millions) 

( l) B WR - disposal 
onsite with 2 m cover 

$(138.2- 115.6) x 106 Lo [ 22.6xl06] = 1120 
compared to otfsite ... so ~22 .6 x 106 = 161.4 x 109 Assuming that 

0.00014 - 0 g 0.00014 
disposal at = 22.6 x 106 0.00014 
Envirocare 

(2) BWR - disposal Lo{ 25 5.8xl 0
6 

] = 5_93 
onsite with no cover $(371.4- 115.6) x 106 ~Cre8 "" O; 
compared to otfsite 297.6- 0 ... so $255.8 x 106 = 860,000 

disposal at Barnwell = 255.8 x 106 297.6 
297.6 

(3) BWR - disposal Lo{ 255.8xl06]=1226 onsite with 2 m cover $(371.4 - 115.6) x 106 the PI 

compared to otfsite 0.00014- 0 ... so $255.8 x 106 = 1.83 x 1012 

disposal at Barnwell = 255.8 x 106 
0.00014 

0.00014 

(4) coal - disposal Lo{ 14.6x10
6

] = 5_99 
onsite with 2 m cover $(37. l-22.5)x 106 approaches 
compared to otfsite 14.8 - 0 1t1$0 $14.6 x 106 = 986,000 infinity. 
disposal at = 14.6 x 106 

14.8 
14.8 

Envirocare 

e 15 -



Table 11: Summary and Comparison of CRA, PI and CRA Indices for Each Program 

Program CRA 
$/Life Saved 

X-ray - Fluoroscopy upgrade 3200 

X-ray - CT upgrade 7900 

X-ray - General 10,300 

Radon (10 years mitigation+ 41,300 
10 years·mitigation) 

Radon (10 l'.ears mitii=;ation + 47.500 
10 l'.ears exnosure} (2) 

NORM Disnosal 64.500 
Radon ( 10 vears mitiQation) 78.400 

B&W (100,000 years 860,000 
R,.mPfiiation exTV\sure) 

BWR decom-disposal onsite with no cover 860,000 
compared to offsite disposal at Barnwell 

Coal ash- disposal onsite with 2 m cover 
compared to offsite disposal at Envirocare 

986,000 

RAM-Patient Alt (3} 1,670,000 
Release Criteria (2) 

B&W (all releases 2,900,000 
Remediation ingested) 

LLRW <Discounted} (2) 318501000 

RAM-Patient Alt (2) 3,450,000 
Release Criteria 

B&W (10,000 years 4,000,000 
DPmPiliation exTV\c:ure) 

B&W (21000 l'.ears 516001000 
Remediation exnosure) (2) 

CannonsbuN remediation 5.860.000 

LLRW (Undiscounted) 10.800.000 

RAM-Patient Alt (1) 45,800,000 
Release Criteria 
BWR decom-disposal onsite with 2 m cover 161,400,000,000 
compared to offsite disposal at Envirocare 

BWR decom-disposal onsite with 2 m cover l ,830,000,000,000 
compared to offsite disposal at Barnwell 

(I) Assumes AC..U, »A~ or AC1o1"" AC..U1 so PI= !log (Ar/A~)i 

(2) The preferred or most reasonable option is in bold and underlined. 
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PI CRAI 

- 3.51 

- 3.90 

4.31 (1) 4.01 

3.95 4.62 

4.02 4.69 

4.04 4.81 
4.23 4.89 

-- 5.93 

-- 5.93 

5.99 

- 6.22 

-- 6.46 

6.16 6.59 

-- 6.54 

-- 6.60 

- 6.74 

- 6.77 
6.66 7.03 

-- 7.66 

-- 11.2 

-- 12.26 



If only those items that are shown in bold in Table 11 (programs with a single option or the most 

reasonable/ preferred program option) are compared from a program efficacy and priority standpoint 

using the most common indices, the CRA and CRAI, the ranking is as follows: Fluoroscopy upgrade > 

CT upgrade> X-ray General> Radon> NORM disposal> Coal ash offsite disposal> RAM-patient 

release> LLRW disposal> B&W Remediation> Cannonsburg remediation> BWR decommissioning 

waste off site disposal. This general ranking is probably not much of a surprise to those familiar with 

radiation protection issues. What probably will be surprising is the magnitude of the numbers and the 

new perspective that it provides to decisionmakers. In the interest of better utilization of limited 

resources, it would appear that attention should be given in this general order if indeed the goal of our 

national radiation protection program is to reduce unnecessary radiation exposures more cost effectively. e 
Unfortunately, almost the exact reverse order of relative priority and funding is currently being utilized. 

In order to provide a better understanding of the results and the insight gained by the use of this 

methodology for risk based decisionmaking, the following provides some general comments and a 

discussion and evaluation of the major conclusions for each program. 

General comments: 

• As shown in Appendix B there is a mathematical relationship between PI and the CRAI that will 

allow a better understanding of the indices by decisionmakers when using this methodology. 

1. If ~Cmit = ~Creg. then (CRAI - Pl):::::: 0.3; so CRAI is always larger than PI by at least 0.3. 

2. If ~Cmit I ~Creg or ~Creg I ~Cmit = 10, then (CRAI - Pl) :::::: 0.8 

3. If ~Cmit I ~Creg or ~Creg I ~Cmit = 100, then (CRAI - Pl):::::: 1.7 

• It is interesting to note those programs which have greatest efficacy (the X-ray programs and radon 

program) also have the highest individual exposure levels, most of which are above the level of 

observed biological effects. On the other hand, the programs toward the bottom (LLR W and 

remediation) typically involve long term, low dose exposures whose effects are extrapolated from 

higher exposures. This is another important reason to change the current perception of the public 

and decisionmakers on program priorities. 

• Comparing the programs using the PI, the only difference in ordering would be that the most likely 

radon case becomes slightly better than the general X-ray program. However, since the PI for the 

general X-ray program is presumed for purposes of demonstration and not directly calculated, this 
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reordering may not be appropriate. For example, ifthe general X-ray regulatory cost is assumed to 

be equal to the mitigation cost, the X-ray PI would be equal to about 3.7. The mitigation (regulated 

community) cost would have to be about $30 million for the PI's to be equal, but then the general X

ray CRAI would increase to about 5.0. 

• The results clearly show that there is a need to begin making decisions on program priorities by 

comparing a broader range of programs. Currently, decisions are typically based on evaluating 

alternatives within a narrow context, usually agency wide or smaller. As these results show, the 

perception is much different and more useful when the risk-based efficacy of a broad range of 

programs is available for decisionmakers to compare and set appropriate priorities. 

• This methodology can be and should be applied to all environmental and public health and safety 

regulatory programs, beyond those that are radiation related. More global budget priorities could 

then be established which would begin to focus on issues that represent real health and safety risks, 

and not based on politics and perception. 

• It should be noted that most of the programs have been initially evaluated from a retrospective 

viewpoint. After initially performing this retrospective evaluation of a program. it would be prudent 

to look forward and consider (a) how much additional risk reduction is practicable/desirable; (b) 

what would be the regulated community,s costs to sustain the past reductions and introduce the new 

reductions; and ( c) what would be the state regulatory costs to continue or improve the program. A 

similar analysis could then be conducted to determine the future prioritization of each program. A 

simple example of this prospective analysis is shown in one of radon program examples. (Case 3: 

Mitigation is assumed to occur at the same rate for an additional 10 years into the future.) 

• For comparison purposes, the USNRC and USDOE use a range of about $1000 to $10,000 per 

person-rem as a cost benefit criteria for ALARA evaluations. This translates to about $2 million to 

$20 million per cancer death avoided. 

• Assuming the average fatal cancer patient has one radiation therapy series ($15,000), one 

chemotherapy series ($30,000), and spends one month of hospitalization ($30,000), the total 

estimated health care cost for a single fatal cancer is estimated to be at least $75,000. Since 

increased health care costs will be a concern, especially for the X-ray equipment upgrade, it is 

interesting to note that the health care costs saved by avoiding the cancers to begin with will be at 

least an order of magnitude greater than the cost for the CT upgrade, and about two orders of 

magnitude for the fluoroscopy upgrade. 
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LLRW disposal program: 

• The long term storage scenario is very conservative and has a high degree of uncertainty, so the risk 

avoided could be much smaller and the indices greater if less conservative assumptions were used. If 

risks far into the future were to be discounted, the risk avoided would also be much smaller and the 

indices larger. 

• Considering the conservative methodology used, it is surprising that the total risk for LLRW disposal 

is so small. Tbis is an indicator of the small potential risk involved with the LLRW disposal project, 

since only 0.2 fatal cancers are projected to occur over the life of the released radioactive materials 

that are assumed to be available for ingestion. This conservatively assumes that all of the radioactive e 
material which is released from the facility and not adsorbed in soil is actually ingested. 

• The LLR W program indices are high compared to the other programs, but the CRA is well within the 

$2-20 million range that is currently used as the cost criteria for ALA.RA. 

• Althqugh the LLRW program is one of the least effective of the all the programs evaluated, it is 

perceived much differently politically and by the public. This is due primarily to the stigma attached 

to waste in general, and the fact that it is most closely associated with the nuclear power issue. The 

results of the analysis using this risk based methodology will hopefully help to overcome some of 

these strong perceptions. 

Radon program: 

• This example provides the most precise estimate of real, significant risk avoided by real people due 

to the implementation of a regulatory program. It is ironic that this program is probably the most 

controversial in terms of ongoing disputes within the radiation protection community as to whether 

these risks are real. Unfortunately, from a risk perception standpoint, radon has three strikes against 

it. It is; 1) natural (something naturally occurring can't be harmful), 2) familiar (nothing in your 

home can hurt you), and 3) 1st party liability (you find it, you must pay to fix it). 

• Using the BIER IV conversion factor of0.45 rad/WLM, the average mitigation avoids an effective 

dose of: (0.45 rad/WLM) x (5.95 WLM/yr) x (QF = 20) x (0.08 =weighting factor) = 4.3 rem/yr. 

This is well within the range of observed effects from ionizing radiation. 
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• Case 2 is a more realistic scenario for exposure and risk avoided for the mitigations that have been 

done to date. Mitigations systems are expected to effectively operate for a period of at least ten 

additional years, and most likely longer. 

• Case 3 is an good example of a prospective analysis of the same regulatory program continuing for 

10 years into the future. From a program efficacy standpoint, it is more appropriate to compare the 

indices of Case 3 to Case 1. The CRA improves by about a factor of two and the PI improves by 

about 0.3, indicating the regulatory efficacy of this program will significantly increase if continued. 

• If ALARA principles were to be applied for the most likely avoided radon exposure, case 2, the cost 

benefit ratio would be about $20 per person-rem of avoided exposure. 

General X-ray program 

• Due to factors such as a general increase in X-ray procedures since 1985 and the fact that PADEP 

inspectors do not only perform X-ray inspections, the CRA could be less (program more effective) 

by up to a factor of two. 

• If it is assumed that the regulated community has spent a significant amount of money to upgrade 

machines and improve quality assurance and training over the past ten years compared to the 

regulatory cost, then mitigation costs become much greater than the regulator's costs. The value of 

PI will then be dominated by the regulator's costs, thus the note in Table 12. However, under these 

assumptions the CRA would then be about two orders of magnitude greater, while the CRAI would 

increase by about two units. 

X-ray - CT Upgrade . 

• There does not appear to be a generally accepted methodology for converting head and body CT 

exposure to an effective dose and therefore a fatal cancer risk. Absent this methodology, it was 

assumed the methodology of Table A9 in Appendix A3 was appropriate. A standard methodology 

for converting CT ESE to effective dose should be developed by the radiation protection community. 

• This upgrade is obviously a very cost effective way to reduce significant unnecessary radiation 

exposure. Upgrading to solid state detectors would also have a number of other benefits such as 

improving the detection rate of abnormalities as well as providing other quality assurance benefits 

without interfering with the practice of medicine. The equivalent ALARA cost benefit ratio would 
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be about $5 per person-rem of avoided exposure. The health care costs avoided by fatal cancer 

prevention would be at least $78 million dollars. 

• A typical CT scan produces an average of about 2-8 rad ESE, which translates to about 0.5-2 rem 

effective dose per scan. Since more than one scan may typically be performed on each patient, the 

effective dose is within the range of observed effects of ionizing radiation. 

• As indicated, the state regulatory costs are very small, so if an estimate of the PI were to be made it 

would be at least 2 units less than the CRAI. This would be indicative of a very effective regulatory 

program. However, since this upgrade would be largely a regulated community initiate, it is 

questionable whether the use of the PI for comparison purposes to other programs would be 

appropriate. This same comment would also apply to most of the other examples where the 

regulatory costs have been assumed to be insignificant. 

X-ray - Fluoroscopy upgrade 

• The calculations indicate that this is the most cost effective method to reduce unnecessary radiation 

exposure of all the examples evaluated. However, other considerations, such as actual operating 

modalities, must be taken into account before a decision is made to upgrade. For example, would the 

more user friendly nature of digital CINE result in higher usage during an examination thus leading 

to potentially greater exposure. 

• The regulated community is slowly upgrading from film to digital CINE units; however, replacement e 
will probably not occur until the present unit is no longer serviceable. In the mean time, the 

unnecessary exposure has the potential for creating an additional 780 cancer deaths per year, with a 

corresponding additional health care cost for these cancers of about $58 million dollars per year. 

This is compared to a one time upgrade cost of about $25 million. 

• The CRA can be equated to an ALARA cost benefit ratio of about $1.50 per person-rem avoided. 

The effective dose avoided is obviously well within the range of observed radiation effects. 

B& W Apollo site remediation 

• The residential exposure scenario assumed for this example is very conservative. Since it is being 

applied in the same manner both before and after remediation, it is probably an appropriate worse 

case scenario. Note that if a less conservative scenario were applied, the risk avoided would be 

smaller and the indices would all be larger and the program would be even less effective. 
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• When evaluating the appropriateness of various exposure time frames, it should be noted that 85% of 

the exposure occurs after the year 2000 and 79 % of the exposure occurs after I 0,000 years. 

However, after the year 2000, the dose remains fairly steady at about 35 mrem/yr. Comparing the 

ratio of the time periods involved (98,000/2000 = 49) to the ratio of improvement in CRA for this 

same period (5.6/.86 = 6.5), shows that there is a need for discounting the risk at small doses for long 

time periods. It also shows that evaluation to 2000 years (end of dose transient) is probably optimum 

and satisfactory for evaluating long term exposure cutoff, and thus most appropriate for evaluating 

program efficacy. 

• • The NRC regulatory costs have probably been fairly significant due to the need for contractor 

surveys and multiple reviews and inspections. These regulatory costs are probably in the range of 

several millions of dollars, so a best estimate of the PI would be approximately equal to the CRAI -

1. 

Cannonsburg site remediation 

• Since most of the exposure is due to radon, assuming a residential exposure scenario, as was done 

for the other examples, would produce much different results. The risks would be about I 0 times 

(about the same as the ratio of the radium concentrations) greater than the NORM disposal example, 

and the difference in risk between remediation and the no action alternative would be much less. 

• In the EIS for this project, The risks have been assessed for only the first 1000 years. This is the 

design life of the onsite disposal cell (similar to a mill tailings cell) which has been used for the 

disposal of the highest activity waste. It should be noted that very little of the radioactive material 

(mostly Ra-226) will have decayed away in this time frame, and that the risk beyond 1000 years 

would be significant if this disposal scenario were to be analyzed using RESRAD. 

NORM disposal 

• The RES RAD results show that about 80% of the dose from 0-100 years for the surface spreading 

scenario is due to indoor radon exposure. This is very sensitive to the choice of the residential 

scenario. A non-residential scenario would have resulted in a much lower risk avoided. 

• This example shows that disposal in a Part D landfill is a very cost effective, low risk option for 

disposal of medium specific activity diffuse NORM. Disposal in a NORM licensed facility 
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(Envirocare) would have cost an estimated 50 times more, resulting in a CRA of more than about $3 

~Ilion per cancer avoided. 

• This example shows the high potential exposure risk from diffuse NORM. The risk avoided is of the 

same order as was estimated for most of the B& W remediation exposure scenarios. 

Radioactive Material (RAM)-Criteria for release of patients administered RAM 

• This is a good example of the current practice of comparing alternatives within a very narrow 

context. The perception of this program's effectiveness is much different when compared to the risk 

based efficacy of other radiation programs. 

• Other radioactive material examples would be useful for comparison purposes. The authors are 

currently working on a possible example that uses data from NRC's incident reporting system to 

determine the efficacy of RAM licensing and regulation. 

Nuclear power plant decommissioning 

• The onsite disposal ofBWR decommissioning waste appears to be justifiable based on the results of 

this preliminary risk based analysis. The maximum individual dose appears to meet all applicable 

standards, including the EPA drinking water limits and the proposed NRC cleanup rule standards. 

This conclusion is reinforced by the fact that the CRA for both offsite disposal options are several 

orders of magnitude greater than the range of $2 to 20 million per cancer death avoided which is 

currently used for ALARA decisions. 

• Considering the fact that it is not regulated, it is somewhat surprising that the risk based efficacy for 

offsite disposal of the residual coal ash is similar to offsite disposal of unremediated BWR 

decommissioning waste. It could be concluded that it is much more risk-cost effective to dispose of 

the nuclear power plant decommissioning waste onsite, and use the resources instead to clean up and 

dispose of the coal ash residue off site. 

• Since most of the radionuclides in the BWR decommissioning waste are relatively short lived, coal 

ash presents a much greater long term risk due to the presence very long lived naturally occurring 

radionuclides. This particularly true for the offsite disposal options since the engineered barriers, if 

present, will eventually not be effective in preventing long term exposure. 

• It should be noted that the current license limits for acceptance of waste at Envirocare of Utah is at 

least 2 or 3 order of magnitude less than the average concentration of Cs-13 7 and Co-60 in BWR 
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decommissioning waste. Therefore, Envirocare may not even be a lower cost option for disposal of 

most of the BWR decommissioning waste. 

A fir~al example of using the re_sults of this analysis for determining the most cost effective expenditure 

of our limited resources will hopefully provide a slightly different perspective. It is estimated that $44 

million has been spent to date in Pennsylvania on LLR W siting, with virtually no benefit added from a 

risk perspective. Using the results of this study and a5suming that this money could had been spent on 

the most effective programs identified in this research, the fluoroscopy and CT upgrades and radon 

mitigations; about 7800 cancer deaths could have been prevented by funding the fluoroscopy upgrade, 

1050 from the CT upgrade, and an additional 190 lung cancer deaths avoided by spending the remainder 

on radon mitigations, for a total of about 9040 cancers avoided. This example clearly shows that there 

should be no question as to how our limited resources should be best spent to solve real radiation 

problems. 
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Appendix A: Examples of Applying the Methodology 

A.1 Low Level Radioactive Waste {LLRW) Program 

Pennsylvania has the responsibility as host state for the Appalachian Compact. The P ADEP has the 

responsibility for administering the process for development of a regional disposal facility and its 

regulation. For purposes of evaluating this program, the disposal facility will be compared to the 

situation where a disposal facility is not available, and long term storage at the site of generation or in a 

centrally located facility must be used. 

The regulated activity, which is the LLRW disposal project, is defined as follows. All waste will be 

enclosed in concrete canisters and placed in multi-barrier above grade concrete vaults to assure isolation 

from the biosphere. The major mechanism for transfer ofradionuclides to the biosphere will be water 

contact with the waste and subsequent transport through the underlying aquifer. Since the waste is also 

assumed to be grouted within the concrete canisters, attenuation first occurs due to adsorption in the 

cement matrix (represented by the dimensionless attenuation factor k1) followed by adsorption in the 

aquifer soil matrix (represented by the dimensionless attenuation factor k2) (k1 and k2 will be defined 

later). Although no credit is taken in this calculation, this absorption phenomena also causes a delay in e 
transit time, and plume dispersion is also ignored. The release to the water pathway is postulated to 

begin at 300 years, when the vault is assumed to fail, and releases continue over the next 1000 years. 

The base case (no action option) is defined as follows. All LLRW generated is stored either at the 

generator's location or at a central location, and this approach continues for 30 years (This is the 

assumed operating life of the disposal facility). A release to the water pathway is assumed to occur 50 

years after the end of the operations period, and continues over the next 500 years. Since there is 

assumed to be no adsorption in the stored waste form, attenuation of the release is assumed to occur by 

adsorption in the soil matrix only. 
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For both cases, 1996 is assumed to be the initial base time for both the risk and cost calculations. 

Because of the long term hazardous life of the waste, it is necessary to integrate risk calculations over an 

infinite time period. This prospective analysis will provide a good example of using the methodology 

on programs which have potential risks and costs that extend into the future. 

It is acknowledged that this is a very simplistic and conservative analysis. Additional pathways and 

other factors could be applied to make both cases more realistic. Since the primary purpose here is to 

provide examples of the application of this methodology, it is deemed adequate for that purpose. 

Risk Reduction 

The risk reduction associated with the LLR W program can be calculated as follows: 

Let: C0 = Initial inventory of ith radionuclide in the repository which is available for release. 

a =Assumed release rate (Yr-1
) of the all nuclides to the biosphere. 

T 1 = The time release assumed to begin and is constant afterwards. 

k1 it k2i = The attenuation factors for the ith radionuclide for concrete and soil, respectively.1 

A. i =Decay constant (Yr-1) for the ith radionuclide. 

Consider a volume V containing C(t) curies 
with losses by decay and release 

dC(t) = - A.C(t) - aC(t) = - (A.+ a)C(t) 
dt 

~ A. rate of loss by decay 

~ a rate of loss by release 

Solving and assuming that C =Co at t =O, the remaining inventory at time (t) is: · 

C(t) = Coe -(A.+a)t 

From the definition ofk1 and k2 in footnote (1) and, a above; it follows that: Co = Ca/k1k2 

So the release, aC(t), from V to the biosphere for the ith radionuclide in any year (t) becomes: 

1 In a simple waste/ liquid system, the retardation factor [R] 
is defined as R = C /C1 • The concentration in the liquid is: 
C,/V1 = C/RV1 "' C/V,fJR 
The attenuation factor is defined as k = 0R. This simple 
model is assumed to apply to both the waste form and the soil. 
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Where: C1 = Activity in the liquid 
C = Activity in the waste 
V1 =Volume of the liquid 
V5 =Volume of the solid 
0 =Porosity = V1/V1 



D'( ) _ c· -(A.i + a)t a 
i t - 1 ·e 

kli x k2i 
for t> T1 . 

for t :S T1 

In order to assess the population risk posed by this release, it is first necessary to derive a conversion 

factor for estimating ingestion risk. To derive this conversion factor, it is assumed that an individual's 

dose from drinking water due to a release is equal to EPA's proposed maximum contamination (MCL) 

levels for drinking water (U.S.EPA 1991), which is equivalent to 4 mrem/yr. A lifetime intake of Xi 

(curies) is assumed to produce an annual dose at this rate, and is calculated as follows. 

X; = MCL;(pCi/liter) x 1 Ci/1012 pCi x 2 liters/day x 365 d/yr x 70 yr 

= 5.11x10·8 x MCL; (curies ingested/4 mrem/yr) 

It is further assumed that 4 mrem/yr is about equal to a lifetime risk of 10-4• (Assuming a fatal cancer 

risk coefficient of 5 x 104 rem·1 over a 50 year lifetime) The risk factor becomes: 

104 (cancer deaths/4 mrem/yr) = 1957 (cancer deaths/curies ingested) 
5.11x10·8 x MCL; (curies ingested/4 mrem/yr) MCLi 

So the risk from ingestion: ·( ) Cia 1957 -(A.i+a)t 
ri t = e 

(K1iXK2i) MCLi 

Integrating over t = T 1 (a = 0 for t :::: T 1) to infinity, and not considering the discounting of future risks; it 

follows that: (Assuming the discount rate is defined as £, it can easily be shown that the term A.i + a. 

becomes A.i + a. + £.) 

. _ Ci 1957 a -(Ai+a)Tl r1- ----e 
(K!iXK2;) MCL; A.i +a 

(Al) 

For the base case (storage), only K2i is assumed operative. It is further assumed that Ti= 50 years and 

the release occurs uniformly over the next 500 years (a= 1/500 = 2 x 10·3 yr·1
). For the LLRW disposal 

project, T 1 = 300 yr; at which time the vault is assumed to fail and the release is assumed to occur 

unifonply over the next 1,000 years (a= 10·3 yr·1). 
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For the base case (long term storage): 

. 1957Ci 2x10-3 -(Ai+2xl0-3)50 r10 = e 
MCLi(K2i) Ai+ 2 x 10-3 . 

For the LLRW disposal project: 

. 1957Ci 10-3 -(Ai+l0-3)300 r1 = e 
MCLi(K2iXKu) Ai+ 10-3 

Table Al is an EXCEL spreadsheet that presents the results of the above risk avoidance calculations for 

all radionuclide that are expected to be disposed of at the PA facility. 

From the table, & = 94.8 - 0.2 = 94.6 Fatal cancers avoided 

Table Al: Equation (Al) calculations for LLRW disposal vs long term storage 

H-3 12.33 60900 357079.6 0.3 0.0562 
1-129 2E+07 21 0.004977 8.8 4E-08 
MN-54 0.8575 2010 142384.7 1275.3 0.8082 
NA-22 2.601 466 0.136903 0.3 0.2664 
NB-94 20000 707 1.850798 1000 550 935.3 3E-05 
NB-95 0.962 2150 344.5356 1000 550 35.3 0.7204 
Nl-59 80000 27000 640.6051 100 300 510.3 9E-06 
Nl-63 92 9910 49738.17 100 300 510.3 0.0075 
NP-237 2E+06 7.19 7.86E-05 5000 42.8 3E-07 
PB-210 22 1.01 0.273931 27200 0.0315 
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PM-147 2.623 5240 9.054265 5000 10500 0.3 0.2642 1.1E-40 1E-07 
P0-210 0.38 14 0.105991 0.3 400 680.3 1.8237 7E-243 5E-45 
PU-238 87.4 7.15 ·0.43736 5000 10500 1200 2040.3 0.0079 4.3E-08 0.008 
PU-239 24390 . 64.9 0.237941 5000 10500 1200 2n.t0.3 3E-05 2.4E-07 0.0M? 
PU-240 6600 64.9 0.047863 5000 10500 1200 2040.3 0.0001 4.4E-08 0.0012 
PU-241 14.3 68 44.88134 5000 10500 1200 2040.3 0.0485 4.4E-13 0.0021 
PU-242 376000 68.3 7.93E-08 5000 10500 1200 2040.3 2E-06 7.8E-14 2E-09 
RA-226 1602 20.7 0.007426 100 210.3 36000 61200 0.0004 2.5E-08 1E-rn; 
RU-106 1.008 203 33.77079 100 210.3 1000 1700.3 0.6875 2.6E-96 6E-19 
SB-125 2.73 1940 454.6969 0.3 150 255.3 0.2538 1.5E-35 4E-08 
SE-75 0.329 574 0.005418 1 2.4 500 850.3 2.1064 1E-283 3E-54 
SN-113 0.315 1740 25.94722 200 420.3 450 765.3 2.2 7E-295 5E-53 
SR-90 28.9 42 173.8123 3 6.6 20 34.3 0.024 0.0008 5.1574 
TC-99 213000 3790 0.114912 1 2.4 0.1 0.47 3E-06 0.0388 0.2277 
TH-228 1.913 153 0.000737 5000 10500 3300 AA10.3 0.3623 2.1E~ 1E-16 
TH-230 78000 82.7 0.003977 5000 10500 3300 5810.3 9E-06 1.2E-09 3E..O~ 

TH-232 1E+10 91.8 0.378882 5000 10500 3300 5610.3 5E-11 1E-07 0.0026 
U-232 72 10.2 0.002476 1500 3150.3 15 25.8 0.0096 2.3E-08 0.0019 
U-233 159000 25.6 0.192466 1500 3150.3 15 25.8 4E-06 0.00013 1.0273 
U-234 247000 25.9 0.082767 1500 3150.3 15 25.8 3E-06 5.7E-05 0.4374 
U-235 7E+08 26.5 0.002814 1500 3150.3 15 25.8 1E-09 1.9E-06 0.0146 
U-238 5E+09 26.2 0.251775 1500 3150.3 15 25.8 2E-10 0.00017 1.3191 
ZN-65 0.6677 396 47786.65 100 210.3 1300 2210.3 1.0379 2E-139 5E-24 

Total 0.20397 94.817 

Associated Costs 

The assumed costs for the LLRW disposal project are shown in Table A2. Note that costs incurred 

before 1996 are accounted for as costs in 1996. The estimated effective date for discounting purposes 

and the discounted cost, is shown in parenthesis next to the each estimated cost factor. All costs are in 

million(s) of dollars. 

Table Al: Various assumed costs for the LLRW program. 

Regulatory Costs: (All costs are in million(s) of dollars. Discount rate= 5%) 

Category Time period Cost per Total Cost (Discounted) 
year 

Staff and 1985 - 1996 (12 years) $1.5/yr $18 (1996=$18) 

Contractor 1997 - 2001 (5 years) $2.0/yr $10 (1999=$9) 

Support: 2002 - 2031 (30 years) $1.0/yr $30 (2017=$14) 

2032 - 2042 (10 years) $1.5/yr $15 (2037=$2) 

2043 - 2542(500 years) $0.2/yr $100 (2287=$0) 

Long Term Care Fund $149 (2017=$50) 

Total Regulators Cost $322 ($93) 

Generator's Costs: (All costs are in million(s) of dollars. Discount rate= 5%) 
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Siting Total Pre 1997 $34 (1996=$34) 

Site Development/licensing 1997 - 2000 $60 (1999=$52) 

Construction 2001 $75 (2002=$56) 

OIM Cost 2002 - 2031 (30 years) $27/yr $810 (2017= 

Host benefits 2002 - 2031 (30 years) $4/yr $120 (2017= 

Site Closure 2032 - 2037 $54 (2034=$9) 

Reg. Facility Liability Fund $100 (2017=$48) 

Total Generators Cost $1248 ($531) 

Baseline (Storage) Costs: (All costs are in million(s) of dollars. Discount rate = 5%) 

Category Cost Calculation Total Cost (Discounted) 

Regulatory program $0.1 for 80 years $8 (2142=$1) 

Generator cost for storage1 ($300/ft3) x (60,000 ft3/yr) x (30yrs) $540 (2117=$259) 

Difference Between Disposal and Long Term Storage Costs (All costs are in million(s) of dollars. 
Discount rate= 5%) 

Cost Category Calculation (Discounted) Total Cost (Discounted) 

l:l. Regulators Costs $322- $8 ($93 -Sl) $314 ($92) 

ti. Generators Costs $1248 - $540 ($531- $259) $708 ($272) 

Total ti.Cost (reg+ gen) $1022 ($364) 

1 ) This is estimated cost/ft3 over the o ratin life 30 ears , and includes lon .term care for an additional 50 pe g ( y ) g y ears. 

e LLRW Proe;ram Indices 

The Cost per Risk Avoided (CRA), Priority Index (Pl), and the CRAI as defined in equations (1), (2),and 

(4) respectively are calculated in Table A3 for the PADEP _LLRW program. 

Table A3: Calcufated indices for the LLRW program 

Cost Cost l!er Risk 
Priority Index 

Calculation Avoided (CRA) CRAI 
O(!tion $/cancer death avoided fill 

Undiscounted 1022 x 106 = 10.8 x 106 -Lq;!( !022xlrr' x94.6)='6.li6 Lot; 
1022 xio6- = 7.03 

94.6 2 314x708 · 94.6 

Discounted 364 x 106 = 3.85 x 106 -Lo !( 364xl0~ x94.6)=6.16 Lo{ 364 
xi 06] = 659 g2 92x272 

94.6 94.6 
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A.2 Radon Program 

The PADEP Radon Program was established in 1985 as one of the first of the country. Regulations were 

adopted in 1991 which require the certification of all radon testers, laboratories, and mitigators that 

perform these activities in the Commonwealth. Data on tests and mitigations which have been 

performed are required to be submitted to the PADEP. For the purposes of this example, the costs and 

risk reduction by installation of radon mitigations systems over the past ten years is compared to the 

alternative of no program and the assumption that no mitigations would have been performed. 

Risk Reduction 

It is first necessary to calculate the average reduction in risk per mitigation. To obtain this estimate, 100 

radon mitigations in the Radon Division database were randomly selected for analysis. These 

mitigations were performed from 1993 - 1995. It should be noted that about 90% of the mitigations in 

Pennsylvania employ the sub-slab ventilation technique. Values for pre-mitigation and post-mitigation 

radon levels were compared in order to estimate the average dose avoided per mitigation. (The Radon 

Division database contains information on pre-mitigation and post-mitigation radon levels from 

individuals who have had radon mitigation performed, and have requested radon test kits from the 

Division in order to perform a confirmatory post-mitigation radon test.) A summary of this information 

is contained in Table A4. 

Table A4: Summary of pre and post mitigation radon levels used in estimating risk 

Pre-mitigation Number Avg Pre-mit Avg Post-mit Avg Reduction Portion of total 
level <oCi/L) of homes level foCi/L) level (pCi/L) (pCi/L) (%) (pCi/L) 

>100 6 124.5 0.9 123.6 99.3 7.42 
50-100 14 69.6 1.3 68.3 98.1 9.56 
20-50 34 28.6 1.3 27.3 95.5 9.28 
<20 46 11.2 1.4 9.8 87.5 4.51 

Total 30.77 

Analysis of this data shows that the average reduction in radon level per mitigation is 30. 77 pCi/L. This 

value can be translated into Working Levels (WL) as follows: 
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An airborne radon concentration of 200 pCi/L (7 .5 x 103 Bq/m3
), assuming 50% equilibrium, will result 

in an airborne radon decay product concentration equal to one working level (WL ). On this basis, the 

average reduction in radon concentration per mitigation would equal: 

30.77pCi/L 
200 pCi/L/WL 

= 0.154 WL 

Then, the WLM/year reduction in radon exposure can be calculated. Assuming an occupancy factor = 

0.75, one year= 8,760 hours, and the average occupationally exposed miner works 8 hours per day, 5 

days per week, for a total of 170 hours per month, which serves as the basis for calculating the WLM. 

0.154 WL x 8,760 (hr/yr) x 0.75 = 5.95 WLM/year/Mit 
170 (hr/mo )/WLM 

Average Reduction in Radon 
Exposure per Mitigation 

Casel) For the period 1985-1995, the PADEP radon mitigation database had 49,730 reported radon 

mitigations performed by certified radon mitigators. Assuming that these mitigations were 

installed at a rate of 4973 per year (49,730 mitigations/IO years) and the average housing density 

in Pennsylvania is 2.80 persons/residence, the total Person-WLM avoided through mitigation is: 

Person-WML Saved= (5.95 WLM/yr/Mit) x (2.80 persons) x (4973 Mit/yr) x L:o 
= 4.56 x I 06 Person-WLM avoided for 10 years of mitigation 

It should be noted that the above calculational method only includes risk avoided by these mitigations up 

to the end of 1995. Risks will continue to be avoided into the future and can be taken into consideration 

in two different ways. 

Case2) No additional mitigations occur and the systems operate effectively for an additional ten years: 

(106 Person-WLM in first 10 years)+ (5.95 WLM/yr/Mit) x (49,730 Mit) x (10 yr) 

= 7 .52 x 106 Person-WLM avoided for 10 years mitigation + 10 years exposure 

Case3) Mitigations occur at the same rate for an additional ten years: (This is an example of a 
prospective analysis.) 

Person-WML Saved= (5.95 WLM/yr/Mit) x (2.80 persons) x (4973 Mit/yr) x L;o 
= 17.4 x 106 Person-WLM avoided for 20 years mitigation 

Using the BIER IV (NAS 1988) risk estimates of 224 x 10-6 expected Lung Cancer Deaths (LCD) per 

WLM, the total lung cancer deaths avoided through radon mitigation for each case can then be calculated 

as shown in Table AS. 
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Program Costs 

Regulatory Costs 

During the approximately 10 years of operation, about $1 million per year has been spent to develop and 

regulate the P ADEP Radon Program. About half this amount has come from state funds, and, over the 

past five years, about half from EPA grants (These are considered as state costs since these grants are 

pass-through grants that directly fund state efforts.) Thus, the total costs of the regulatory program for 

the past 10 years is estimated to be: 

($1 x 106 per year) (10 years)= $1x107 Total state regulatory costs 

Using this data, the associated costs for the regulatory program for the three cases are shown in Table 

A5. 

Mitigation (Regulated Community and Public) Costs 

The costs for radon testing and mitigation can be calculated as follows. 

1) The PADEP database indicates that about 300,000 radon tests have been performed in PA, at an 

approximate average cost of $30 per test. Thus, the total cost of testing has been: 

(341,000 tests) x ($30 per test) = $1.0 x 107 Total testing costs 

2) The cost per mitigation, where performed by certified mitigators, is estimated to average about 

$1,200. Thus, the total costs for mitigation has been: 

(49,730 Mit.) x ($1,200 per Mit.) = $6.0 x 107 T~tal mitigation costs 

3) The cost for certification averages about $300 per certificant. Assuming there have been an average 

of about 250 certificants, the total costs over the past five years has been: 

($300 /yr) x (250) x (5 yr.)= $3.7 x 105 Total certification costs 

So, the total regulated community costs over the past 10 years has been: 

($1x107
> + ($6.0 x 107

) + ($3.7 x 105
) = $7.0 x 107 Total costs for mitigation 

Using this data, the associated costs for mitigation (regulated community and public costs) for the three 

cases are shown in Table A5. 

33 



Table A5: Calculations for the assumed three cases for Radon program. 

Program Case Lung Cancer Regulatoa Cost Mitigation 
Assumntion Deaths Avoided Cost 

1) 10 years of ( 4.56 x 106 Person-
($1 x 106 per year) x (10 ($1x101

> + ($6.0 x 107
) mitigation - WLM A voided) x (224 

exposure to current x 10-6 LCD/WLM) years)= Sl x 107 
+ ($3.7 x 105

) 

time = 1021 = $7.0x107 

2) 10 years of (7.52 x 106 Person-
($1 x 106 per year) x (10 ($1 x 107

> + ($6.0 x 107
) mitigation+ 10 years WLM A voided) x (224 + 

of exposure x 10-6 LCD/WLM) years)= Sl x 107 ($3.7 x 105
) 

= 1684 = $7.0x107 

3) 10 years of ( 17.4 x 106 Person-
($1 x 106 per year) x (20 ($2 x 101

> + ($12.0 x 107
) mitigation + an WLM A voided) x (224 

additional 10 years x 10-6 LCD/WLM) years)= $2 x 107 + ($1.1 x 106
) 

of mitigation = 3898 = $14.1x107 

Radon Program Indices 

The Cost per Risk Avoided (CRA), Priority Index (Pl), and the CRAI as defined in equations (1), (2),and 

( 4) respectively are calculated in Table A6 for the P ADEP Radon program. 

Table A6: Calculated indices for the Radon program 

Program Cost ner Risk 
Priority Index 

Case Avoided (CRA) CRAI 
Assuml!tion $/cancer death avoided rul 

1) IO years of 
$8.0 x 107 

= 7.84 x 104 -Log.!.( S.Ox l o-
7 

x l 021) =423 rJ;: 8.0 xlO 7 J = 4.89 mitigation-exposure 
to current time 1021 2 7.0xl.0 1021 

2) 10 years of 
$8.0 x 107 = 4.75 x 104 

-Log!( 8.0xl0-
7 

x1684 )=4.02 w{
1
: x107 ]=4.68 mitigation+ 10 years 

of exposure 1684 2 7.0xl.0 

3) 10 years of 
$16.1x107 = 4.13 x 104 -Log!( 16.lxl0-

7 

x3898)=3.95 rJ;:;:x107 ]=4.62 mitigation + an 
additional 10 years 3898 2 14.lx2.0 

of mitigation 
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A.3 X-ray Pro2ram-General 

The PADEP X-ray regulatory program requires the registration of all X-ray devices in Pennsylvania. 

Each installation is inspected on a periodic basis for compliance with the regulations. Data has been 

collected and compiled from this inspection program. Although not required by the regulations, P ADEP 

inspectors offer recommendations for methods of reducing unnecessary radiation exposure during all 

routine inspections. 

The risk reduction for the PADEP X-ray program is assumed to be directly proportional to the reduction 

in the exposure at skin entrance (ESE) measurements for the various X-ray procedures from 1985 to 

1995. For cost estimation purposes, the base case is defined as the P ADEP staffing at the regional 

offices (Inspection and compliance is performed by the regional offices.) in 1985 compared to the 

staffing level in 1995. For purposes of this calculation, it is assumed that only the regulatory costs have 

contributed to the reduction in exposure. It is recognized that the regulated community may also have 

incurred substantial costs, such as new equipment and improved training, which have also contributed to 

the risk reduction; but these costs cannot be currently estimated. It should be noted that if it were 

assumed that the regulated community cost is much greater than the regulatory cost (regulated 

community cost~ total cost), the PI index reduces to approximately llog(ru/ 6Creg)I. Furthermore, if the 

regulated community costs are ignored, the CRAI also reduces to same value. 

Risk Reduction 

The effective dose and numbers of specific types of X-ray examinations have been adapted from the data 

in NCRP Report 100 (NCRP 1989). The national data has been extrapolated to Pennsylvania data by 

ratioing the 1985 Pennsylvania population to total U.S. population (l 985 U.S. population/PA population 

~ 20). Using this data, the method used to estimate cancer deaths avoided per year by the influence of the 

PADEP X-ray program is shown in Table A8. 

Column 6 of Table A8 summarizes the risk reduction factor for each category of exposure. This is 

assumed to correlate with the estimated reduction in ESE's from 1985 to 1996. These data were 

generated by PADEP field office personnel from the entrance skin dose reduction numbers from their 
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inspection data and their involvement in the Nationwide Evaluation of X-ray Trends (NEXn project. 

When no data was available, the risk reduction factor was assumed to be zero. It should be noted that 

there was no data for some of the relatively higher exposure procedures. This includes CT, cardiac 

fluoroscopy, and mammography. The first two are very high exposure procedures that probably should 

be looked at on a problem specific basis, while mammography should be looked at separately due to the 

implementation of new federal regulations requiring quality assurance related inspections which have 

been performed over the last few years. 

Cancer deaths avoided in Column 8 are calculated as follows: (Column 5) x (Column 6) x (5 x 10·2 

cancer death/Sv) =Column 8 cancer deaths avoided. Since specific data for ESE reduction was not 

available for some of the examinations, an average from Column 6 was used to estimate the cancer 

deaths avoided for these examinations in Column 9 of Table A8. 

The various specific X-ray procedure data in NCRP Report 100 (NCRP 1989) can also be used to 

determine the average ESE for each procedure and compare this to the calculated effective dose for each 

procedure. By calculating the average ESE for each procedure and comparing this with the calculated 

effective dose in NCRP Report 100, a procedure specific effective /ESE dose conversion factor can be 

estimated as shown in Table A9. This factor can then be used to estimate the effective dose for both the 

CT upgrade example in Section A3.1 and the fluoroscopy example in the main body of the report. 
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Table A9. Effective/ESE dose conversion factors for various X-ray procedures from the data of 

Table 3.19 for ESE and Table 3.27 for effective dose in NCRP Report 100. 

X-ray procedure Average ESE Effective dose Effective /ESE dose 
(rad) (rem) conversion factor 

Chest 0.048 0.008 0.164 

Skull 0.383 0.022 0.057 

Cervical spine 0.209 0.020 0.095 

Lumbar spine 1.996 0.127 0.064 

Upper GI 0.735 0.244 0.332 

Abdomen 0.725 0.056 0.077 

Barium enema 1.316 0.406 0.308 

IV pyelogram 0.632 0.158 0.250 

Pelvis 0.715 0.044 0.062 

Hip 0.635 0.083 0.131 

If the reduction in exposure is assumed to be linear and undiscounted over the period, then from Table 

AS: 

Total fatal cancers avoided = (132/2 cancers/yr) x 10 yr= 660 
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• • 
Table A8: Calculation of cancer deaths avoided per year for all X-ray exams in Pennsylvania from 1985 to 1995 using data from 

NCRP 1989. 

Examination NCRP NCRP-1980 NCRP-PA eqiv NCRP Collective ESE reduction Effective dose Cancer No data 
Type Effective dose #of exams #of exams Effective dose 1985-1995 reduction deaths deaths 

(mSv) (1000's) (1000's) person-Sv % person-Sv avoided avoided 

CT (head &body) 3,300 165 0.00 no data 0.00 

Chest 0.08 64,000 3,200 256.00 28 71 .68 3.58 

Skull 0.22 8,200 410 90.20 56 50.51 2.53 

Cervical spine 0.20 5,100 255 51 .00 20 10.20 0.51 

Biliary 1.89 3,400 170 321.30 no data 8.44 

Lumbar spine 1.27 12,900 645 819.15 74 606.17 30.31 

Upper GI 2.44 7,600 380 927.20 70 649.04 32.45 

Abdomen 0.56 7,900 395 221.20 55 121.66 . 6.08 

Barium enema 4.06 4,900 245 994.70 70 696.29 34.81 

IV pyelogram 1.58 4,200 210 331 .80 50 165.90 8.30 

Pelvis/Hip 0.64 4,700 235 150.40 50 75.20 3.76 

Extremities 0.01 45,000 2,250 22.50 no data 0.59 

Other 0.50 8,400 420 210.00 no data 5.52 

Dental 0.01 (1) 101,000 5,050 51.51 40 20.60 1.03 

Total 4,446.96 2,467.26 123.36 9.03 

Average ESE reduction 53 

( 1) Bone marrow dose only lrotal cancer deaths avoided per year . 132.40 
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Program Costs 

Regulatory Costs: 

Inspections conducted by the P ADEP regional offices are assumed to be the bulk of the regulatory costs. 

Therefore, the cost estimate is based on the di°fference in staffing of the regional offices between 1985 

and 1995. The costs for the x-ray inspection program in 1985 compared to 1995 can be estimated as 

follows: 

Cost/yr in 1985 = (FTE in 1985=9) x ($30,000=expense/yr!FTE) x (overhead=l.4) = 3.8 x 105 $/yr. 

Cost/yr in 1995 = (FTE in 199 =29) x ($43,000=expense/yr!FTE) x (overhead=l.4) = 1.75 x 106 $/yr. 

Assuming the cost growth to be linear, the regulatory costs from 1985 to 1995 are estimated to be: 

~ Creg = (1.75 - 0.4) x 106 x (10 yr) = S6.8x106 Total regulatory costs 
2 

Regulated Community (Mitigation) Costs: 

As previously indicated, the regulated communities to reduce this exposure cannot be estimated at this 

time. As will be shown, assuming that the regulated community cost is large compared to the regulatory 

cost or zero, will not significantly alter the value of the Priority Index. 

General X-ray Program Indices 

The Cost per Risk Avoided (CRA), Priority Index (PI), and the CRAI as defined in equations (1), (2),and 

(4) respectively are calculated in Table AIO for the PADEP general X-ray program. 

Table AlO: Calculated indices for the general X-ray program 

Cost l!er Risk Avoided 
Priority Index (CRA) CRAI 

$/cancer death avoided fill 

I ( 660 J Lo [ 6.8x106] ~ 4.01 ~6.8 x 106 = 10,300 ~-Log- 6 = 4.31 Note 

660 2 6.8x10 g 660 

Note: lf it is assumed that ~emit"" 0, then the Pl as defined approaches infinity. It should be noted that if it is assumed that 
the regulated community mitigation cost is much higher than the regulatory cost (mitigation cost"" total cost), the PI reduces 
to this expression. This shows the utility of the PI for assessing regulatory programs. 
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A3.l X-Ray- Computerized·Tomography (CT) Upgrade Issue 

Recently staff from the P ADEP Southwestern Regional Office have conducted a detailed survey of all 

of the Computerized Tomography (en devices in the western third of the Commonwealth of 

Pennsylvania (Angelo and Winston 1996). Among other findings, it was noted that CT machines 

typically use either of two detection screens, solid state or Xe. The survey further found that the CT 

machines with the Xe screens consistently produce a higher patient exp0sure that appears to be related 

solely to the difference between the screens. To compare these data with other programs that have been 

• evaluated, an analysis was conducted to evaluate the efficacy of incorporating solid state detection 

screens in all of the CT machines in Pennsylvania now equipped with Xe screens. 

Risk Reduction 

From Angelo and Winston (1996), the manufacturer of largest number of CT machines reported that the 

number of units equipped with Xe and solid state detectors is almost equal. The data show that there is 

about a 3.7 rad per scan difference in ESE for head CT scans and a 1.9 rad per scan difference in ESE for 

body CT scans between the Xe and solid state detectors (solid state being lower). For purposes of these 

calculations, it was assumed that the radiation involved had a quality factor of one. Lacking any 

• alternative guidance, the derived NCRP Report 100 effective/ESE dose conversion factors in Table A9 

were used. The skull data was used as surrogate for head CT and the barium enema data was used for 

body CT, since most body CT's are of the lower abdomen. The data in NCRP Report 100 also indicated 

that in 1983 63% of all CT exam were of the head, with the remaining 37% assumed to be body. There 

were 4 7 CT machines supplied by this manufacturer in the western region, of which 29 had Xe detectors. 

Extrapolating this to statewide data yields about 100 CT machines of this type with a Xe screen in the 

entire Commonwealth. If maximum utilization of each machine is assumed over one year, the following 

estimate can be made of the resulting unnecessary exposure: 

(100 CT machines in PA) x (2 scans/hr) x (12 hr/day) x (250 day/yr) x {(3.7 Rad/scan head) x (0.63 of 

all CT's) x 0.057 from Table A9) + (1.9 Rad/scan head) x (0.37 of all CT's) x 0.308 from Table A9) = 

210,000 person-Rem per year effective collective dose from CT in PA 

Assuming the BIER V mean risk conversion factor of 5 x 10-4 fatal cancer per Rem: 
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(210,000 person-Rem/yr) x (5 x 104 fatal cancer/Rem) =105 unnecessary fatal cancers 
per year in PA due to 

CT scans 

Assuming that the remaining useful life of each CT machine is about 10 years after upgrade, 

(105 fatal cancers/year) x (10 years remaining life)= 1050 unnecessary fatal cancers in PA 
· due to CT scans 

Associated Costs 

From data supplied by the manufacturer, the average cost to upgrade each CT machine from a Xe to 

solid state screen is about $100,000 each for the estimated 100 machines in PA. It should be noted that 

probably the only benefit of purchasing a CT machine with a Xe screen is the initial lower capital cost. 

~Cmit = ($100,000/CT machine) x (100 in PA)= $10,000,600 to upgrade all CT's in PA 

Assuming that the regulatory costs are very small, £\Creg ::::i 0. 

CT Upgrade Indices 

The Cost per Risk Avoided (CRA), Priority Index (PI), and the CRAI as defined in equations (1), (2),and 

(4) respectively are calculated in Table All for the CT upgrade issue. 

Table All: Calculated indices for the CT upgrade issue. 

Cost per Risk Avoided 
Priority Index (CRA) CRAI 

$/cancer death avoided ~ 

$10 x 106 = 9500 Assuming that ~Creg ::::i O; the PI, as Lo{ 10x106] = 3.98 
1050 defmed, approaches infmity. 1050 
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A.3.2 X-Ray - Fluoroscopy Upgrade 

As in the previous example, staff from the P ADEP Southwestern Regional Office has also conducted a 

detailed survey of fluoroscopy units (Angelo et al. 1994). Among other findings, this survey noted that 

some fluoroscopy units could be driven to give exposure rates as high as 380 R/min in the CINE mode. 

There are two different types of CINE units, film and digital (DCF). This survey found that there are 

significant differences in dose to the patient between these two types of CINE units. 

e Risk Reduction 

Using a phantom to simulate a normal patient, and a phantom plus copper to simulate an obese patient, 

appropriate data from the survey (Angelo et al. 1994) is included in Table Al2. The data in Table A12 

assumes 20 minutes of normal fluoroscopy plus 5 film CINE runs of 6 seconds per run at 30 frames per 

second compared to normal fluoroscopy plus 30 seconds ofDCF. The data from Table A12 shows that 

there is a significant difference in the average dose to the patient of about 47.5 entrance exposure per 

examination between the digital and film CINE units, with the digital units having the lower exposure. 

Table All Sun-ey data for PA CINE units (Angelo et al. 1994) 

Film CINE (rads entrance exposure) 
Image Intensifier Size <6" 6-9" 9-11" >11" 
Phantom (Normal) 145.6 124.9 93.6 74.8 

Phantom + Cu (Obese) 243.8 229.6 201.3 180.4 

Dilti.tal DCF (rads entrance exPosure) 
Image Intensifier Size <6" 6-9" 9-11" >11" 
Phantom (Normal) 102.2 89.9 68.9 51.5 
Phantom + Cu (Obese) 165.1 166.8 144.1 124.9 

Film - Dis ital difference (rads entrance exposure) 
Image Intensifier Size <6" 6-9" 9-11" >11" 
Phantom (Normal) 43.4 35.0 24.7 23.3 
Phantom+ Cu (Obese) 78.7 62.8 57.2 55.5 

Average difference in dose = 47.5 rad per examination 

The methodology used to calculate cancers avoided is very similar to the previous CT upgrade example. 

Assuming one hour per examination and each unit performs 12 examinations per day for 250 days per 
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year, gives an average of 3000 examinations per year per unit. Of the 76 fluoroscopy units surveyed, 67 

used the older film CINE unit. Extrapolating the total exposure to statewide numbers: 

(67 units per region) x (3 regions in PA) x (3000 examinations per year) x (47.5 rad per examination)= 

28,670,000 person-rad unnecessary exposure per year. 

Assuming that the most common fluoroscopy examination is performed in the chest area, the effective 

dose can be estimated by using the chest ESE rad/effective rem dose conversion factor of 0.16 from 

Table A9 of Appendix A.3. Further assuming that the average fluoroscopy beam size from Table Al2, 

is about a 9 inch square and the typical chest x-ray beam is about 14 by 17 inches. This gives an area 

ratio of about 81/238 = 0.34 that must be considered in reducing the effective dose. Assuming a risk e 
conversion factor of 5 x 10-4 fatal cancer per rem, the cancer deaths avoided for an assumed 10 years of 

rema.iriing use can be calculated as follows: (28,670,000 person-rad/year) x (0.16 ESE/rem) x (5 x 10-4 

fatal cancer/rem) x (10 years) x (0.34 area ratio)= 7800 fatal cancers avoided in PA over 10 years 

Associated Costs 

Based on data provided by the fluoroscope manufactures, the estimated cost to upgrade from film to 

digital was about $125,000 each for the estimated 201 film CINE units in PA. 

~Cmit = ($125,000 per unit) x (201 units in PA)= $25,125,000 to upgrade all film CINE in PA 

Assuming the regulatory costs are insignificant, ~Creg ~ 0. 

Fluoroscopy Upgrade Indices 

The Cost per Risk Avoided (CRA), Priority Index (PD, and the CRAI as defined in equations (1), (2),and 

(4) respectively are calculated in Table A13 for the fluoroscopy upgrade issue. 

Table A13: Calculated indices for the fluoroscopy upgrade issue. 

Cost per Risk Avoided 
Priority Index (CRA) CRAI 

$/cancer death avoided ill} 

$25.13 x 106 = 3200 Assuming that ~Creg ~ O; the PI, as Lo [ 25.13xl06]- 351 
7800 defmed, approaches infmity. g 7800 
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A.4 Environmental Radiation-Contaminated Site Remediation 

One of the most resource intensive environmental radiation problems in this country is the remediation 

of contaminated sites. It has been estimated that close to one trillion dollars would be necessary to 

remediate all of the radioactively contaminated sites that have been identified. As an example of 

applying the indices in this report to the remediation issue, two sites that have undergone a major 

remediation process in Pennsylvania will be analyzed. These sites are the Babcock & Wilcox (B& W) 

Apollo fuel fabrication facility (NRC licensed site) and the Cannonsburg Radium site (The first site that 

was cleaned up under UMTRA). 

The following general methodology will be used for analyzing these sites: 

• From site characterization reports, estimate the average specific radionuclide concentrations and the · 

site parameters both before and after remediation. 

• Input this data into RESRAD (A USDOE computer code to calculate compliance with RESidual 

RADioactive material guidelines - Argonne National Laboratory 1993) to calculate a yearly dose 

from all pathways before and after remediation. 

• Estimate the avoided population exposure by mul iplying the difference in cumulative radiation dose 

over an appropriate time frame by the assumed population that will occupy the site after remediation. 

This can then be converted directly to total cancers avoided. 

• Using the actual documented remediation costs and the estimated regulatory costs, the various 

indices can be calculated for comparison purposes. 

A 4.1 B&W Apollo 

Risk Avoided 

The following data has been extracted or estimated from site specific reports. From the Environmental 

Assessment (EA)(U.S.NRC 1992), there was estimated to be about 1,190,000 ft3.of soil contaminated to 

an average depth of about 2 meters with the following average soil concentrations before remediation: 

U-234 = 570 pCi/gm . U-235 = 27 pCi/gm U-238 = 37 pCi/gm 
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The average soil concentration after remediation is assumed to be the following: (The required 

remediation limit was 30 pCi/gm total U) 

U-234 = 20 pCi/gm U-235 = 3 pCi/g U-238 = 3 pCi/gm 

Since the site is located in a small town urban setting, residential use of the site is assumed. 

Inputting the above data into the RESRAD program, and using default values for all other input data; the 

calculated dose profile from RES RAD and the cumulative exposure is shown in Figure A 1. It should be 

noted that about 85% of the exposure occurs after 2000 years, and 78% occurs after 10,000 years. The 

effect of assuming these differing exposure cut-off times will be evaluated using the various defined 

indices. 

Figure Al: RESRAD calculated exposures for the B& W Apollo facility before and after remediation 
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Assuming the site is used for residential purposes, and each dwelling occupies an average area of 10,000 

ft2, and that there are an average of2.8 persons per dwelling; the number of fatal cancers avoided can be 

calculated as follows. 

1,190,000 ft3 /10.76 ft thick /10,000 ft2 per dwelling~ 18 dwellings 

(18 dwellings) x (2.8 persons/dwelling) x (4260 rem cumulative exposure)= 214,700 person-rem 
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(214,700 person-rem) x (4.02 x 10-4 fatal cancers/person-rem) 

= 86.3 fatal cancers avoided for 100,000 years of exposure 

= 18.4 fatal cancers avoided for 10,000 years of exposure 

= 13.3 fatal cancers avoided for 2,000 years of exposure 

This provides a good example of the effect on program efficacy due to truncating exposure time. 

Another method for assessing the risk avoided is to use the simple methodology that was derived for the 

LLRW project. (See Equation 5) In this case all of the radionuclides that are released to groundwater 

(not absorbed in the soil) are assumed to be ingested. Since the groundwater pathway dominates the 

RESRAD analysis, this assumption appears justified. Because the characteristics of all the uranium 

isotopes are similar, all of the activity is assumed to be U-234. The Apollo EA estimates total uranium 

on the contaminated property to be about 8. 7 curies. Assuming that all the radionuclides are removed 

during remediation and a.>> A., Equation (5) becomes: 

fatal cancers avoided assuming total released 

inventory is ingested 

Associated Costs 

r; = 8.7 1957_a_e-(Ai+a)Tt= 25.5 
25.8 25.9 Ai+ a 

Tue following cost data has been supplied by various sources as indicated. 

Mitigation Costs 

Based on data received from Babcock and Wilcox, a total of about $74 million has been spent on the 

remediation of the Apollo facility. A large portion of these remediation costs were from federal 

appropriations, since this facility processed much of the material under federal contracts. The 

remediation is essentially completed, so this is considered to be a good estimate for the total mitigation 

cost. ACmit = $74 x 106 

Regulatory Costs 

The regulatory costs are much more difficult to assess. The USNRC is the lead regulatory agency on 

this issue, and there is no available data to estimate their costs. The P ADEP has provided oversight on 

this remediation issue and has expended the equivalent of about 4 FTE's 
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($43,000/yr/FTE) x (1.4 overhead) x (4 FTE) :::i $240,000 PADEP cost 

Since this is probably a small fraction of the total USNRC costs, and only state regulatory costs were 

considered for the other programs; regulatory costs will be assumed to be zero for purposes of this 

example. 

B& W Remediation Indices 

The Cost per Risk Avoided (CRA), Priority Index (Pl), and the CRAI as defined in equations (1), (2),and 

(4) respectively are calculated in Table A14 for the B&W remediation. 

Table A14: Calculated indices for the B&W remediation. 

Pro1:;ram Cost (!er Risk 
Priority Index 

Case Avoided (CRA) CRAI 

Assum(!tion $/cancer death avoided .(ID 

1) Assuming $74 x 106 = 8.6 x 105 

Lo [ 74x106] = 5.93 100,000 years of 86.3 Assuming that g 86.3 
exposure 

2) Assuming 
$74 x 106 4.0 x 106 Lo [ 74x106] = 6.60 10,000 years of = ~Crcg :::i O; 

exposure 18.4 g 18.4 

3) Assuming 1,000 
$74 x 106 = 5.6 x 106 Lo [ 74x106] = 6.74 years of exposure the PI 

13.3 g 13.3 

4) Assuming all 
$74 x 106 2.9 x 106 Lo{ 74x106] = 6.46 radionuclides = approaches infmity. 

released are ingested 25.5 255 
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A.5 Naturally Occurring Radioactive Material (NORM) Program 

Sources of naturally occurring radioactive material (NORM) that have been technologically enhanced by 

man's activities is a state radiation problem that may produce large exposures to the public unless 

adequately identified and controlled. There are many potential sources of NORM problems which pose 

unique radiation protection and cost-benefit issues. Recently in Pennsylvania, sludge from an oil and 

gas brine treatment facility, containing significantly enhanced concentrations of NORM, were 

discovered being disposed at a local sanitary landfill. A request was submitted for an exemption to 

P ADEP regulations; and, after conducting a risk assessment, approval was given to continue transporting 

and disposing of the sludge in the landfill in accordance with permit conditions. The methodology used 

in this example will be similar to that used in contaminated site remediation example. 

Risk Avoided 

From data submitted by .the brine treatment facility and samples analyzed by the PADEP, it was 

estimated that the concentration of signicant NORM in the sludge was 57.5 pCi/gm of Ra-226 and 54.4 

pCi/gm ofRa-228. It was estimated that 3400 m3/yr of sludge would be generated over a five year 

period. 

Two potential exposure scenarios were compared. The unmitigated case assumed that the sludge 

generated over a five year period was spread out on the surface in a 0.15 m (6 inch) thick layer, resulting 

in an uniformly contaminated area of about 113,000 m2
. The mitigated case assumed the same 

configuration, but disposed in a sanitary landfill with at least 9 m (30 feet) of cover. This is based on the 

normal permitted operations of the landfill which require daily compacting and covering, plus an 

intermediate and final cover. Restrictions against putting the material in the top several lifts of a 

disposal cell would be the only additional permit condition that would be required to achieve to 

necessary cover thickness. It was assumed that both sites would be used for residential purposes, with 

assumptions similar to the contaminated site remediation example. From the RESRAD results, the 

maximum individual dose for each case and the cumulative difference in dose as a function of time are 

shown in Figure A2. 
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Figure A2: RESRAD calculated exposures for the NORM oil and gas sludge example. 

I 1 
OOOO 12087 mrem/yrl 

-• 1000 
~ 
E 
:I 100 0 -.. 
~ 10 
! 
E -• 1 g 
0 
"O 
.5 0.1 

0 0 0 0 0 0 0 0 0 ..... IO 0 0 0 0 0 0 ..... ~ <O «> 0 ,..... 
..... ..... 

Years After Disposal 

Using the same assumptions as the contaminated site remediation example: 

133,000 m2 I 930m2 per dwelling~ 140 dwellings 

-+-Surface 
-+-Landfill 
......,.Cum Dose 

(140 dwellings) x (2.8 persons/dwelling) x (40.8 rem cumulative difference in exposure) x (5 x 104 fatal 

cancers/person-rem) = 8.0 fatal cancers avoided 

Associated Costs 

Mitigation (Regulated Community) Costs 

From information supplied by the brine treatment facility operator, the cost for transportation and 

disposal in the landfill has been about $27.50 per ton. Assuming 1 m3 ~ 1 ton: 

(3400 tons/yr) x (5 yr) x ($27.50 per ton)= $468,000 Total mitigation costs 

Regulatory Costs 

The PADEP regulatory costs include the time spent reviewing the exemption request, several site visits, 

and collection and analysis of samples. A total of about 0.8 FTE's was estimated to have been expended 

for the entire effort. Using previous assumptions, the total regulatory cost was estimated to be: 
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($43,000 = expense/yr/FTE) x (overhead= 1.4) x (0.8 FTE's) = $48,000 Total regulatory costs 

NORM Disposal Indices 

The Cost per Risk Avoided (CRA), Priority Index (PD, and the CRAI as defined in equations (1), (2),and 

(4) respectively are calculated in Table A15 forthe NORM disposal issue. 

Table Al5: Calculated indices for the NORM disposal issue. 

Cost per Risk Avoided 
Priority Index (CRA) CRAI 

$/cancer death avoided ill} 

$5162000 64,500 -Log.!.( 51
()()00 x s) =4.04 Log[516~000] = 4.81 -

8.0 
2 48000 x 468CXX) 

A.6 Nuclear Power Plant Decommissioning 

Nuclear power plant decommissioning is a high visibility, controversial issue that is also an important 

driving factor for other issues such as future needs for LLR W disposal capacity and the continued 

economic viability of nuclear energy. This example examines the risk based efficacy of various options 

for the disposal of nuclear power plant decommissioning w~e. A comparison is also made with the 

hypothetical need for disposal of the radioactive constituents from coal power plant residual waste at end 

of life. It is recognized that disposal of the residual coal ash waste with regard to the radioactive 

constituents is not required for decommissioning of coal plants, but these plants are currently the major 

economic competitor to nuclear power as a near term energy source and their life cycle risks need to be 

considered equally. 
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Risk Avoided 

Using a similar methodology as in the B&W remediation example, the specific activity for each 

radionuclide in the decommissioning waste is estimated from appropriate reports and the dose to the 

maximum exposed individual is calculated using the RESRAD program. The cumulative dose over an 

appropriate period of time is calculated and a similar reside~tial scenario is assumed to estimate the total 

risk avoided. 

A Boiling Water Reactor (BWR) is used as the example for nuclear power plant decommissioning, since 

it is projected to produce the most waste during decommissioning. Using the data from NUREG/CR-

0672 (USNRC 1980), the total activity of all waste, except for some high activity core components, can e 
be calculated. Assuming uniform distribution of the radionuclides in a total waste volume of 18,660 m3 

for immediate dismantlement and 19,338 m3 for 30 year deferred dismantlement (from NUREG/CR-

0672), the resulting specific activity of the BWR decommissioning waste is shown in Table A-14. 

Using the specific activities calculated for immediate dismantlement and assuming disposal on site in a 2 

meter thick layer with 2 meters of cover, the maximum individual and cumulative doses calculated by 

RESRAD are shown in Figure A-3. It should be noted that the immediate dismantlement option was 

chosen since it will maximize the exposure; however, the calculated doses for the deferred 

dismantlement source term are not significantly different. 

Table A-16 Specific activity of BWR decommissioning waste calculated from data in 
NUREG/CR-0672. 

Nuclide Deferred Dismantlement pCi/gm Immediate Dismantlement 
pCi/2111 

C-14 0.63 0.63 
Ni-59 1.14 1.14 
Nb-94 - -
Tc-99 0.02 0.02 
Sr-90 694.7 879.63 

Cs-137 30107.8 53146.22 
Co-60 11026.7 595056.36 
Ni-63 107.9 135.21 

All <5yr half life 314.7 684517.36 
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Figure A-3 Maximum individual and cumulative doses for onsite disposal with 2 meters of cover 
for BWR and coal fired power plant decommissioning waste as calculated by RESRAD. 
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Assuming that a coal power plant would require similar decommissioning activities as currently required 

for nuclear power plants due to the radioactivity in the residual coal ash remaining on site, a similar 

process is used to calculate the dose for on site disposal of the residual ash. Using eastern bituminous 

coal ash radionuclide content data from EPA 520/7-79-006 (USEPA 1979), the average specific activity 

of naturally occurring radionuclides in a typical Pennsylvania coal ash is shown in Table Al 7. It should 

be noted that only those radionuclides that are included in RESRAD program are considered in the 

analysis. The EPA report indicates that some of these radionuclides may be enriched to even higher 

concentrations in the coal ash. 

It is assumed that a residual coal ash volume of 18,660 m3 remains on the coal plant site at the end of 

life. This is the same volume used for the BWR decommissioning example and is about 1 % of the total 

coal ash volume generated over 30 years of operation. It should be noted that a sensitivity analysis 

shows that the maximum individual exposure profile is very similar for disposal volumes up to about a 

order of magnitude less. Using the same disposal assumptions as used for the BWR example, the 

maximum individual and cumulative doses as calculated by RESRAD are shown in Figure A-3. In the 
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RESRAD calculation for coal ash, the radon flux rate was reduced by a factor of 20, which is consistent 

with measured values for coal ash compared to soil. 

Assuming the disposal site area is 9330 m2 and the site is eventual used for residential purposes: 

(9330 m2) x (10.76 ft2/m2
) x (0.0001 dwelling lft2) x (2.8 persons/dwelling)= 28 persons onsite. 

Using this assumption and the cumulative dose estimates from RESRAD, the projected cancer deaths for 

the various options are calculated in Table A-18. 

Table A-17 Specific activity of eastern bituminous coal ash from data in EPA 52017-79-006. 

Nuclide PA Coal ash 
pCi/1rn1 

U-238 12.6 
U-234 12.6 
Th-230 12.6 
Ra-226 12.6 
Pb-210 12.6 
Th-232 10.8 
Th-228 10.8 
Ra-228 10.8 

Table A-18 Projected risk for various types of power plants and disposal options. 

Type of plant and Cumulative dose over 5000 years Projected risk over 5000 years 
disposal option (nerson-mrem) (cancer deaths) 

BWR immediate (0.0101) x (5 x 10-4 cancer 
dismantle onsite disposal 101.35 deaths/person-rem) x (28 persons) 
with 2 m of cover = 1.4 x 10"" 
Coal plant onsite disposal (1050. 7)x (5 x 10-4 cancer 
with 2 m of cover 1,050,700 (1) deaths/person-rem) x (28 persons) 

= 14.8 
BWR immediate (21253.7) x (5 x 10-4 cancer 
dismantle onsite disposal 21,253,700 deaths/person-rem) x (28 persons) 
with 0 m of cover = 297.6 
(1) RESRAD calculations performed assuming no cover yield a cumulative dose that is only about 34 % 
greater than this example. 
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Associated Costs 

The estimated costs for the various options are shown in Table A-19. The nuclear power plant costs are 

extracted from NUREG/CR-617 4 (USNRC 1994 ), while the coal plant costs assume disposal at the 

Envirocare of Utah facility with the current average cost of $30/ft3. 

The associated regulatory costs have not been estimated due to the uncertainty involved. 
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Table A-19 Costs for various coal and nuclear power plant decommissioning options, adapted from NUREG/CR-6174 

Option Period Decontamination Package & transport Disposal Undistributed Total 
& removal costs costs costs costs costs 

NUREG/CR-6174 1- 2.5 years $ - $ - $ - $ 9,459,000 $ 9,459,000 
BWR full DECON 2- 1.2 years $ 14,148,000 $ 930 000 $ 3,451,000 $ 22,302.000 $ 40,831,000 

3- 3.4 years $ - $ - $ - $4.594.000 $ 4.594 000 
4- 1.7 years $ 11 ,593,000 $ 3,448,000 $ 31 584.000 $ 25.531,000 $ 72, 156,000 

Category total $ 25,741,000 $ 4,378,000 $ 35,035,000 $ 61,886,000 $127 ,040,000 
plus 25% contingency $158,800,000 

BWR full DECON 1- 2.5 years $ - $ - $ - $ 9,459,000 $ 9,459,000 
w/ disposal on 2- 1.2 years $ 14,148,000 $ 930 000 $ 3 451,000 $ 22,302,000 $ 40,831 ,000 
site at $ 351 ton 3- 3.4 years $ - $ - $ .- $4,594,000 $4,594,000 

4- 1.7 years $ 11,593,000 $ - $ 499.870 $ 25,531,000 $ 37,623 870 
Category total $ 25,741,000 $ 930,000 $ 3,950,870 $ 61.886.000 $ 92.507 870 

plus 25% contin~ency $ 115,634 838 

BWR full DECON 1- 2.5 years $ - $ - $ - $ 9.459.000 $ 9.459 000 
w/ disposal at 2- l.2 years $ 14,148 000 $ 930,000 $ 3,451,000 $ 22.302.000 $ 40.831 000 
Barnwell 3- 3.4 years $ - $ - $ - $4.594.000 $4.594 ()()() 
at $400/ft3 4- l.7 years $ 11,593,000 $ 3,448,000 $201.661.840 $ 25.531.000 $242.233 840 

Cate~orv total $ 25,741,000 $4 378.000 $205.112,840 $ 61,886,000 $297,117 840 
plus 25% contingency $371,397,300 

BWR full DECON 1- 2.5 years $ - $ - $ - $ 9,459,000 $ 9,459,000 
w/ disposal at 2- 1.2 years $ 14.148 000 $ 930 000 $ 3,451.000 $ 22,302,000 $ 40,831,000 
Envirocare 3- 3.4 years $ - $ - $ - $4,594,000 $4,594,000 
at $30/ft3 4- l.7 years $ 11,593,000 $ 3,448,000 $15,124,600 $ 25,531,000 $ 55,696,600 

Cate~ory total $ 25,741,000 $ 4,378,000 $ 18.575.600 $ 61,886,000 $ 110,580,600 

Coal plant 
w/ disposal 
offsite at $30/ft3 $ 5,800,000 (l) $ 3,448,000 $15,124,600 $12,800,000 (1) $37,172,600 
onsite at $35/ton $ 5,800,000 (l) $ 3,448,000 $499,870 $12,800,000 (l) $22,547,870 
(1) Estimated at one half the cost of the corresponding nuclear power plant cost 
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Nuclear Power Plant Decommissioning Indices 

The Cost per Risk Avoided (CRA), Priority Index (PD, and the CRAI as defined in equations (1), (2),and 
(4) respectively are calculated in Table A20 for various power plant and disposal options. 

Table A20: Calculated indices for coal verses nuclear power plant decommissioning options. 

Program Cost l!er Risk Avoided 
Priority Index 

Ol!tion CCRA) (1) CRAI 

Assuml!tion $/cancer death avoided ill) 

1) BWR - disposal onsite ~(138 .2- 115.6} x 106 
= Lo{ 22.6xl06] = 1120 with 2 m cover compared (0.00014 - 0) 

to offsite disposal at Assuming that 0.00014 
Envirocare 161.4 x 109 

2) BWR - disposal onsite 
$(371.4- 115.6} x 106 = DCrcg ::::: O; Lo{ 255.8xl06] = 5.93 with no cover compared 

to offsite disposal at (297.6 - 0) 297.6 
Barnwell 860,000 

3) BWR- disposal onsite 
$(371.4 - 115.6} x 106 = the PI Lo{ 255.8xl06] = 12.26 with 2 m cover compared 

to offsite disposal at (0.00014 - 0) 0.00014 

Barnwell 1.83 x 1012 

4) coal - disposal onsite 
$(37 .1- 22.5) x 106 = approaches infinity. 11I4.6xl06] = 5.99 with 2 m cover compared 

to offsite disposal at (14.8 - 0) 14.8 

Envirocare 986,000 

(1) It is recognized that the risk from disposal is not zero for disposal at Barnwell and Envirocare, but it should be less than 
the risk for on site disposal. The potential risk is merely transposed to a different population. 
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Appendix B: Defining the Priority Index (Pl) 

The following discussion will help the decision maker to better understand the utility, general features 

and limitations of the Priority Index (PI). 

Multi party system 

In general, a project involves more than one party, for example state and federal regulators, generator 

or generators, concerned public, etc. The success of a project is not easily assigned to the efforts of 

any particular one of these parties. In a multiparty effort, the participation and contribution of any 

specific party is either required or dictated by market forces. This leads to the conclusion that the 

priority index for a project should be considered a joint index. 

In general for an multi-party system with n parties, the Priority Index (PI) is defined as follows: 

[ {
al a2 an }] 

PI = -Log M .1Cl + .1C2 ... .1Cn (Bl) 

Where: · 

ai. a2, ... <X.n = the weights for each of the "n" parties 

.1Ci, .1C2, . . . .1Cn =the "present valued" differential cost of the ith party between the baseline 

option and the defined project over a specified period of time. 

M = the accumulated differential risk reduction over the same period of time. 

In Equation (B 1) it should be noted that &- is expressed in units of deaths avoided and in terms of 

dollars expended, and since .1ci is usually much greater than ll.r, the PI will always be a positive 

quantity. Additionally, as ll.r increases or .1ci decreases, the value of PI decreases. Hence, a more 

effective project has a lower PI value. The inclusion of Log in Equation (B 1) reflects the general 

observation that because of inherent uncertainties in estimating Mand .1ci's, only the order of 

magnitude of the calculated argument may be meaningful. 
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As defined in Equation (B 1 ), a1 represent the weight of the contribution of the particular party in the 

project and must be specified on a case-by-case basis. Some comments on the use of these weighting 

factors follow. 

1. If the party's contributions are deemed marginal, a1 ~o, this party can be dropped from 

consideration in Equation (B 1) regardless of the magnitude of the cost that the party might be 

incurring. Simple market forces dictate that the costs incurred by such an party usually should be 

minimal. 

2. When the role of an party is mandated, (e.g., by legislation or regulation) and the role is not a 

minor one, the corresponding <Xi's should be included in Equation (Bl). 

3. If any one party is judged to be essential (<Xi'* 0) but its cost data is not available, a complete 

n-party priority assessment is not possible. An incomplete (n-1) party priority assessment is still 

possible, but will provide partial and less informative insights into the project effectiveness. The 

value of such insight will be less if the omitted party is a major one (high <Xi or low Ci)· In 

particular, if the project is viewed to be a single sector project (n =l), then the partial index leads 

to CRA and CRA index defined in the report with all costs assigned to this sector. 

e For a typical project, the time dependence of the variables and indices is shown in Figure Bl. In 

Figure B 1, T 0 is defined as the time when the program is initiated and begins accruing regulatory 

development costs. T 1 is defined as the time at which the program is implemented and mitigation 

costs and risk reduction begins. Recognizing that projects can be evaluated either prospectively or 

retrospectively, the final time for evaluation of the indices can be specified in several different ways: 

• over a specific planning period, for a prospective project. 

• the present time for retrospective project. 

• Analytically, as follows. 

The final time can be defined as time Ti in Figure Bl where all the ~C's and M have stabilized or all 

costs have been expended. Or alternatively, if risks continue to be avoided after Ti, the final time can 

be defined at T 3 and can be analytically determining by truncating future risk calculations. This 

second case is typical for projects where disposal of waste is required. In any case, the decision-
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maker needs be thoroughly aware of the implications of the choice for a final time and its potential 

impact on the results. 

Figure Bl Temporal behavior of risk, costs, and the calculated indices. 

CRAI 

PI 

.. -- .... Risk Reduction .. .. .. .. .. .. .. . 
Regulator Cost 

i 
To 

Time 

Discount Rates 

Both costs and risks can be discounted to reflect the future value of money or long term uncertainty of 

risks. The discount rates used for costs should be reflective of the nature of the chosen evaluation time 

frame. For a short time frame (less than 10 years), the cost discount rates can be neglected. For 

intermediate time frames (between 10 to 50 years), short term rates appropriate for each individual party 

should be used. For long term projects (greater than 50 years), a single societal rate common to all 

party's can used. In all cases, however, a basic insight into the project effectiveness can be obtained by 

assuming cost discount rates equal to zero. 

Discounting risks should only be considered for very long term proj(fcts, because such rates are bound 

to be controversial. In some cases risk discount rates could even be perceived to be negative (future 

generations are more important). Public input and consensus is needed before any risk discount rate 
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is considered for adoption. As in the case of costs, significant insight can be gained by assuming the 

risk discount rates to be zero. 

Two party projects 

Going from multi-party system to a two party system, Equation (Bl) becomes: 

PI= -Lo [al&'+ al&'] (B2) 
g ACl AC2 

In Equation (B2), index 1 refers to the generator or mitigator and index 2 to the regulator. Assuming 

that both roles are essential and/or mandated, both a 1 and a 2 will have non-zero values. 

For the special case where their weights are considered to be equally important: 

PI= -Log[_!_(~+~)]=-Log[_!_( ru x AC )] 
2 ACI AC2 2 ACI x AC2 

(B3) 

Where: AC= AC1 + AC2 =differential total cost 

Since all the examples in this report are two party projects (regulator and mitigator), Equation (B3), is 

the definition of the PI used in this report. 

Some important aspects of a typical two party project need to be recognized. The Pl, as defined, is 

more heavily influenced by the lesser-cost-bearing but equally important (from a program point of 

view) sector's performance. Since a typical project has the temporal profile shown in Figure Bl, the 

costs of mitigation will dominate the PI early in the program, while the regulator's cost will dominate 

the PI toward the end. 

Projects can generally be divided into several categories. The first category includes projects with 

large capital expenditures (e.g., x-rays) where broader benefits beyond just the safety of the exposed 

population accrues. For this category, the late term evaluation of the PI is dominated by the 

regulator's cost. The second group are mandated projects with most costs directly related to risk 
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reduction activities. If such a program is legislatively mandated (e.g., clean up projects), the near 

term PI will be dominated by the generator's cost. For many non-mandated risk reduction-only 

projects (e.g., radon), the two costs can be expected to be comparable over a wider time frame. The 

PI is then influenced by both parties cost simultaneously over a wide range of time of evaluation 

The two extreme cases for party costs are of interest for understanding the utility of the PI index. 

Case 1: For ~C 1>>~C2 Equation (B3) reduces to: 

(B4a) 

Case 2: For ~C2>>~C 1 Equation (B3) reduces to: 

(B4b) 

In case 1, the regulator's integrated costs are much higher than those of the mitigator. The Pl, on the 

other hand, is controlled by the smaller mitigator's cost. A typical example of this case occurs the 

initial implementation phase of almost any regulatory project. The regulatory agency is often 

mandated (cleanup projects), or in some instances, strongly motivated (radon project) to embark on 

studying and analyzing the potential impact of the haz.ard and their possible mitigation, and 

developing mitigation strategies and options. Their efforts at this phase, although related to risk 

reduction, are often required by legislation, or strongly perceived to be necessary for protection of 

public health and safety. The ensuing project, generally funded from public money, is focused on a 

broad set of objectives related to program development. Most of the expenditures in this phase are 

made by the regulator. Following program development, in the early implementation phase the 

mitigator's costs begin to accrue and risk reduction actually occurs. If in the mitigator's view, the 

cost per life saved is very high, the regulated community (mitigator) will be less supportive of 

program implementation. The focus for viability of the program in this phase is more sensitive to the 

costs of the regulated community although comparatively speaking the magnitude of these costs may 

be considerably lower. It is, therefore, rational to conclude that the mitigator's costs should dominate 

the priorities in this case. 
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For Case 2, the mitigator's integrated costs are much higher than those of the regulator. The Pl, on the 

other hand, is controlled by the smaller regulator's cost. A typical example of this case is an evaluation 

done near the end of a project with large capital expenditures (x-ray program). At this point in time, 

usually late in the life of a program, most of the mitigator' s investments for risk reduction would have 

made. Since the primary purpose of this methodology is to compare the efficacy of regulatory programs, 

the focus should be on the regulator, and mature programs should be compared with the focus on the 

cost to the regulators. In some cases, ~C 1 being much greater than ~C2 might be symptomatic of the fact 

that the mitigator's costs were not all discretionary and controllable, but might have included other 

requirements not directly attributable to risk reduction, such as public service, legislative mandate, 

public acceptance, technological requirements and limitations, profit motives, etc. Furthermore, it may 

not be possible to separate out the discretionary and controllable components of cost for risk reduction 

from the rest. The regulator's cost, on the other hand, in this phase occurs primarily because of routine 

oversight. Even if the activity itself may be legislatively required, the common view of these non

controllable costs is that while they are a necessary, they do not directly reduce risk. Reducing such 

costs to a minimum is, therefore, important to determining the real efficacy of the program. 

It is also important to minimize the regulator's costs since these are usually public dollars. Since most 

mature projects will have a PI that is more sensitive to the regulator's costs, the PI will be more 

reflective of efficient use of these public resources. The PI will therefore be a more useful indicator of 

the efficacy of regulatory programs from the regulator's perspective. 

A typical project profile, shown in Figure B 1, proceeds as follows. Mitigation costs and risk 

reduction are assumed to begin at T 1 when the project is implemented. Assuming that annual 

mitigation costs are greater than regulator costs, in a short period of time ~C1 = ~C2 and the PI curve 

reaches its peak value. (As will be shown later, this peak value of PI is 0.3 units less than the CRAI.) 

If regulator's costs continue due to routine oversight and the project continues to effectively reduce 

risk, the PI will continue to decrease over time. On the other han<L after T 2, the value of CRAI will 

typically reach a steady state value or may slightly increase over time, depending upon the variations 

of ~C 1 or L\r as a function of time. This is further indication of the utility of the PI. For those 
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projects that continue risk avoidance after all costs have been expended, the CRAI and PI continue to 

decrease out to TJ. Assuming that 6.C1 > 6.C2, the PI will decrease at a faster rate than the CRAI. 

Relationship between PI and CRAI 

Assume a two sector system with a 1=a2 =12, and using Equation (B2) 

PI= -Log[6.r (-1 +-1 )] 
2 6.CI 6.C2 

(BS) 

Recall that the indices 1 and 2 refers to the mitigator and regulator sectors, respectively and the total 

differential cost= 6.C = 6.C1 +6.C2 

Let: 6.C1 = x6.C and 6.C2 = (1- x)6.C 

for l > x > o 

Substituting in Equation (BS), it follows that: 

PI = -Log[~ l ] = Log 6.C + Log2 +Log( x(l - x)] 
26.C x(l- x) 6.r 

Considering the CRAI as defined in the report: 

6.C 
CRAI=Log-

6.r 
(B7) 

(B6) 

Then defining another index CRAIP as a one sector partial index where both parties are judged to be 

equally important but one parties cost is unknown. Obviously such a partial index is less informative 

but still useful for evaluation purposes. 

6.r 6.r 6.C 
CRAIP = -Log 6.C = -Log xAC = Log"&+ Log( x) = CRAI +Log( x) (BS) 

Note that x in Equation (B8) above is an unknown quantity since 6.C1 or 6.C2 and, therefore, 6.C are 

assumed not to be quantifiable. Therefore, the CRAIP is to be interpreted in a parametric sense only. 

For example, ifthe cost for a party cannot be quantified but is known to be higher cost-bearing party 

of the program, then x will be closer to 1 ; if the unknown party is in the same cost range, x will be 

closer to 112; and, if the unknown party is a lower cost-bearing component, xis closer to zero. 

In order to get a sense of how the values of these indices vary as a function of x, they are tabulated in 

Table 1, assuming CRAI = 10; and plotted as a function ofx is in the Figure B2. 
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Table B~ - Indices as a Function of Cost Partitioning Factor (x) 

I CRAI CRAIP PI 
0.1 10 9.0 9.255 

0.2 10 9.3 9.505 

0.3 10 9.47 9.623 

0.4 10 9.602 9.681 

0.5 10 9.699 9.699 

0.6 10 9.778 9.681 

0.7 10 9.845 9.623 

0.8 10 9.903 9.505 

• 0.9 10 9.954 9.255 

Figure Bl Indices as a function of the cost partitioning factor (x) . 

• 
-CRAI 

-CRAIP 

-Pl 

x 

Thus for 0 < x < 112 ; CRAI > PI > CRAIP: and for 112 < x < 1; CRAI > CRAIP > PI 
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It should be noted from Table B 1 that the maximum difference between CRAI and CRAIP is about 1 

unit at x = 0.1. Since 101 
= 10, this indicates that the dollars per life saved will vary by at most one 

order of magnitude between these indices over this range of x. 

Other Considerations 

At any phase of a project it is generally the case that the greater cost bearing party is conducting the most 

of the activities, which is reflected by higher share of costs. A major component of this cost may be 

non-discretionary and not directly related to risk reduction. The incentives to control such costs may not 

be strongly influenced by risk reduction concerns. Minimizing such ancillary costs is viewed to be highly 

desirable from a project efficacy and priority viewpoint. 

In defining a project performance index, whether it is PI, CRAI or CRAIP, it only makes sense to talk 

about costs that are discretionary (i.e., not mandated or required by extenuating circumstances) and 

which the spender can control. In a situation when any actor has proportionately very high expenses, 

often these costs are not discretionary, and will be driven by external requirements and circumstances. 

If the focus is on the lessor cost bearing sector at this phase of the project, the effects of these non

discretionary costs will be minimized. Thus the PI, as defined, may be a better indicator of project 

efficacy. It also better reflects the changing role of each party as a project matures in controlling 

discretionary costs for reducing risks. 

Since high importance (high ai) and low cost (Ci) parties will be the dominant contributors to the PI 

index, any sector so identified should be critically examined if the costs are in fact low and the 

perceived importance high. For all high cost sectors, the basic incentives or driving forces for these 

high costs needs be identified before the entire cost is attributed to risk reduction. Understanding of 

the basic concept and conduct of the program and the roles, objectives, expectations, motivations and 

importance of the different sectors need to be clearly delineated and assessed before a full and valid 

appreciation of these quantitative assessments can be achieved. 
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