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ABSTRACT

The paper provides a method for performing quantitative
cost-benefit evaluations for nuclear safety concerns
involving accidents of low probability and potentially
large consequences. It presents an application of the
method to ECCS, Containment, Emergency Power System and
Hydrogen Recombiner System. This evaluation provides
a valuable assessment of the relative cost effectiveness
of these features in reducing accident risk. It also
provides insight into the sensitivity of cost-benefit
calculations to the manner in which safety features are
sequentially added in design.

INTRODUCTION

Discussions of late regarding current nuclear safety issues have been
centering more and more on the question of incremental cost versus
benefit to the public in terms of reduced risk in the event of a nuclear
plant accident. This sensitivity to balancing cost and benefits is, in
large part, a result of the findings of the Reactor Safety Study (WASH-
MöO)^1) which concluded that the design of light water reactor (LWR)
nuclear plants of recent vintage is such that the risk of nuclear plant
accidents is significantly less than the risk associated with other
natural and man-induced events. Thus, with the present design of
engineered safety features (ESF) having been shown to reduce the risk of
accidents to a negligible residual level, it has become reasonable to
question the need for additional safety features in terms of their
value in reducing this residual risk even further, particularly if large
costs are associated with the added features.

COST-BENEFIT METHODOLOGY

Quantitative cost-benefit methodology has been used with respect to
assessment of the radiological environmental impact of normal plant
operation and is, in fact, required by US regulations.") The methodology
involves calculating the benefit of a particular design feature in
terms of its ability to reduce annual population radiation exposures
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due to normal plant operation. This benefit ( A raan-rem/yr) is then
balanced against the annualized incremental cost of the design feature
($/yr) to obtain the cost-benefit ratio ($/man-reni) of the feature.
Should this ratio compare favorably with (i.e., be less than) the
established acceptance criteria of $1000/man rem, the feature should
be incorporated in the plant design.

Since such environmental impact assessments are concerned with normal
operation, there is no need to consider probabilistic uncertainties.
However, when dealing with nuclear safety concerns involving accidents
of low probability, the expected annual frequency of the events must be
included. A generalized expression for the cost-benefit ratio is as
follows :

COST/BENEFIT
RATIO

(1)
n

Where: C = Annualized cost of safety feature ($yyr)

P. » Probability of i accident sequence of ,
interest without safety feature installed (yr )

"I'll

R. = Radiological consequences of i accident
sequence of interest without safety feature
installed (man-rem)

P. = Probability of i accident sequence of ,
interest with safety feature installed (yr" )

R. =* Radiological consequences of i ' accident
1 sequence of interest with safety feature

installed (man-rem)

n = Number of accident sequence of interest, ie,
those upon which the proposed safety feature
would have an effect in reducing probability
and/or consequences.

Note that for events associated with normal plant operation P. = 1 and
the equation reduces to: x

COST/BENEFIT « Ç (2)
RATIO à R

This is the familiar expression for calculating cost-benefit ratios for
equipment provided to reduce annual population exposures due to normal
radiological effluents.
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COST-BENEFIT ANALYSIS OF EXISTING ENGINEERED SAFETY FEATURES

The design of current nuclear plant ESF's has been arrived at in a
deterministic manner. That is, a set of rules and criteria has been
established which specify certain worst case assumptions which must
be used in determinining what sort of ESF's are required. These rules ~v
are contained in the NRC's General Design Criteria^3), siting regulations
and in various Regulatory Guides. They are based in large part on a
qualitative assessment of what is important to safety and on the concept
of "defense in depth". As a result, all plants are now required to
have Emergency Core Cooling Systems (ECCS), Containments (including
containment heat removal systems and fission product removal systems),
an onsite source of emergency electric power and other engineered
safety features.

Now suppose that instead of such deterministic criteria, probabilistic
cost-benefit methodology and criteria had been applied as the basis for
determinining the required ESF's. Would the same ESF's be incorporated?
The logical process to be followed in such an evaluation would be to
start with a nuclear plant devoid of safety features, consisting only
of design features and equipment necessary for normal operation and
equipment protection. A risk assessment would be performed taking into
account the various accident sequences and their consequences in the
absence of ESF's. Then, in step sequence, each ESF would be added, the
risk assessment re-performed with the feature added and the cost-benefit
ratio calculated until the established acceptance criteria is satisfied.

Since WASH-1400 represents a risk assessment of a typical LWR plant, it
can be used for such an evaluation by modifying the calculated probabilities
and consequences of relevant sequences to reflect the absence of various
ESF's. In this way, equivalent event sequences can be determined for each
event which reflect the expected event probabilities and consequences
without the ESF. For example, in a plant without ECCS or containment, it
may be assumed that any loss of coolant accident will result in core
melting and rapid atmospheric dispersion of resulting fission products.
Though the event of interest is simply any loss of coolant accident, the
consequences of the event would be the same as for those WASH-1400 event
sequences in which ECCS and containment also fail. However, since the
ECCS and containment are non-existent their failure probability is unity
and the probability of such severe consequences occurring is the same as
the probability of the initiating loss of coolant accident, reflecting
an increased risk. An example of the application of this approach is
given in Table 1.

Using the above described methodology, a cost-benefit evaluation was
performed for the following key ESF's for a typical pressurized water
reactor (FWR) plant as described in WASH-1400:

1) Emergency Core Cooling System (ECCS)
2) Containment (including associated heat and fission product

removal systems)
3) Emergency Onsite AC Power System (DG Sets)

These key ESF's were applied individually and in all possible combinations
and sequences to a base case involving a FWR devoid of these safety features.
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WASH-1400 was based on a PWR plant which went into operation in 1972
and, of course, included these basic ESF's. Since that time NRC
regulations have required the incorporation of additional ESF's which
are not reflected in the WASH-1400 risk analysis.

One such addition is the hydrogen recombiner system, the need for
which is based on deterministic assumptions. To provide an assessment
of the contribution of a hydrogen recombiner system to further reducing
accident risk, a cost-benefit evaluation was performed for such a
system applied to the complement of ESF's analyzed in WASH-1400 for a
typical PWR. In this analysis it vas assumed that the hydrogen recombiner
system would be capable of eliminating entirely the risk of those
accidents in which Containment failed due to hydrogen related overpressure
(i.e., P. = 0 ) . Since no ESF is capable of reducing the probability
of any accident sequence to zero, the actual benefit will be less.
This procedure therefore provides a conservative lower limit on the
cost-benefit ratio for the hydrogen recombiner system.

The probabilities (P.) of the various accident sequences of interest
were obtained from WASH-1400. The fraction of core fission products
released for each accident were classified, in the manner of WASH-1400,
into nine release categories ranging from Category 1, corresponding to
a core melt condition with rapid, direct atmospheric dispersion (i.e.,
without effective ECCS or containment) to Category 9, corresponding to
no core melt with effective containment (i.e., ECCS and containment
function as designed).

The radiological consequences (R.) of each accident sequence of interest
were calculated in terms of total integrated whole body dose to an
exposed population (man-rem) assuming a uniform population density of
400 persons/mi2 surrounding the site. This value is consistent with NRC
guidelines(5) On site suitability with respect to population density and
is typical, on a cumulative population basis, of many existing nuclear
plant sites. The population dose for a Category 1 release was obtained
from Figure VI 13-18 of Reference 1. Total doses for other release
categories were obtained based on the relative quantities of the various
nuclides included in each release category and their fractional
contributions to whole body dose. Table 2 provides the radiological
consequences (R¿) for each release category.

Annual costs for each ESF were based on estimates for typical PWR
plants in 1978 dollars with 8% interest over 40 years. In each case,
the costs include only incremental cost of providing the ESF function
with respect to equipment or structures which would be expected to be
provided for normal plant operation. The additional cost of a full
pressure retaining containment structure and associated systems over
the cost of a conventional type power plant structure housing the reactor
coolant system was estimated for Containment. For ECCS it was assumed
that a residual heat removal system would be provided for normal plant
shutdown. Thus the ECCS costs are those associated with additional
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equipment (high pressure safety injection system and accumulators)
necessary to perform the ECCS function. Emergency diesel-generator
system costs were based on replacing a small diesel generator used
for plant equipment protection with two redundant full capacity diesel
generators capable of supplying ESF loads and housed in a separate
seismic Category I building. Hydrogen recombiner system costs are based
on actual costs for a typical PWR plant.

RESULTS

values for all accidents ofTable 3 presents the summation of (PJRJ)

interest for the base case (No ESF) and for the ECCS, Containment and
D-G sets applied individually and in combination. This summation
represents the residual risk in man-rem/yr for each case. The risk
"benefit" for an ESF in any particular case is the difference between
the residual risk for that case and the residual risk for the corres-
ponding case without that ESF. It is this benefit value which must
be compared to the annualized cost (C) of the ESF to determine its
Cost-Benefit Ratio. Table 4 provides the benefits and cost-benefit ratios
for the ECCS, Containment and D-G sets applied in various sequences.

Examination of the data given in Table 4 indicate that the cost-benefit
ratio for any particular ESF is highly dependent dn the sequence in which
it is applied in the risk assessment. When considered first, the cost-
benefit ratio for each of the three ESF's is well below $1000/man-rem,
indicating that, individually, the cost of these features would be well
justified in the absence of any other ESF's. However, for certain
sequences of application, both the Containment and ECCS exceed the $1000/
man-rem criteria which could lead to the faulty conclusion that their
installation is not justified. This points up the need to consider design
features in the cost-benefit evaluation in their most effective sequential
application. In this case, ESF Sequence 4 results in the optimum cost-
benefit utilization of the three ESF's considered, with cost-benefit
ratios of $14, $441 and $111 per man-rem for the ECCS, Containment and D-G
sets respectively.

The addition of the hydrogen recombiner system to ECCS, Containment and
the D-G sets resulted in a minimal additional reduction in risk (less
than 0.13 man-rem/yr). This is because, according to WASH-1400, the
probability of post-LOCA containment failure due to hydrogen explosions
or combustion even without recombiners is extremely low. This benefit
value is so small that, even though the cost of the recombiner system is
relatively small compared with the other ESF's, the cost-benefit ratio
is quite high. The benefits, costs and cost-benefits ratios of hydrogen
recombiners compared with the other ESF's is shown on Table 5 for the most
cost-beneficial sequence of addition. Clearly, hydrogen recombiners are
orders of magnitude less cost-beneficial than the more basic (and more
costly) ESF's.

The cost-benefit analysis thus far has been based on population risk.
Since the dose effects of accidents decline with distance from a plant,
the risk to individuals is clearly non-uniform over the entire population.
An individual located immediately adjacent to the site boundary may
therefore understandably question the validity of cost-benefit criteria

-5-



which rely solely on a population risk measurement of benefit.

To explore whether such concerns are warranted, an assessment of the
maximum risk to an individual near a nuclear plant site was performed.
The nuclear accident risk to an individual located near the site is
dominated by the probability of those accidents which could result in
core melting and rapid release of resulting fission products to the
atmosphere (i.e., release categories 1-5). Such accidents would be
expected to result in early fatalities (death within a year) of anyone
exposed to the accident plume within a few miles of the site. Other
accidents involving lower release categories involve delayed release of much
smaller inventories of fission products to the atmosphere. Evacuation
procedures and lower exposure dose rates would result in much lower risks,
even though the probability of such accidents may be much higher.

The maximum fatality risk to an individual was calculated assuming that
the individual is always located near the site and that, in the event of a
serious accident, there is a 50 percent probability that the plume will
traverse this location (i.e., the individual is downwind of the plume).
It is further assumed that in such an event, exposures will result in
early fatality. These assumptions are clearly conservative since they
do not account for time spent away from the site, narrowness of the plume
and the mitigating effect of intensive medical treatment, all of which
would serve to reduce individual risk.

Figure 1 shows the maximum risk to an individual from nuclear plant accidents
with respect to the cumulative cost of adding ESF's to reduce that risk.
Also shown are the average background risks for an individual from non-
nuclear causes including accidents (falls, fires, etc) and disease. As
indicated, even with no ESF's installed, the maximum risk to an individual
is only slightly more than the non-nuclear accident risk and less than
10 percent of all non-nuclear risk. By adding ECCS, Containment and D-6
sets, the nuclear risk is reduced to less than 0.1 percent of the total
non-nuclear risk. Conservatively assuming that all persons within
3 miles of the plant would be exposed to this higher risk and again
assuming a density of 400 person/mi , installation of these ESF's would
reflect an annual expenditure of over $500/person to achieve a reduction
in nuclear risk from 10 percent to less than 0.1 percent of total back-
ground non-nuclear risk.

This figure would seem to compare favorably with the amount individuals
themselves are willing to voluntarily pay for non-nuclear risk reduction.
Indeed, it is unlikely that many individuals would be willing to support
such a cost-benefit ratio themselves if, for example, it were demonstrated
to them (as it probably could be) that annual physical examinations could
reduce the risk of death due to disease by 10 percent, if the examination
cost $500. The issue of individual risk and individual cost-benefit
criteria should not therefore be an overriding issue with respect to risk
and cost-benefit criteria applied on a population basis.

-6-



CONCLUSION

The foregoing analysis provides a demonstration of the usefulness of
quantitative cost-benefit analysis as applied to ESF's and nuclear
safety concerns. However the results should not be taken as a
definitive cost-benefit analysis on an absolute scale. There are many
uncertainties in the probabilities and consequences in the probabilities
presented in WASH 1400. Further, the idealized nature of the assumed
population distribution could result in significant variations from
actual site conditions.

The methodology provides insight to the relative cost-benefit effective-
ness of existing ESF's and to the manner in which they contribute to
reducing accident risk. The results indicate that the major contributors
to risk are the small LOCA events and transient events involving loss of
electric power. As might be expected, the DG's by themselves provide a
small fractional risk reduction factor. The ECCS or Containment each
individually reduce risk by about a factor of 5-7. With diesel gene-
rators installed the effectiveness of the ECCS or Containment is in-
creased by at least an order of magnitude, and with all three the overall
risk is reduced by almost a factor of 400. This interdependence supports
the "defense in depth" concept wherein the effectiveness of each indi-
vidual ESF is amplified greater in combination with other ESF:s.

It would also appear that the regulatory staff's judgement regarding the
need for ECCS, Containment and Emergency Power Systems is supported on a
quantitative cost-benefit basis. However the cost-benefit evaluation
for hydrogen recombiners indicates that they probably could not be
justified with respect to a $1000/man-rem acceptance criteria and are
orders of magnitude less cost effective relative to the three other basic
safety features evaluated. This conclusion supports the industry position
that recombiners are based on arbitrary deterministic criteria and are
unnecessary to provide adequate protection of the public health and safety.

The analysis indicates that regulatory policy regarding changes to plant
designs to achieve improvements in safety should be critically evaluated
on a cost-benefit basis. Certainly, continuing research and development
efforts should be maintained towards seeking significant improvements
in plant safety. However, it appears we have reached a point in design
development where the residual risks involved in nuclear plant operation
have been reduced to a minimal level compared to other accepted risks
and to the risk associated with competing energy systems.

To reduce the already small risk even further would probably require greater
investments of expensive hardware systems. Using the values developed
from this report even if a system were devised which could eliminate
entirely the 360 man-rera/yr risk remaining, the capital cost of this
system would have to be Ie3s than $4 million in order to be justified
with respect to the $1000/man-reni criteria. It is extremely doubtful that
such a relatively inexpensive and important improvement in engineered safety
features has been overlooked. Any new proposed features should therefore
be reviewed carefully against cost-benefit criteria as set forth herein
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before being considered as a necessary and cost effective contribution
to the public health and safety. Indiscriminately imposed increases
in plant costs can lead to rejection of nuclear power in favor of higher
risk technologies. Thus the regulatory agency ha? an obligation to
ensure that additional cosis imposed in the name of safety are justified
on a cost-benefit basis and result in maximum net benefit to society.
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TABU: I

EXAMPLE OF ESF COST-BENEFIT ANALYSIS

ESF
Case

Accident
Event
Sequence(1)

Probability

.(yr"1)

Equivalent
WASH-1400
Consequence Rel
Sequence Cat

Radiological
Consequences
(man-rem)

Risk
(mañ-rem/yr)

No ESF A
Sl
S2
TMLB

1 x 10
3 x lp"

1 x 10

3 x 10

-3
-4

AB - <X

SL B - a

S2 B - «

TMLB - <*

1
1

1

1

8.0 x 10'
8.0 x 10

8.0 x 107

8.0 x 107

8.0 x 10^
2.4 x 10H

8.0 x 10*

2.4 x 10*

1.4 x 105

ECCS
Only

A
Sl
S2
AB
AD
AH
Sl
Sl
Sl
S2
S2
S2

B

D

H

B

D

H

TMLB

1 x 10
3 x ÎO"

1 x 10

1 x 10
2 x 10
1 x 10

2 x 10

3 s 10

3 x 10

8 x 10

9 x 10

6 x 10

3 x 10

r3

5
-9

-6

-6

-9

-6

r6

-4

A- 18
Sl "ß
S2~ß
AB - a
ADC - «
AH - «

DC - a

H - a

a

S2 DC - a

S2 H - a

TMLB - a

S2 B -

8
8

1
1
3

1

1

3

1

1

3

1

4.0 x 107
4.0 x 10

4.0 x 104

8.0 x 107

8.0 x 10'
4.4 x 10,
8.0 x 10'

8.0 x 107

4.4 x 107

8.0 x 107

8.0 x 107

4.4 x 107

8.0 x 107

E « •
P i R i

4.0 x 10
1.2 x 10

4.0 x 10

8.0 x 10
1.6 x
4.4 x 10

1.6 x 10

2.4 x 102

1.3 x 102

6.4 x 10

7.2 x 10C

2.6 x 102

2.4 x 10*

2.5 x 10*

-2

-1

-1

ECCS COST/BENEFIT=
RATIO

$1.5 x 10°/vr

1.4 x 105 - 2.5 x 104

$14/man-rein

(1) Symbols as defined in WASH-1400 Table 5-2.
-.
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TABLE 2

POPULATION DOSES RESULTING FROM
VARIOUS ACCIDENT RELEASE CATEGORIES

Release
Category

1

2

3

4

5

6

7

8

9

Whole Body Dose
(Man-Rem)

8.0 x 107

7.2 x 107

4.4 x 107

7.6 x 106

1.9 x 106

4.4 x 105

1.0 x 104

4.0 x 104

40

TABLE 3

NUCLEAR PLANT ACCIDENT RISKS
FOR VARIOUS ESF'S AND COMBINATION OF ESF'S

i

Installed ESF's

Base (No ESF's)

DG's Only

ECCS Only

Containment Only

ECCS 4- Containment

ECCS + DG's

Containment + DG's

ECCS + Cont + DG's

Residual
Risk

(man-rem/vrt

1.4 x 105

1.1 x 105

2.5 x 104

1.9 x 104

1.8 x 104

1.8 x 103

840

3S0

Risk Reduction
Factor

-

1.2

5.4

7.2

7.6

76

160

378
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TABLE 4

COST-BENEFIT RATIOS FOR ESF'S
APPLIED IN VARIOUS SEQUENCES

ESF SEQUENCE!

RISK REDUCTION (AMAN-REM/YR)
COST-BENEFIT RATIO ($/MAN-REM)

ESF SEQUENCE 2 f

RISK REDUCTION (AMAN-REM/YR)
COST-BENEFIT RATIO ($/MAN-REM)

ESF SEQUENCE 3

RISK REDUCTION (AMAN-REM/YR)
COST-BENEFIT RATIO ($/MAN-REM)

ESF SEQUENCE 4

RISK REDUCTION (AMAN-REM/YR)
COST-BENEFIT RATIO ($/MAN-REM)

ESF SEQUENCE 5

RISK REDUCTION (AMAN-REM/YR)
COST-BENEFIT RATIO ($/MAN-REM)

ESF SEQUENCE 6

RISK REDUCTION (AMNA-BEM/YR)
COST-BENEFIT RATIO ($/MAN-REM)

SEQUENCE OF ESF APPLICATION

1

DG

2.4 x 104

83

DG

2.4 x 1 0 4

83

ECCS

1.1 x 105

14

ECCS

1.1 x 105

14

CONTAINMENT

1.2 x 105

102

CONTAINMENT

1.2 x i O 5

25

C
M

|

ECCS

1.1 x 105

14

CONTAINMENT

1.1 x 1 0 5

27

DG

2.4 x 104

85

CONTAINMENT

6.8 x i O 3

441

DG

1.8 x 104

111

ECCS

= 4.0 x 102

3750

3

CONTAINMENT

1.4 x 1 0 3

2083

ECCS

4.8x10 2

3125

CONTAINMENT

1.4 x i O 3

2083

DG

1.8 x 1 0 4

111

ECCS

4.8 x 102

3125

DG

1.8 x 1 0 4

111
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TABLE 5

SUMMARY OF COST-BENEFIT ANALYSIS

FOR ENGINEERED SAFETY FEATURES

ENGINEERED SAFETY
FEATURE

ECCS

CONTAINMENT

EMERGENCY POWER SYSTEM

HYDROGEN RECOMBINER SYSTEM

RISK REDUCTION
(MANREM/YR)

1.1 x 105

6.8 x 103

1.8 x 10*

<0.13

COST
($/YR)

1.5 x 106

3.0 x 106

2.0 x 106

4.0 x 104

COST-BENEFIT
RATIO

($/MANREM)

14

441

111

> 3 x 105
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