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OCCUPATIONAL EXPOSURES AND PRACTICES IN NUCLEAR POWER PLANTS

INTRODUCTION

As the National Council on Radiation Protection and Measurements (NCRP)

celebrated its 60th year of service, the Nuclear Power Industry completes its

"first generation" of production. The first U.S. plant to generate signif-

icant amounts of electricity was the Shippingport Plant which was a govern-

ment-owned reactor operated by Duquesne Light Company. It began operations as

a pressurized water reactor (PWR) in December 1957, was converted to a light

water breeder reactor in 1977, and was retired in October, 1982. Other

demonstration type plants with a fairly long history of operation include the

Dresden 1 plant, a 207 MWe boiling water reactor (BWR) plant operated by the

Common Wealth Edison Company in Illinois from August 1960 until it was shut

down in 1978; the Big Rock Point Plant in Michigan, a 69 MWe BWR which was

placed in operation by Consumers Power Company in December 1965; and the

Yankee Row Plant, a 175 MWe PWR that has been operated by Yankee Atomic

Electric in Massachusetts since July 1961. A few other small demonstration

plants were operated in the early 1960's for very short periods. As of July

1988, the United States has 110 operable nuclear power plants that can

generate about 102 GWe units of electricity'15. Of these, 36 are licensed BWR

plants, one is an unlicensed BWR plant, one is a fast breeder reactor, one is

a licensed high-temperature gas-cooled reactor, which has operated intermit-

tently since July 1984 and may be shut down permanently, and 71 are licensed

PWR plants. There are 9 PWR and 2 BWR plants under construction. Twenty

units including those mentioned above have been shut down over the past 30



years. These include several small units used for research and development

which generated 5 to 75 MWe units of power, and several larger plants such as

Dresden 1, mentioned above. Others were the Hanford N reactor, a light-water

graphite-moderated unit capable of generating 860 MWe units of electricity;

Indian Point 1, a PWR rated at 277 MWe; and Three Mile Island 2, the PWR which

was closed after the infamous March 1979 accident.

As the first generation of commercial nuclear power comes to a close, it

is timely to consider the status of occupational exposure in the power genera-

tion industry, that is, the collective occupational radiation doses received

by workers in nuclear power plants. The picture is surprising. One might

have thought that as newer, larger, and more modern plants came on line, there

would be a significant decrease in exposure per unit of electricity generated.

There is some indication that this is now happening. One might also have

thought that the United States, being a leader in the development of nuclear

power, and in the knowledge, experience and technology of nuclear radiation

protection, would have the greatest success in controlling exposure. This

expectation has not been fulfilled'2'.

In the early 1980's, the U.S. exposures were increasing proportionally

more than increases in electricity generated. Therefore, the Nuclear Regula-

tory Commission began funding studies to identify the main causes for the

exposures, and possible techniques for dose equivalent reduction; to compare

U.S. experiences to those in other developed countries; and to provide

examples of cost-benefit studies to help judge if doses were "as low as

reasonably achievable" (ALARA), a basic element in the system of radiation



protection. This review will rely heavily on the findings from these studies.

Figure 1 summarizes the history of the U.S. occupational collective dose

equivalent history for the major industries'3'. Although some segments of the

exposed population have shown decreased doses, the contribution from the

nuclear fuel cycle has increased from an almost insignificant level in 1960 to

become the dominant contributor to occupational doses in 1985. This large

increase is due primarily to the large increase in number of commercial

operating nuclear power plants, but also to the greater maintenance required

on older plants and a number of safety related actions mandated by the Nuclear

Regulatory Commission. Considering all industries, the mean annual dose

equivalent per worker has decreased from about 0.18 cSv in 1960 to about 0.1

cSv in 1985. However, mean annual dose equivalent to nuclear power plant

workers has averaged about five times these values.

EXPOSURES IN THE UNITED STATES

Each year the NRC requires its licensees to report their data on the

occupational exposure of both employees and temporary workers. This detailed

data is summarized in an annual report that provides information on the

electricity generated, facility availability, number of personnel with

measurable doses, total collective dose, collective dose equivalent for

various worker classifications, personnel type (contractor or station and

utility), and 6 job categories'4'. Table 1 shows data reported for the years

1973-1985. The number of operating reactors with at least one full year of

operation increased 3.4-fold from 24 in 1960 to 82 in 1985. During this



Table 1 - Summary of Annual Information Reported by Commercial Light-Water-Cooled Reactors*

Year

1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985

No. of
Reactors
Included

24
34
44
53
57
64
67
68
70
74
75
78*
82**

Annual
Collective
Doses
(person-
rem or
person-cSv)

13,963
13,722
20,879
26,433
32,511
31,809
39,981
53,796
54,142
52,190
56,471
55,214
43,042

No. of
Workers
With
Measurable
Doses

14,780
18,466
25,489
35,447
42,266
45,998
64,122
80,331
82,183
84,382
85,646
98,092
92,871

Gross
Electricity
Generated
(MW-yr)

7,164
10,883
17,769
21,911
26,444
31,614
29,920
29,155
31,451
32,795
32,926
36,441
41,601

1973-1985

Average
Dose Per
Worker
(rem or
cSv)

0.94
0.74
0.82
0.75
0.77
0.69
0.62
0.67
0.66
0.62
0.66
0.56
0.46

Average
Collective
Dose Per
Reactor
(person
rem or
person-cSv)

582
404
475
499
570
497
597
791
773
705
753
708
525

Average No.
Personnel
With
Measurable
Doses
Per Reactor

616
543
579
669
742
719
956

1,181
1,174
1,139
1,142
1,258
1,132

Average
Collec-
tive Dose
per
MW-yr

1.9
1.3
1.2
1.2
1.2
1.0
1.3
1.8
1.7
1.6
1.7
1.5
1.0

Average
Electricity
Generated
Per Reactor
(MW-yr)

299
320
404
413
462
494
447
429
449
443
439
467
507

Average
Rated
Capacity
Net(MWe)

496
575
630
663
677
702
705
699
719
738
742
776
806

*Includes only those reactors that had been in commercial operation for at least one full year as of December 31 of each
of the indicated years, and all figures are uncorrected for multiple reporting of transient individuals.

*In 1984 it was decided that Humboldt Bay and Indian Point 1 would not be put in commercial operation again, and they are
no longer included in this count of reactors.

**In 1985-it was decided that Dresden 1, a plant that has been shut down since 10/78, would not be put in commercial
operational again, and it is not included in this count of reactors.



period, annual collective dose equivalent increased 3.1-fold, the number of

workers with measurable dose increased 6.3-fold, gross electricity generated

(MWe-yr) increased 5.9-fold and average dose equivalent per worker decreased

2-fold. An important measure of dose control trends in the ratio of collec-

tive dose equivalent per MWe-yr, which decreased 1.9-fold from 1973 to 1985.

Values in the dose equivalent comparisons are somewhat biased by the relative-

ly high dose equivalents incurred in the 1973 reference period, however, the

general trends are as indicated.

The reported number of workers exceeding 5 cSv/yr dropped markedly from

270 in 1977 to 0 in 1984, however, the corrected number, which includes the

transient worker population, was consistently higher by 60 to 80 (average

66)<4>.

Although workers may receive up to 12 cSv/yr provided they have not exceeded

the 5(age -18) cumulative limit, most utilities have used a 5 cSv/yr

administrative limit. The number of workers exceeding this limit is not

easily determined with the present reporting system since each station reports

the number of workers and dose received at the station (a station may have

more than one nuclear power plant on the site). Transient workers, that

receive most of the collective dose, may accumulate dose at two or more sites.

The number of workers receiving more than 5 cSv is thus greater than the

number reported by the stations. Table 2 shows corrected numbers for number

receiving > 5 cSv for the years 1977-1984<4).



Table 2 - Annual Whole Body Doses Exceeding Five cSv (rem)
at Nuclear Power Facilities

Year

1977
1978
1979
1980
1981
1982
1983
1984

Reported number
>5 cSv (rem)

270
103
130
311
189
74
85
0

Corrected number
>5 cSv (rem)

351
158
180
391
235
135
168
71

Percent of
workers

0.9
0.4
0.3
0.5
0.3
0.2
0.2

<0.1

Figure 2 shows total collective dose equivalent per year, and total

gross nuclear electricity generated for all U.S. nuclear power plants com-

bined, from 1969 through 1987. As can be seen in Figure 2, as more plants

were put on line in the 1970's the collective dose equivalent averaged about

one person-cSv (one person-rem) per gross MWe-yr generated, and the dose

equivalent increased approximately in proportion to electricity generated

until 1979, the year of the accident at Three Mile Island 2. In that year,

and for several years thereafter, the collective dose equivalent was much more

than one person-cSv per MWe-yr generated, reaching a maximum of 1.85 in 1980,

and a minimum of 0.79 in 1987. From 1980 through 1988, the average collective

dose equivalent per operating U.S. plant declined from 1,230 cSv to 511

cSv<5).

Much of the increase in dose equivalent during the peak years following

the accident at Three Mile Island 2 was attributed to improved safety actions,

such as stricter environmental qualification for instrumentation, improved



fire and seismic safety, and a series of "in-service inspections" on all welds

in safety systems including steam pipes and pressure vessels. These in-service

inspections are required once each ten years of plant operation, in addition

to numerous other inspections required more frequently.

Since about 1983 the NRC and the Institute of Nuclear Power Operations

(INPO, industry's self-inspection and self-regulation organization) have put

increasing pressures on U.S. nuclear power plant organizations to improve

training, procedures, and equipment to reduce exposures and strengthen their

ALARA efforts. These efforts seem to have contributed to the reductions in

exposure experienced recently.

During the period 1981-1985, the average collective dose equivalent per

MWe-ye for U.S. BWRs that had completed five full years of commercial opera-

tion varied from 1.5 to 7.1 person-cSv; for PWRs it varied from 0.2 to 1.0(4).

Four U.S. PWRs were below 0.3 person-cSv/MWe-yr, which corresponds to the

national goal in Sweden.

COMPARISONS WITH OTHER DEVELOPED COUNTRIES

Several comparisons have been made between collective doses in U.S.

plants and those in other developed countries'2'6'7'. Figure 3 illustrates

typical results. The collective dose equivalent for the plants in each

country has been averaged over the five-year period 1978-1980 to minimize

transient effects due to short-term problems with one or two plants. Thus,

the data are a fairly good reflection of variations from country to country.



It is remarkable that differences of more than ten-fold are shown for collec-

tive dose equivalent per reactor per year. Some of this difference is due to

differences in reactor types. For example, in the United Kingdom, mainly gas-

cooled reactors are employed, operated by the Central Electricity Generating

Board. These reactors cause much less occupational exposure than light water

cooled reactors (BWRs and PWRs) because there are fewer corrosion products in

the primary systems and less stress corrosion cracking of pipes, and steam

generator tubing.

The Canadian plants, owned and operated by Ontario Hydro, provide an

outstanding example of the success achieved by a large utility (16 operating

nuclear power plants) that made large dose reductions to reach the status

shown in Figure 3. The Canadian reactors are pressurized heavy-water reactors

(PHWRs) of quite different design than reactors with light-water moderation

(PWRs) more commonly utilized in the United States and other countries. The

PHWRs produce much more tritium, which is a major additional problem in

controlling the dose equivalent with this type of system. Also, the reactor

is refueled during operation (without shutdown), using a highly sophisticated

refueling machine. Early versions of this reactor design, located at the

Douglas Point Station, resulted in collective doses about four times higher

than U.S. doses per unit of electricity generated during 1967 to 1970.

However, through a broad major commitment to improved design for dose equiv-

alent control, the Canadian utility successfully reduced doses from about four

person-cSv/MWe-yr in 1972 to about 0.3 person-cSv/MWe-yr in 1981<8). Much of

this improvement was achieved through elimination from the primary system of

alloys containing high cobalt content, addition of shielding, improvements in

8



water purification systems, improvements in air-drying systems (for tritium

control), improved reliability and maintainability, and use of fewer, better

trained workers. The number of workers per reactor was reduced from about 600

in 1970 to about 300 in 1982. During this same period, the number of workers

per U.S. reactor increased from about 300 to about l,100<2). The Canadian

reduction in dose is an outstanding example of what can be achieved by proper

design and operation if there is adequate emphasis on dose equivalent control.

An important indication of the importance that management placed on the

control of dose equivalent at that time was the monetary value used to judge

acceptability or break-even in the cost-benefit evaluations. A high value of

$10,000 per person .̂ v saved was employed, based on the costs of manpower

replacement that were being experienced in their plants with high dose

equivalent.

These valuations of radiation detriment (in $/person-cSv) include both

the objective health detriment (the <x term in the ICRP approach to cost-

benefit analysis)'2*5 and "other" detriments (the /? term). In nuclear power

applications, the 0 term is generally dominant in the $/person-cSv valuation

and therefore it is possible to avoid detailed and controversial evaluations

of the health effects costs. The example above illustrates the high valua-

tions of radiation detriment typically employed at nuclear power plants

experiencing high collective doses, where the hiring of additional skilled

workers is needed to ensure that the work can be done in the time allocated

for a shutdown without experiencing overexposures. It is important to realize

that during most shutdowns the utility must either start up another facility

or purchase replacement power, at a cost of about $2O-3O,OOO/hr for a 1,000



MWe plant. This cost makes it essential that adequate manpower be available

to quickly bring the plants back on line.

Doses at Japanese plants during 1978 to 1982 were high due, in part, to

a policy which required more exter~ive dismantling and testing of components

than was required in other countries during annual shut-downs for preventive

maintenance. More recently, changes in this policy and other changes have

reduced their collective dose equivalents to an even greater extent than for

U.S. plants. Some of this reduction may also be attributed to earlier efforts

in preventive maintenance.

Doses at French plants are low for several reasons. First, all but a

few of the French plants are PWRs that in the United States generally have

about half the collective dose equivalent as a BWR of similar size. Second,

the French plants are, on average, a few years newer than U.S. PWRs. Because

corrosion products build up with time, and maintenance, testing,;inspections,

and replacement of components all tend to increase with the age of the plants,

a significant portion of the difference is due to these factors. Third, the

French have standardized plant designs and have more units per station. The

standardized plants and multiple units make design and use more cost effective

for automatic and remote tooling. Therefore, their work crews can be trained

more thoroughly, and used more effectively than their U.S. counterparts.

Considering the PWR evolution since 1975, for the United States, Japan,

and to a smaller extent, for Sweden, Belgium, and the German Federal Republic,

the average annual collective dose equivalent per reactor or per unit electri-

10



city produced increased at first and then showed a clear decrease<7). In

contrast, Switzerland and France show values that are stable or rising slowly.

The results of dose equivalent control in Sweden and Finland have been

consistently good<a>9). The BWR plants in these countries are designed by a

Swedish steam supplier, ASEA-Atom (now called ABB Atom). These plants have

internal recirculation pumps which avoid a major source of exposure due to

leaks in the pump seal and they do not require the extra piping that is needed

with excernal pumps. The plant design and layout provide better shielding,

better segregation of radioactive components, and they have provisions for

adequate work space for routine and special maintenance. Both countries also

have very excellent programs for plant chemistry which result in water purity

and pH controls chat are probably the best in the world. Since water purity

has a major influence on the generation of corrosion products, the cracking of

pipes, and degradation of components, the careful chemistry is very important.

Sweden also has used highly advanced electronic dosimetry to routinely read

dosimeters at various work stations, to track dose equivalent by worker, loca-

tion, specific job or task, and to provide updated information on worker

accumulated dose equivalent with respect to dose equivalent limits. The

success in Sweden may also be due to the goal of 0.2 person-cSv/MWe installed

capacity suggested in the 1970's by the National Institute of Radiation

Protection. This is equivalent to about 0.3 person-cSv/MWe-yr generated, a

very ambitious but apparently achievable goal<2).

These are a few of the reasons for the country-to-country differences,

but there are others that relate to policies, management practices, special

11



equipment, plane design, and operational practices. It becomes apparent when

one begins to probe data for possible causes of plant-to-plant, and country-

to-country differences, that there are many causes and, especially in the

United States, each plant differs in terms of its mix of important parameters

which influence occupational exposure. Several years ago fifteen factors were

identified that were important in exposure at nuclear power plants12'. Since

then the list was extended to over 75 items, including equipment and organiza-

tional items. Some of these are summarized on Table 3.

TABLE 3 — Factors Which Contribute to L>w Doses

1. Minimization of cobalt in primary system components exposed to water

2. Careful control of oxygen and pH in the primary system

3. Good primary and secondary system water purity to minimize the formation

of corrosion products

4. Careful plant design, layout, and component segregation and shielding

5. Management interest and commitment

6. Minimum number of well-trained workers and in-depth worker training

7. Use of special tools

8. Plant standardization

9. Decontamination of the primary system

10. Pretreatment of surfaces (passivation) to minimize corrosion and

deposition

12



U.S. NAVAL EXPERIENCE*10 >

It is interesting to compare the occupational radiation exposure in U.S.

Naval Nuclear Propulsion Plants and their support facilities with those of the

U.S. nuclear power utilities, since they both have similar problems in

maintaining and repairing nuclear reactor systems. Navy personnel were

operating 18 tenders, 3 submarine bases, 134 nuclear-powered submarines, and

14 nuclear-powered surface ships at the end of 1987: eight shipyards were

engaged in the construction, overhaul, or refueling the ships. Figure 4a,b

shows the collective dose equivalent received through 1987 (a) by shipyard

personnel and (b) by military and civilian personnel combined in the above

facilicies, and the total number of ships in operation and in overhaul which

increased progressively until 1986. About one fourth of the total collective

dose equivalent is received on ships while they are in operation, and

approximately three quarters is received by the shipyard personnel who

maintain and refuel the vessels in port. The total number of personnel

monitored increased from about 6,000 in 1958 to a peak of about 36,000 in

1966, the year that the largest collective dose equivalent was experienced.

The policy of the U.S. Navy is to reduce the radiation exposure of

personnel to as low a dose as is reasonably achievable. Until 1965, the Navy

policy was to use the same limits for radiation exposure as were used through-

out the United States, that is 3 cSv per quarter and not to exceed 5(age -18)

accumulated dose. In 1965 the International Commission on Radiological

Protection(U) reiterated the quarterly and accumulated limits, but suggested

that exceeding 5 cSv in one year should be infrequent. In 1967 the Naval

Nuclear Propulsion Program took the lead and adopted a rigorous 5 cSv per year

13



limitao\ although the NCRP(12\ the ICRPU3\ the Atomic Energy Commission'1*',

and the U.S. Federal Radiation Council(15) were all recommending the 3 cSv per

quarter, and 5(age -18) accumulated dose limits. As a result of this change,

and other emphasis on reducing exposures in the Navy programs, there was a

marked decrease in collective dose equivalent per year beginning in 1967 which

continued throughout the 1970's until the range of about 50 seiverts per year

was achieved; this value has been maintained throughout the 1980's. This

achievement is remarkable since the number of ships in overhaul has been

increasing markedly, as shown on Figure 4a. Thus, the collective dose equiv-

alent per ship in overhaul, has decreased from about 20 seiverts per year in

1966 to about 1.1 in 1987. This dramatic example of dose equivalent reduc-

tion, and the Canadian experience described above illustrate what often can be

done if there is a strong effective commitment by management and the necessary

funding.

It is remarkable that the number of individuals receiving greater than 5

cSv/yr in the Naval programs also dropped from over 500 in 1965 and 1966, *".o 1

in 1967, and zero thereafter. In addition, the number receiving >4 cSv/yr

dropped to zero in 1978, >3 cSv/yr dropped to zero in 1979, and >2 cSv/yr,

dropped to zero in 1980. In 1987, about 92% of those monitored for radiation

in shipyards, and about 99% of those in ships, received <0.5 cSv/yr. The

average exposure per year for those monitored in ships has been only 0.1

cSv/yr. This value is less than the average annual exposure a person receives

from natural background and medical radiation, and is because submarines, in

particular, are shielded from cosmic radiation and gamma radiation from the

ground, which more than compensates for the small dose equivalent received

14



from the reactor onboard. The average lifetime accumulated exposure from

radiation associated with Naval nuclear plants for all shipyard personnel is

1.3 cSv; as of 1987, less than 1% received a lifetime exposure >25 cSv.

The ALARA Principle

The ALARA concept has evolved over the past 35 years. While the basic

concept has changed little, some interesting variations in terminology and

emphasis have been apparent. As shown in Table 4, the concept was expressed

in 1954 by the NCRP(12> in terms of "as low as practicable" (ALAP).

The ALAP terminology is still employed in Great Britain and has been

used in their legal system for many years. The ICRP's use of the term "lowest

possible level" implies a similar goal(16). However, in 1958 and 1959 the

NCRP<17) and ICRP<13' respectively, changed the terminology to "as low as

practical." Webster(18) states that the terms "practicable" and "practical"

are not interchangeable without loss of precision of expression. Practicable

applies to something that has not been tested in practice but is presumably

achievable, whereas practical stresses opposition to all that is theoretical.

The Federal Radiation Council introduced the concepts of risks and

benefits in 1960(15), and in 1965 the ICRPCU) introduced the term "as low as

readily achievable" social and economic considerations being taken into

account. Their use of the term readily achievable as contrasted to reasonably

achievable was presumably an error which was corrected in 1973(19) at which

time the use of cost-benefit analysis was suggested. In the early 1970's, the

15



TABLE 4 — Evolution of the ALARA Concept

Year Concept

1954 As low as practicable

1955 Lowest possible level _.»

1958 As low as practical

1959 As low as practical

1960 As low as practical and

risk/benefit balance

1965 As low as readily achievable; social

and economic considerations

1970-76 As low as practicable, $1.000/person-rem

1973 As low as reasonably achievable

1975 Numerical balancing not useful

1977 Optimization

1982 Cost-benefit analysis

1985 ALARA but not quantitative optimization

1987 ALARA (economic and social factors)

Reference

NCRP (12)

ICRP (16)

NCRP (17)

ICRP (13)

FRC (15)

ICRP

NRC

ICRP

NCRP

ICRP

ICRP

NRC

EPA

(11)

(20,21)

(19)

(22)

(23)

(24)

(25)

(26)

NRC suggested a value which could be used in evaluating off-site exposures to

determine if they were as low as practicable. The value suggested was $1,000

per person-cSv(20i21). Shortly thereafter we saw in NCRP Report 43(22) the

statement that numerical balancing is not useful. This statement is in

contrast to the ICRP which, in 1977<23), introduced the concept of optimization

of radiation protection as one of the three important elements in their system

of dose equivalent limitation. This paper was followed in 1982 by ICRP

16



Publication 37ai>) which dealt in detail with cost-benefit analysis. The

Nuclear Regulatory Commission, in its proposed changes to 10CFR20(25>, sug-

gested that ALARA would be required of licensees but not quantitative optimi-

zation.

In 1987, the Federal Appellate Court in Washington made a ruling that

gives additional legal confirmation to the ALARA concept. They stated that

the EPA could consider only health and not cost in determining what was a safe

level of exposure to toxic air pollutants, but that once the safe level was

set, the agency could consider costs and other factors in determining how far

the polluter must reduce the emissions below this limitc26). Thus, the agency

must adopt the standard that first determines the maximum amount of the

pollutant above which the risks are unacceptable, and then is required to set

an ample margin of safety below that level. For this it may take into

consideration costs and technological feasibility.

APPLICATION OF THE ALARA PRINCIPLE IN NUCLEAR POWER PLANTS

In light of the relatively high collective doses being received at U.S.

nuclear power plants compared to most other countries, and compared to U.S.

naval reactor facilities, the question to be answered is—Are the U.S. plants

operating in a manner consistent with the ALARA principle? The regulations

and regulatory guides of the Nuclear Regulatory Commission <25'27-28) have

consistently stated that nuclear power plants should be designed and operated

in accordance with the ALARA principle. Similarly, the utilities's self-

regulating organization, INPO, also has urged that plants practice ALARA

concepts. Most U.S. plants now have ALARA committees at corporate level and

17



at plant level which aid in formulating and carrying our ALARA policies and

promote effective communications and working relations among the various

groups that must interact to make these policies effective. In addition, it

is common practice to track doses for high dose equivalent jobs, to plan and

implement dose equivalent control practices for these jobs, and to conduct

post-job reviews to summarize lessons learned and provide documentation for

future planning.

It has become common practice in the United States to employ a specific

dollar per person-cSv value to judge the cost effectiveness or break-even

point for various dose-equivalent control or dose-equivalent reductions and

modifications. Often, the application of the cost-effectiveness criterion is

first considered crudely in terms of total capital investment and total annual

operating cost or savings over the remaining life of the plant, or the life of

the equipment being considered, and total collective dor»e equivalent saved

over the same period. The ratio of these two values (net costs per cSv saved)

gives a value of cost effectiveness, that can be compared to the valuation of

detriment employed at the plant. The valuation of detriment is generally

based upon a consideration of the number of workers near the dose equivalent

limit and, therefore, how many additional workers may be needed in future to

do the various high dose equivalent jobs. If one additional worker may need

to be hired, the salary, fringe benefits, and costs of training, can be

compared to the additional collective dose equivalent that is made available

to the collective dose equivalent pool. This ratio gives one value of dollar

per person-cSv. Typical values used in U.S. nuclear utilities today range

from $1,000 to $10,000 per person-cSv.
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Table 5 gives capital costs, cost-effectiveness of dose equivalent

saved, and other related values for some typical modifications of dose

control<29>30). The table illustrates that considerations, which go far beyond

the simple cost-effectiveness ratio, usually enter into the decision-making

process. For example, both monetary costs and savings of collective dose

equivalent are considered less valuable in future years than those which will

occur during the present year due to the changes in time in the value of

money. The usual procedure is to discount all future costs and savings by,

e.g., 4% per year (the typical uninflated discount rate), and thereby convert

all future costs into present values.

Table 5 illustrates the cost effectiveness for several modifications

with positive net costs, positive net dose equivalent savings, and a cost-

effectiveness ratio that is favorable(29'30). The items have been listed in

decreasing order of cost effectiveness, as shown in the second column, and are

based on a "basic" model in which future costs and savings are not converted

to present worth values by discounting. Thus, if cost effectiveness is used

as the role criterion, the most cost effective modification would be the first

one listed in column 2. A similar ranking of results is obtained if future

costs and savings are discounted by 4% as shown by values given in column 3.

However, a utility is also concerned with profits expected in proportion

or in comparison to dollars initially invested. This would be a benefit/cost

ratio that considers both dose equivalent savings and future operational

savings. In this case, one must apply a value of ($/person-cSv) to dose
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Table 5 - Comparisons of Various Decision Criteria

Project

BWR-CRD Hydrolazing

SG Head, Portable Shield

CVCS Shields

Clean Seal Water

PWR Level Monitor, N-16

Low Cobalt Coolant Pumps

Low Cobalt CRD Mechanism

Low Cobalt in SG Tubes

Reactor Head Shielding

Basic Model
Cost-

Effectiveness
($/Person-cSv)

20

49

59

62

68

62

76

75

170

Cost-
Effectiveness
($/Person-cSv)*

35

86

100

110

120

120

140

140

180

Benefit/Cost
SSaved*
Invested

27

22

9.0

9.2

7.4

7.5

6.3

6.3

24

K$
Invested

5.9

35

1*1

33

16

35

59

349 .

1.9

cSv
Saved
(Disc.)**

300(170)

1,500(850)

30(17)

600(340)

240(140)

560(300)

810(430)

Discounted
cSv Saved*

K$ Invested

29

24

9.4

10

8.8

8.6

7.3

4.700(2.500) 7.2

88(55) 29

Based on present worth values discounted at 4%/year. $ saved calculated using $100,000/person-Sv
($l,000/person-rem).

**Values in parentheses are discounted at 4%/year.
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equivalent savings to convert them into monetary equivalents. Using

$l,000/person-cSv yields values shown in the 4th column. The data illustrate

that this benefit/cost ratio would lead to the selection of either the first

two or the last item as being mostly beneficial.

Column 5 shows the total capital that must be invested for each of these

modifications, another criterion which often influences the decision process.

Because capital budgets are always limited, one is frequently forced to select

options which have small capital investments, although they may not be optimum

in terms of cost effectiveness or dose equivalent savings. In this case, the

third and last items are most desirable because they have very small capital

investment associated with them.

For a plant which has been experiencing very high doses over a period of

years, pressures from the NRC, INPO, plant workers, plant management, and the

general public, may lead to them giving a high priority to the total dose

equivalent saved, in which case, the values listed in column 6 become more

important. For long-term benefits in terms of total collective dose equiva-

lent saved, the next to the last item would be most beneficial, which is

replacement of a steam generator with one having low concentrations of cobalt

in the steam generator tubes. In this example, replacement of the steam

generator was required for other reasons. Therefore, the costs and benefits

reflect differentials expected for a specification of low cobalt in the steam

generator tubes (compared to normal specifications). The capital costs for

this item are relatively high and may require longer term planning, schedul-

ing, and approvals by various levels of management, and perhaps even by the
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state board which governs electricity utility rates. The values shown in

parentheses in column 6 illustrate the effect of discounting future dose

equivalent savings. Although few utilities discount future dose equivalent

savings at present, a logical case can be made for doing so since the costs of

these future doses are dominated by the costs of replacing workers. Those

costs can properly be treated as other operational costs and therefore be

discounted. If the valuation of detriment was made purely on the basis of

health effects, then the discounting of future doses becomes somewhat more

debatable, though a case can still be made for doing so.

Another criterion which may be employed is the ratio of discounted dose

equivalent saved compared to capital investment (column 7, Table 5). In this

case the same selections would be made as for the benefit/cost ratio criterion

shown in column 4. This correspondence is coincidental and relates to the

fact that operational dollars saved and dose equivalent saved tend to cor-

relate strongly since many of the operational dollar savings are due to

reduced manpower requirements.

Finally, one could calculate total dollars saved based on a cost-benefit

calculation in which the valuation of detriment is valued at $1,000 per

person-cSv. Using this criterion, one again would obtain the same ranking as

given in column 6.

Other factors frequently employed in a cost-benefit or cost-

effectiveness evaluation include state, local, and federal taxes, and the

total impact of costs on annual expenditures (or cash flow) in inflated
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dollars because this affects the rate increases a utility may need to request

and also affects its annual operating budget.

These examples illustrate why cost-benefit analyses and cost-effective-

ness analyses are considered aids in the decision-making process, but often

are not decisive factors. It is important, however, that the cost-benefit and

cost-effectiveness processes be developed and implemented because they lead to

a consistent decision-making process and provide important information useful

for prioritizing actions and judging the quantitative part of the ALARA

process.

CONCLUSIONS

We have drawn several conclusions from this discussion.

1. Collective occupational dose equivalents in the nuclear power industry

in the United States are higher per plant, and per unit electricity

generated, than in most other developed countries.

2. Very few workers are exposed beyond the present regulatory limits.

3. Wide differences exist between collective dose equivalents per plant

from country to country, and also from plant to plant within the United

States.
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4. Large reductions in exposure were achieved in Canadian utilities and in

the U.S. Naval Nuclear Propulsion Programs.

5. Implementation of quantitative aspects of the ALARA principle are

complex, and require additional development and application.

6. Plant and national goals for dose minimization are important.

The number and variety of high dose equivalent jobs in nuclear power

plant operation and maintenance make it important to use a systematic and

comprehensive approach to ALARA. Because of the interdependence of many

aspects of plant operations, and their impact on occupational dose equivalent

it is imperative that evaluations include considerations not only of the

effects of individual modifications but also of the impact of other modifica-

tions that may alter the dosimetric and cost impacts of a given modification.

For example, in PWRs work on steam generators is the major source of occupa-

tional exposure. These exposures can be reduced: by improving plant chemis-

try (e.g. operating at an optimum pH); by improved access and work space for

maintenance activities to make them more efficient; by improved shielding

around other components in the area of steam generator maintenance to avoid

dose equivalent from components not being worked on; by decontamination of

primary systems before work begins; and, by use of remote and automatic

maintenance devices. The relative importance and cost effectiveness of the

remote devices, for example, depends upon how much has been invested in each

of the former devices for dose equivalent control. Similarly, the value of
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-system decontamination depends upon whether or not remote tooling is already

available at the plant, or may become available in the future.

Much has been learned through the operation and maintenance of the

current generation of nuclear power plants which is being used to provide

design information for the next generation of plants: these are predicted to

have much lower occupational exposures — 50 person-cSv/yr for the advanced

BWR(31) and 100 person-cSv/yr for PWRs(32). The present challenge in radiation

protection in the nuclear power industry is to find the optimum level of

radiation protection, which depends upon both quantitative ALARA cost-benefit

considerations, and less easily quantified evaluations of the acceptance of

radiation exposures by workers and society.
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