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ABSTRACT

Data gathered at the 1984 BNL Workshop on Historical Dose Experience and
Dose Reduction (ALARA) at Nuclear Power Plants and from recently published
literature were reviewed and analyzed. Large ditferences were noted, between
countries and between similar plants, for collective dose (man-rem) per plant
and per unit of electricity generated (MWe-yr). During the perfod 1978-1982,
for PWRs, the U.S. ranked highest in terms of collective dose per MWe-yr
(1.2), and France, Sweden, and Finland werc lowest (U.27-0,37), For BWks,
Japan, the U.S., and the Federal Republic of Germany ranked highest (2.2-1.9),
and Finland and Sweden were lowest (U.,08-0,32), Only a small portion of the
differences could be attributed to average plant age, vintage, or rated
capacity.

Fifteen factors were identified (in addition to age) which contribute to
differences. In estimated order of importance, these were plant chemistry,
water purification, materials selection for low cobalt and nickel, special
tools, decontamination of primary systems, required multi-plant actions,
worker motivation and commitment, permanent work force, management commitment
to dose control, three or more reactors per site, design for reliability,
passivation of primary systems, quality assurance, standardized plant design,
and shielding.,
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I lotroduction

The objectives of this study were to determine how collective dose
equivalents at U.S. nuclear power plants compare with those of some techni-
cally advanced countries, and to evaluate factors that contribute to the
ditferences.

Fifty health physicists and nuclear engineers from ten countries met at
BNL May 29 = June |, 1984, to exchange information and hold discussions at a
Workshop on Historical Dose Experience and Dose Reduction (ALARA) at Nuclear
Power Plants.(l) The results of evaluating data from this meeting and other
data from recent publications (Z-48) are summarized here.

2 Morkshop Findings(l)

Participants at the Workshop experienced an unusual degree of openness in
the discussion of problems in applying the ALARA philosophy. Successes and
failures were candidly evaluated, to an extent beyond the normal sensitivities
of corporate or utility policies. The format of an international workshop
provides an effective way to exchange data and to discuss experiences and
techniques that are developing in a dynamic technologtcal flield. Enough new
ideas and unique approaches were presented to provide every operational group
represented with several approaches that could be implemented to fmprove their
own occupational exposure controls, Some were "nickeldime” ideas:

= quick tasteners = special tools and jigs

= soft lead brick shielding ~ easily removable insulation

= portabhle ventilation blowers = rteducing the number of unnecessary
obhservers

Other ideas require major modifications:

= low cobalt specifications for primary system components

= bullt=in ladders and platforms to replace temporary scatfolds
= monorails for repetitive lifting jobs

= additional fixed shielding

= separate rooms for pumps and valves

= lmproved control of water chemistry

Each participant took home more than 500 pages of material that was used
as background data for the round table discussions. This can be selectively
analyzed by various Interested personnel to obtain spe-ific data ont

= historlc dose experience

“ high=dose maintenance tasks
= steam generator malntenance
“ refueling problems

= dose-reduction modifications

The recent research, as well as plant demonstrations, on steam generator

and BWR primary system decontamination provoked lengthy discussions. The
large percentage of time devoted to this tople is not surprising since the use
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of primary circuit decontamination with fuel in place has the future potential
for being a highly effective dose-reduction technique,

The demonstration and exhibits on remote technology were not only infor~
mative but mind stretchings The use of improved sensing, transport systems,
communications, artificial intelligence, and remote tooling has tremendous
potential as a mears of removing workers from high-radiation-exposure
environments. This could be fmplemented, not in the distant ftuture, but in
the immediate future of next month or the next shutdown. We must start
thinking today in terms of application of these technological changes for
tomorrow.

It remains to be seen whether the participants really heard the message
of ALARA applications ftrom Canada, Finland, Sewitzerland, and Sweden. Many
seemed to be startled by what they heard about not using outside contractors,
different health physics practices, minimum radiation protection job coverage,
and employee radiation protection training, as well as thelr low dose
experience. Some seemed to discount these experiences as not applicable to
working conditions and company policies in the U,S5, Perhaps more analysis of
what was presented and positive contemplation on possible application of
lessons learned will result in bridging the assumed gap between the foreign
programs and what is being done in the U,5, today.

There was essentially consensus that ALARA is a philosophy which is
inherently ditficult to apply. Compliance with the quarterly and annual dosc
limits is a relatively easy and straightforward procedure, But the ALARKA
concept must be gotten out of the procedural and paper-work stage into the
work area by those who are doing the actual work in the radiation environment,
namely, the maintenance, operational, construction, and HF statfs, The task
of collective dose reduction I8 not just the responsibllity of the HP group
but demands the focus of attention of the designer, equipment suppllers,
planners, operators, maintenance experts, and all levels of management , as
well as the regulators.

Among the remaining problem areas were the following:

= A premium must be placed on acquired working skills and on keeplng a
stable plant staffs High malntenance staft turnover has distinet
disadvantages.

= Prudent implementation of satety=related modit leations and backfits
should include site=specific value impact analyses, which take Into
account fmpacts on collective dose.

= Accelerated development 18 needed of BWR and PWR optimlzed chemistry
specifications and of methods for primary system decontaminat fon with
fuel in place,

= Motivation technlques need to be refined to obtaln increased worker
and management support and commitment to ALARA goals,

= Labor union commitment is needed to reduce unnecessary worker doss,

.2.




3 Country Cowparisons |

In order to evaluate and understand reasons for country=to-country and
plant “to-plant difterences, data gathered have been plotted In several ways to
tllustrate the tmportance of ditterent factors. L

Figure 3=l shows, for comparison, collective dose equivalent in man-rem/
reactor/year for all plants in the United States, Japan, W. Germany, the
Netherlands, Switzerland, Canada (Untario Hydro), France, Sweden, the United
Kingdom (C.E.G.B.), and Finland. U.S., Japanese, and W, German plants yield
average collective doses about 2 to 10 times as high as those in the other
countries. MHowever, this gross comparison is (nsufficlent for drawing
conclusions since it does not properly ref lect the influence of a number of
important parameters such as type of reactor, output in MWe-yr, vear of design
or first commercial operation, and effective full “power years of operation,

Several countries in Figure 3-1 have both PWK (pressurized water reactor)
and BWK (boiling water reactor) plants. However, the U.K, plants employ gas-
cooled reactors, which produce mich smaller guantities of activated corrosion
products than do water-cooled ones. These corrosion products are major
contributors to collective doses (n most modern plants. The only U.S, gas~
cooled plant (Fort St. Vraln (n Colorade) has operated since 1974 at very low
power levels (average to 1983 about &40 MWe compared with 330 MWe rating).
Collective doses averaged only 2.5 man-rem/year during the period 1978-1982,
This 1s low even when normalized by MWe generated.())

The Ontario Hydro plants use heavy water as coolant and differ consider
ably from light water reactors in plant design and operation. HKesults from
these plants provide an interesting example of how dose reduction can be
achieved If this is given a high priority in both design and operation, as
described in more detatl below,

Better comparisons of UsS, experience with that of other countries can be
made by separating data from PWR and BWR plants and by normalizing dose data
by power generated, L.e. expressing results In terms of collective dose
equivalent (man-rem) per unit electricity generated (MWe-yr), :

¢ DB Plant Comparisces, sen-vea/Mdeyr

Figure 4=l shows data on average collective dose equivalent for PWK
plants for the period 1978-1982, Since smaller collective dose values are
expected from 4 small plant than from a large plant, these data are expressed
in terms of man<rem per MWe=yr of electricity generated by the plants. This
ratio better reflects the relative vfficlency of dose controls The results
clearly show U8, experience to be poor (L.l man-rem/MWe yr) relative to that
of other countries, with France showing the best average (U026 man~ron/Mie -
yr)e

To clarity the possible Inf luence of plant vintage as a factor in these
large differences, data on average collective dose were plotted va, calendar
year for specific countries and plants. Figure 4=Z shows man-tem per MWe yr
vee calendar year (1970 to 1983) tor PWR plants in the U,5,,(3) The Nether~
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lands, Switzerland, Japan, W. Germany, Finland, Sweden, and France. For most,
three=year averages were calculated and plotted to aveld large year-to-year
variations due to refueling cycles, which are sometimes longer than one year.
These data show that, for collective dose equivalent per MWeyr, the average
value for U.S. plants was among the highest, and the values for the most
recent Swedish plants (Ringhals 3 and 4) were the lowest,

Keasons for differences are several: (a) The U.S. plants include older
plants that are subject to more steam generator tube fallures. (b) The French
emphasize on standardization of plant design has two benetits: it makes worker
training more effective because workers golog from plant to plant find almost
identical units; and it permits greater development and use of special tools
such as multi-stud tensioner/detensioner equipment for reactor vessel heads,
steam generator manway cover handling devices, automatic eddy current testing
machines, and steam generator plugging machines. (¢) The Swedish units were
bul lt with emphasis on design, shielding, plant layout, and carctul control of
primary system chemistry as well as use of automated equipment (as ment foned
tor the French plants ). Segregation and individual shielding of highly active
components keeps dose rates low during maintenance, and low contamtnation
levels in working areas minimize the need for respiratory equipment and atten~
dant loss of worker efficlency. (d) OUperators of plants (n Finland (Soviet
designed plants) have achleved very low dose rates by caretully controlling
primary water impurities, by avolding high-cobalt stellite in primary systems,
and by using larger steam generators, which have suffered relatively tew tube
tfatlures, and which spread corroston products over large sutlface areas,

In the Swedish data, note the progressive decreases (n man-rem per MWe-yr
as newer plants are brought on line, indicating successtul Incorporation of
new design teatures, remote and automated tooling, and procedures to limit
doses .

Projected doses for the proposed U.Ke Stzewell “8° WR plant (nelude an
average annual collective dose of 24U man=rem or Uod man~rom/Mie
installed.(49) Assuming 9/% average capacity ftactor, this would yleld U}
man~rem/MWe gencrated,

For PWR comparisons, Flgure =3 shows man-rem/We-yr va, years of opera~
tion for U5, plants of varlous sides and ages and for Ringhals &, the Swedish
plant with the highest collective dose equivalent. UlS, plants, which went
commercial tn '68 to ‘73, show the highest average doses (Us ¥ to 2.3 man~
rem/Mie=yr )i the WO-MWe plants (Rewaunee and Pratrie Ialand | and <),
commercial tn '7Y and ‘4, show the lowest (U 08 to Oy man=ren/Mie~yr ), and
larger Usls plants and the Swedish plant are intermediates The three plants
with low doses had a total of only 29 steam genetator tube defects (through
1980) ar about one~third the average for post='74 Ush,y plants, whervas the
pre='14 U8, plants experienced an average of Y04 detects (through 1980), This
confirms that the number of steam generator tube detects la a major
determinant of vallective dose, an s well known, However, Beaver Valley,
Calvert CLiftn | and 2, Davis=Besse |, and Zion | and & plants experienced no
tube defects through 1980 yet had collective dose equivalents through 1980 of
Lel)y Uty O 24, and Uuh man~rem/Mie~yr, respectively, showing that other
factors are also faportant and can cause large variattons from plant to



plant. It is also of interest that the three 5S0U-MWe PWR plants with low
doses all had Fluor Power Services, Ince as architect engineers (but no other
UsSe plants did). For other U.S. plants of this approximate size the S-year
everage collective dose equivalent per MWe-yr was 2.3 to 23 times as high
during the 1978-1982 pertod, showing that plant size was not decisive.

5 BWR Plant Comparisons, wan tem/Me yr

Figure 5-1 shows man-rem/MWe=yr for BWK plants in Japan, the U.5,,(3) W,
Germany, Switzerland, Sweden, and Finland., Japanese plants show the largest
doses (2.2 man-rem/MWe-yr) and plants in Finland the lowest (U,08 man-rem/MWe~
yr)e The U.S. again shows rather poor experience, with Z.1 man~rem/Mie-yr,
Data on collective dose equivalent per MWe-yr vs, calendar year tor specific
BWR plants and countries are given in Figure 54, Japanese data show an
increase from o) man=rem/MWe-yr in 1972 to about 5.1 man-rem/MWe-yr in 1977,
followed by annual decreases to 2.0 man-rem/M=yr in 1983, The Japanese
experience reflects their emphasis on detalled and dose~fntensive plant
inspections and preventive maintenance activities during three month annual
shutdowns In earlier years, Many plants now tend to adopt a scheme of 1)
months operation for each three months or less of outage,(48) U,s, data for
all plants compared with data for plants that went commercial In the '/Ja=~'/9
period suggest some reduction in average ¢ollective dose equivalent per Mie -
yre However, the (mprovement is small compared with the very impressive
fmprovements shown by bwedish and Finnish BWR plants, which have shown
progressive decreases: from about Ul man-ren/MWe-yr for the '/5 Swedish plant
(Ringhals 1) and about 0,25 man-rem/MWe -yr for the '/1 and '75 plants (Uskar~
shamn | and 2), to about U,15 man-rem/Mee~yr for the '75 and '77 plants
(Barseback | and 4) and only V.06 man=rem/MWeyr for the '8l plants (Forsmark
Il and &) The two Fianish plants that went commercial (n '79 and '#1 (VO |
and LL) fit the general Swedlsh pattern of progressively lower doses tor newer
plants.,

Both the Swedish and Finnish plants have reactor systems designed by
ASEA=Atom, a Swedish steam supplier, which also acted as principal or contrel-
buting architect engineer on most of the plants,. These plants have been
designed with mintmum cobalt content In primary system surfaces, very careful
control over primary water impurities, and highly efticlent reactor water
purification systemss In general, to minislze Introduction of corrosion pro-
ducts Into the core, stalnless steel with <U,050 cobalt or equivalent
materialis used for parts (o contact with water that flows toward the reactor
cotes Therefore, mont reactor internals and water wetted surfaces in the
primary system are made of stainless steels bkxceptions are minor parts such
an springs, bolts, etcs, which are made of alekel base alloys and feedwater
plpes outside the contalnment, feedwater heater housings, and end plates,
which are made of carbon steel.())

Projected doses tor U5, BWK plants belog destigned are lower than doses
for currently operating plants, Reduction by a ftactor of about twe (8 expec~
ted trom design lmprovements (e g tmproved feedwater spargers, botter plant
layout ), and by another factor of about Lo/ trom source reduct lons due to more
stringent criteria for materials selection and more careful control of plant
chemistry,(6)
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Data on collective dose equivalent vs. years of operation for selected
BWR plants (Figure 5-3) show that pre-'74 U.,S. plants had somewhat higher
values for dos¢ equivalent per MWe-yr than post='/4 plants. The trend for
UsS. plants is generally upward for the first few vears of operation, whereas
both the Swedist and Finnish plants have leveled off in about two years. The
ingreases in U.5. plants may reflect the larger contribution of cobalt =60
(with its several year build-up time constant ). The Swedish success may have
been inf'uenced also by the goal of U.! man-rem/MWe Lpstalled capacity
suggested by the Swedish National Institute of Radia.ton Protection about 10
years ago. This is equivalent to about U.)} man-rem/Mwe-vr generated, a very
ambitious but apparently achievable goal.(/)

6 Dose vs. Plant Capacity and Mumber of Keactors per Site

Data on collective dose equivalent vs. MWe=yr (3) were evaluated for the
years 1978-1982 for U.,5. PWKs and BWRs., For PWRs the scatter in points (0.2
to 7.0) was large, indicating that any effect of capacity on collective dose
equivalent was small compared with effects of other factors. The BWR data
points were less scattered (U.9 to 7.4) and indicated a possible small
decrease in collective dose equivalent per MWe-yr with plant size when small
plants (4/ to 64 MWe) were compared with those having a capacity >0 MWe,
but, this finding has limited statistical significance because of the limited
number of small plants.

Comparisons of average collective dose equivalent per MWe-yr for sites
with one, two or three reactors per site revealed no significant differences
between one-reactor and two-reactor sites. The values U.5 man-rem/MWe-yr for
the only J-reactor PWR site and U.Y man-rem/MWe~-yr tor the only J=reactor BWR
site were well below the averages for one~ and two-reactor sites. Although
the data base is limited (i.e. two sites), these results may reflect the
greater effectiveness of planning, training, and management at large
facilitiess This may also be a factor in the excellent experience at French
PWK sites since two-thirds of thelr reactors are at sites with 3, 4, or 5
Feactors. Un the other hand, the Japanese site with 6 BWRs (see Figure 5-2)
shows a4 poor record. Thus, multiple reactors per site is probably an
important factor but, like other factors, not sufticient in itself to assure
low collective dose equivalent results.

! Untario Wydro Experience(2)

Untario Hydro employs ressurize! heavy water reactors (HPWRs ). Large
collective doses received at their Donglas Paint Nuclear Generating Station
during 1967 to 1969 led to a4 major commitmenc by senfor management in 1970 to
lmprove dose control during both design and operation. They emphasized oli-
mination of stellite (high cobalt content ) alloys, addition of shielding,
Improvements in water purification systems and in ventilation and Alr=drying
systems (for alrborne tritium contral), and tmproved reltability and maintain=
abllity. The results are remarkable, as seen in Flgure /=1, €Lllective dose
#quivalent per MWe=yr values were reduced from about 38 mSv (3.8 man-rea) in
1972 to about 3 mSv (0,3 man=rem) in 1981, During this same period U,S,
values at Light water reactors fluctusted between U and 20 mby/MWe~/yr (1 and
¢ wan~rem/MWe~yr) with no asparent long=term fmproveme: .
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An important aspect of the Ontario Hydro approach is the use of highly
trained station workers for a major portion of all work. The number of
workers per reactor has gone down from about 60U in 1970 to about 300 in
1982, During the same period in the U.S., the number of workers per reactor
has increased from about 300 to about 1lUU, Station personnel now receive
about 80% of the collective dose in Ontario Hydro plants compared with about
20% in U.S. plants. This difference in workforce complement is believed to be
an important element in the Canadian success.

8 Factors Affecting Dose

From the data evaluated to date it is clear that plants in the U.S5. have
higher collective dose equivalents per reactor and per MWe~yr generated than
plants in most other countries. lmportant factors affecting dose at nuclea:
power plants were identified in the workshop and in earlier studies by
Catalytic, Inc.(8) The results of one study, indicated that pH control (PWKs)
and feedwater purity controls (BWKRs), material control to minimize cobalt and
nickel in primary systems, high temperature filtration, and dilute chemical
decontamination of primary systems each had potential for reducing annual
collective doses by >50U%; that remote survelllance and diagnostics had
significant potential (though <50U%); and that robotics had somewhat more than
504 potential but would require long-term development. These and other items,
which have been identified in this work, are listed in Table 8+~l, each with an
estimated weighting factor, based on the authors' judgement, which is the
expected ratio of collective dose in plants with poor control over the item to
that in plants with good control. This weighting is, of course, crude and
subjective. Further information on each item can be found in the references,
especially in recent publications of the BM. ALARA Center.(9-12)

Probably of greatest importance is adequate maintenance of chemistry
controls in both primary and secondary water since this attects corrosion
product formation, transport, and deposition and is a major factor In avoiding
steam generator tube failures in PWKs and major pipe cracking problems in
BWKs, (13-26) which are major contributors to very large collective doses in
each type of plant. Similarly, optimum design and operation of primary and
secondary water purification (filtration) systems is very important since
removal of activated corrosion products before deposition Is essential to
keeping dose rates and related collective doses low.(13-26) Weighting factors
of ls7 and l.b, respectively, were assigned to chemistry control and purifica-
tions Materials selection (minimum cobalt and nickel, and use of stainless
steel primary piping to minimize corrosion and deposition) was also given a
welghting of 1sb6.(27=32) Decontamination of primary systems and components,
(8, 35=44) and use of special tools, robotics, and remote surveillance (14,18)
were each weighted at 1.5 Recent studies by 5. Cohen and Associates (45)
indicates that NRC={nitiated multi-plant actions accounted for 4Ux ot typical
plant doses during the five-year period 19/9=1983; on the assumption that some
other countries had many tewer mandated actions, this item was estimated to
account for a weighting factor of [.4, at most. Iltems given a weighting
factor of 1.3 were worker motivation and commitment , permanent vs. transient
work force, management commitment, three or more reactors per site, and design
for reliability.(46) Passivation of primary systems,(18) quality assurance
during design, construction and operation,(4/) standardized plant design, and extra
shielding and segregation of highly active components (46) were welghted at 1.2,
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