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I. Identification of Witness

Q. Please state your name, position, and business address.

A. My name is Dr. Gordon Thompson. I am Executive Director of the Institute for
Resource and Security Studies in Cambridge, Massachusetts.

Q. Briefly summarize your experience and professional qualipcations.

A. I received a Ph.D. in applied mathematics from Oxford University in 1973. Since
then I have worked as a consulting scientist on a variety of energy, environment, and
international security issues. My experience has included technical analysis and
presentation of expert testimony on issues related to the safety of nuclear power
facilities.

In 1977, I presented testimony before the Windscale Public Inquiry in Britain, address-
ing safety aspects of nuclear fuel reprocessing, including spent fuel storage. During 1978
and 1979, I participated in an international scientific review of the proposed Gorleben
nuclear fuel center in West Germany, a review sponsored by the government of Lower
Saxony. As a result of my participation, the Lower Saxony government refused to
license high-density pool storage of spent fuel at Gorleben.

,

Between 1982 and 1984, I coordinated an investigation of safety issues relevant to the
i
'

proposed nuclear plant at Sizewell, England. The investigation was sponsored by a
group of local governments in Britain, under the aegis of the Town and Country Plan- f
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ning Association. This investigation formed the basis for testimony before the Sizewell
Public Inquiry by myself and two other witnesses.

From 1980 to 1985, first as a staff scientist and later as a consultant, I was associated
with the Union of Concerned Scientists (UCS), at their head office in Cambridge, MA.
On behalf of UCS,I presented testimony in 1983 before a licensing board of the US
Nuclear Regulatory Commission (NRC), conccrning the merits of a system of filtered
venting at the Indian Point nuclear plants. Also, I undertook an extensive review of
NRC research on the reactor accident " source term" issue, and was co-author of a major
report published by UCS on this subject in 1986.

Since early 1987, I have been one of the principal investigators for an emergency plan-
ning study based at Clark University, Worcester, MA. The object of the study was to
develop a model emergency plan for the Three Mile Island nuclear plant. Within this
effort, one of my primary responsibilities has been to address the characteristics of
severe reactor accidents.

My other research interests include: the efficient use of energy; the supply of energy
from renewable sources; radioactive waste management; the restraint of nuclear
weapons proliferation; and nuclear and conventional arms control. I have written and
made public presentations in each of these areas.

At present, I am Executive Director of the Institute for Resource and Security Studies,
Cambridge, MA. This organization is devoted to research and public education on the
efficient use of natural resources, protection of the environment, and the furtherance of
international peace and security.

A detailed resume is included in the attachments to this testimony.

II. Overview of Testimony

Q. To what contentions does your testimony refer?

A. The testimony refers to environmental contention (3).

Q. Please summarize your testimony.

A. My primary purpose in this testimony is to show that there is a significant danger
associated with high-density pooi storage of spent fuel at the Vermont Yankee plant,
and that much safer alternatives exist. Specifically, I show that a partial or total loss of
water from the pool can be expected to initiate an exothermic steam-zirconium or air-
zirconium reaction which could lead to a release to the environment of a substantial
amount of the long-lived radioactivity contained in the spent fuel. Release of the cesium
alone could significantly contaminate 19,000 square miles ofland. Moreover, I show
that this phenomenon can be totally avoided by use oflow-density storage within the
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pool, with placement of the remainder of the spent fuel into an alternative form of on-
site storage, such as dry cask storage.|

In support of these arguments,I show that there has been no theoretical analysis or
empirical investigation to examine the outcome of partial or total water loss under con-
ditions representative of the proposed high-density pool storage at Vermont Yankee. In
the absence of such analysis or investigation,I show that an exothermic steam zirconiurn
or air-zirconium reaction must be assumed over a wide range of parameters in the event
of partial or total water loss. !

I further show that this problem can be separated from questions about the appropriate
physical form or mode of operation of the Vermont Yankee plant itself. Specifically, I
show that the potential for a substantial release of radioactivity from spent fuel through
the zirconium reaction mechanism can be eliminated under all conditions of practical
importance, including severe earthquakes and core melt accidents at the Vermont
Yankee plant.

Finally, I show that alternative forms of on-site stoiage, such as dy cask storage, are
available at a reasonable cost. I show that investment in these alternatives has not been
subjected to a credible cost-benefit analysis. Moreover,I argue that this form of analysis
is inappropriate for high-density pool storage because the risk can be totally avoided at a
relatively modcrate expense.

III. Experience of Witness in This Area

Q. Please summarize your experience in regard to the danger associated with high density
poolstorage ofspentfuel.

. A. I first became aware of the potential for danger of this kind during the 1977
Windscale Public Inquig in Britain, at which I conducted cross-examination and pre-
sented testimony. During 1978 and 1979 I studied the matter further while participating
in an international scientific review of the proposed Gorleben nuclear fuel center in
West Germany.

As part of my contribution to this review, I studied the implications of a loss of cooling
of the proposed spent fuel pools. My report (Thompson,1979) showed that exposure of
fuel as a result of evaporation of pool water would lead, over a wide range of conditions,
to an exothermic steam-zirconium reaction accompanied by the generation of hydrogen
and the release of radioactive material from the fuel. I also drew attention to the pos-
sibility of water loss through drainage.

This report was debated at a public hearing in March 1979 staged by the Lower Saxony
government.- As a result of my findings and the accompanying off-site consequence anal-
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ysis performed by Jan Beyea (Beyea,1979) the Lower Saxony government included the
following statement in its declaration of 16 May 1979 concerning the Gorleben proposal:

"This radioactive potential is so immense that it must not be possible to release it by an
incident.

,

The State Government is not willing to license the concept of DWK in its present form.
They insist that the entry store for spent fuel elements is made inherently safe such that
the cooling does not depend on the functioning of technical equipment or on human
reliability."

!

Ultimately, the proposed nuclear fuel center was not built at Gorleben. However, an
away-from-reactor spent fuel storage facility has been located there. In conformance ,

with the above-stated Lower Saxony government position, this facility employs dry casks
rather than high-density pools.

Subsequent to my involvement with the Gorleben review, I became aware of a related
report prepared at Sandia Laboratories (Benjamin et al,1979). I noted that this report
focuses upon complete drainage of water from a spent fuel pool, which the report's
introduction describes as "the most severe type of spent fuel storage accident that has
been hypothesized." However, the body of the report confirms my own prior conclusion
that partial loss of water is a more likely initiator of exothermic zirconium reaction than
is total drainage. In the case of partial water loss, the concern is that a steam-zirconium
reaction will occur, while in the case of total water loss the concern is that an air-
zirconium reaction will occur.

In May 1980, I submitted testimony to the Minnesota Energy Agency (Thompson,1980).
This testimony, which was heard in Minneapolis in June 1980, ccncerned the danger of a
proposed increase in the density of racking of spent fuel in the pool serving the Prairie
Island reactors. Between that occasion and early May 1989,I have reviewed this area
briefly while preparing documents on wider issues of nuclear power safety. While pre-
paring the present testimony, I have conducted a review of slightly greater depth.

i

IV. Proposed Storage of Spent Fuel at Vermont Yankee

Q. Please summarize your understanding of the proposed spent fuelstorage arrangement at
Vermont Yankee.

A. Exhibit 1 shows a typical BWR fuel assembly, which I assume to be similar to those
at Vermont Yankee. I also assume that the layout of the Vermont Yankee spent fuel
pool will be similar to the cross-sectional view shown in Exhibit 2.

In the earlier years ofits operation, Vermont Yankee presumably used a low-density
type of spent fuel rack. Exhibit 3 shows one BWR rack design of this kind, and it will be
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noted that the space for each fuel assembly has an opening along its length. This fea-
ture, combined with the fact that the racks were apparently spaced five or six inches
apart, would allow relatively free convective circulation of air or steam following partial
or total water loss. The resultant cooling would reduce, to zero under many conditions,
the probability of an exothermic zirconium reaction.

Another type of early BWR rack is shown in cross-section as item (f) of Exhibit 4. This
form of rack, which may have been used at Vermont Yankee, may inhibit convective cir-
culation of air or steam to a greater extent than the design shown in Exhibit 3.

For comparison, Exhibit 5 shows a low-density open-frame PWR spent fuel rack. It is
clear that this design would allow vigorous convective circulation of air or steam.

Under the proposed arrangement, Vermont Yankee's spent fuel pool will apparently be
filled as shown in Exhibit 6, with a vertical cross-section as shown in Exhibit 7. It will be
noted that the racks will be tightly packed, with a typical spacing of two inches betwee:
racks and a similar two inch spacing around much of the pool's perimeter.

,

I assume that the new racks will be similar to the design shown in Exhibit 8. This design,
especially when combined with a limited spacing between racks, will effectively suppress
convective circulation of air or steam.

The burden oflong-lived radioactivity in the Vermont Yankee pool can be illustrated by
its cesium content. According to Attachment A of the licensee's 1 July 1987 responses
to NECNP interrogatories, the pool will contain 20.2 million Curies of cesium in 1990
and 27.4 million Curies of cesium in 2004. The respective contributions of cesium-134

- (half-life of two years) and cesium-137 (half-life of thirty years) are not provided. How-
ever,it is clear that the pool's burden of cesium-137 will exceed 20 million Curies during
the coming decade. For comparison, the core of Vermont Yankee will contain about 2.3
million Curies of cesium-137 and 3.7 million Curies of cesium-134 at shut-down.

V. State of Knowledge Regarding the Potential for Exothermic Zirconium Reactions
at Vermont Yankee j

Q. Please summan':e your understanding of the state of technical knowledge regarding the
potentialfor exothermic steam-:irconium or air-:irconium reactions following partial or
totalloss of waterfrom the Vermont Yankee spentfuelpool

A. First,it appears that there has been no theoretical or empirical investigation of this )
potentialin the specific case of Vermont Yankee. Moreover, I have not identified any i

such investigation to address this potential for high-density storage of BWR fuel in a j'
configuration similar to that proposed for Vermont Yankee.

l
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A body of literature and a history oflitigation have grown up in the United States in
connection with this potential. However, the underlying state of knowledge has devel-
oped marginally since 1979. In that year, the aforementioned Sandia Laboratories
report (Benjamin et al,1979) was published, focussing upon totalloss of water. Yet, the
danger of partial water loss was at least recognized. The Sandia report stated (at pages
73 and 76):

"Many spent fuel holder designs provide only a single inlet hole for convective flow
through each fuel element, located in the baseplate or near the bottom of the holder. If ,

there is a complete pool drainage, the air must circulate down and under the fuel ele-
ments before passing through the baseplate inlet hole into the fuel assembly. An
incomplete drainage could block this flow and reduce the effectiveness of natural con-
vective cooling. Open frame configurations are, of course, exempt from this possibility
because the flow does not have to pass through an inlet hole in order to gain proximity
to the fuel element.

A detailed analysis of spent fuel heatup in the event of an incomplete drainage has not
been undertaken. However, an approximate analysis has been performed to estimate
the amount of aggravation that might occur if the water ceased to drain after exposing
all but the bottom portion of the fuel elements." and

"The approximate method used for bracketing the thermal radiation downward to the ;

water and upward to the building is not considered to be precise enough to allow predic-
'

tion of the minimum allowable decay time in the event of an incomplete drainage. This
problem could be approached by formulating a detailed thennal radiation model to cal-
culate shape factors and include the shadowing of radiating surfaces by fuel rods and tie
plates. By incorporating this radiation capability into the overall heat transfer models
described in Sections 3.3 and 3.4, a credible prediction of the minimum allowable decay
time could be obtained. No attempt to do this, however, has been made."

Exhibit 9 shows some of the results of the 1979 Sandia study, including the case of par-
tial water loss (the " blocked inlets" case). Sandia's approximate analysis indicates that
cladding temperature would rise into the range where exothermic and auto-catalytic zir-
conium reaction could occur, thus confirming my finding for the proposed Gorleben
pools (Thompson,1979). Curiously, however, the Sandia analysts gave no attention to
the potential for a steam-zirconium reaction. This omission has persisted in more recent
literature. Indeed, the entire problem of partial water loss appears not to have received
attention in subsequent literature.

Where high-density racking of the type illustrated by Exhibits 6 and 8 is employed, a par-
tial water loss allows only two significant modes of heat transfer from exposed fuel clad-
ding far from the upper end of the assembly. The first mode is radiation. As indicated
in the above quotation from the Sandia report, accurate calculation of heat transfer by
radiation would demand a specially written model. However, scoping analysis (Thomp-
son,1979) suggests that radiative heat transfer would be inhibited in this situation. The

_ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ -
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secor..! mode is forced convective cooling by steam generated from residual water in the
pool. An important feature of this mode is that, if no other heat transfer modes are sig-
nific mt, cladding temperature is independent of the decay heat output (and, hence, the
age anm discharge) of the spent fuel assembly (Thompson,1979).

These findings were brought to the attention of the US nuclear industry by my Prairie
Island testimony (Thompson,1980). I am not aware of any technical rebuttal of these
findings.

After the 1979 Sandia report, the next significant technical document generated under
NRC or industry sponsorship was an unfinished study on the potential for propagation of
an air-zirconium reaction in a totally drained pool (Piwo et al,1984). Although this
study was not completed, it is frequently cited in subsc;.ient literature as a purportedly
authoritative ' source. According to one of those later reports (Sailor et al,1987), the
study was not finished because "the project ran.out of funds before the report was pub-
lished."

Pisano et al's unfinished study, which was specific to PWR fuel, shows that (Pisano et al,
1984, Executive Summary) "a self-sustaining reaction can be propagated from one region
of a pool to another." However, the study also shows that considerable uncertainty sur-
rounds the relevant phenomena.

More recently, a group at Brookhaven National Laboratory has published 'a report
(Sailor et al,1987) which draws upon the 1979 study of Benjamin et al and the 1984 doc-
ument of Pisano et al. In addition, the Brookhaven group performed some analogous
calculations of their own. As in the Sandia study (Benjamin et al,1979), high-density
racking of BWR spent fuel in a configuration typical of the proposed Vermont Yankee
arrangement was not examined. Instead," cylindrical" racks were assumed. No analysis
of partial water loss was made.

The Brookhaven study concluded (Sailor et al,1987, page 107) that the probability of a
self-sustaining air-zirconium reaction following total water loss is 10 percent to 40 per-
cent for BWRs. Due to the limited range of conditions examined, this statement must
understate the potential for a zirconium reaction following either partial or total water
loss at Vermont Yankee. However, one useful recommendation is made by the Brook-
haven group as follows (Sailor et al,1987, page 107):

"It is also recommended that a test program be initiated to confirm the capability of nat-
ural air convection cooling capability for high density storage racks. Such tests could be
performed with old low power spent fuel (2 to 4 kW/MTU) and minimal instruments-
tion (such as thermocouple placed near the top of the fuel bundle)."

An indication of the potential for air zirconium reaction following total loss of water
from a BWR spent fuel pool with low-density racking is provided by Exhibit 10. The
types of rack shown are " cylindrical baskets," equivalent to item (f) in Exhibit 4, and

_ _ _ _ _ _ _ _ _ - _ _ _ _
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" directional baskets," equivalent to item (e) in Exhibit 4. In both cases, a large (typically
sixteen-inch) gap is assumed to exist around the perimeter of the pool.

Exhibit 10 shows that, under the assumed conditions, an air-zirconium reaction may or
may not be initiated, depending on the rack design and the removal or retention of the
fuel channel. This analysis is not applicable to the case of partial water loss, but it sug-
gests that a low-density storage configuration can be found such that neither an air-,

zirconium nor a steam- zirconium reaction would be initiated under any conditions. If
open rack designs such as that shown in Exhibit 5 are considered, and removal of the
fuel channel is also considered, there seems no reason to doubt that autocatalytic zir-
conium reactions can be avoided entirely.

VI. Probability and Consequences of a Zirconium Reaction in the Vermont Yankee
Pool

Q. Please state your conclusions about the probability and off site consequences of an
autocatalytic steam-zirconium or air-:irconium reaction following partial or total loss of
waterfrom the Vermont Yankee spent fuel pcol under the proposed racking configuration.

A. One mechanism for water loss is earthquake-induced failure of the pool structure.
The potential for such failure at Vermont Yankee has been examined by a group at the
Lawrence Livermore National Laboratory (Prassinos et al,1989). This group estimated
the mean annual probability of failure to be 6.7X10-6 (one failure per 150,000 years),
with an upper 95 percent confidence limit of 2.4X10-5 (one failure per 42,000 years).

Exhibits 11 and 12 illustrate the Livermore group's analysis. It will be seen from Exhibit
11 that the "high confidence of low probability of failure" capacity of the pool structure
(5 percent chance of failure with 95 percent confidence) was estimated to be 0.5 g. By
comparison, the Safe Shutdown Earthquake at Vermont Yankee is 0.14 g. Exhibit 12
shows the estimate median probability of earthquake loading exceeding 0.5 g to be
about 7X10-6 per year.

The same Livermore report also examined the effect of a six-inch drop of a shippmg
cask on the wall of the Vermont Yankee pool. The report concluded (Prassinos et al,
1989, page 7-6):

"The results of the idealized analyses indicate that pool walls similar to those of both the
Vermont Yankee and Robinson plants would suffer severe damage as a result of the
worst-case d > drops, The indicated regions of potential reinforcing steel yield are
quite extensve. While the integrity of the pool liner is difficult to predict, it seems likely
that the liners could be severely damaged (tearing, cracking of welds, and pull-out of
anchors). Based on these results, loss of pool water certainly cannot be ruled out."
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The probability of a cask drop will be dependent on future scheduling of discharge of
spent fuel from the pool. Also, that probability will be highly uncertain.

Loss of water could also be initiated by a severe reactor accident, in three ways. First,
severe reactor accident scenarios can be associated with violent releases of energy
through mechanisms such as hydrogen explosion, high-pressure melt ejection or steam
explosion. Such violent phenomena could initiate pool leakage. Second, a severe reactor
accident could create on-sita contamination of sufficient severity that access of person-
nel was precluded. In that event, water in the pool could evaporate over the days follow-
ing the accident. Third, an accident occurring during refueling could lead to a draining
down of the pool to the top of the fuel assemblies (see Exhibit 2) followed by evapora-
tion of the remaining water. Access of personnel for mitigative actions could be
precluded by contamination arising from involvement of the reactor core in the event.

Finally, the pool might lose water as the result of an act of sabotage. The history of
sabotage-related events shows this to be a non trivial consideration (Andrews et al,
1986; Hirsch et al,1985).

Once an autocatalytic zirconium reaction has been initiated, one must ask: could the
reaction spread through the pool? As mentioned above, an unfinished report (Pisano et
al,1984) has indicated that an air-zirconium reaction could spread from one assembly to

'

an adjacent assembly with lower heat loading. The potential for such spreading will be
greater in the case of a steam-zirconium reaction initiated by partial water loss, as clad-
ding temperature is less dependent on assembly heat loading in this case. Thus, consid-
ering the various uncertainties, one cannot exclude the spreading of the reaction to
encompass the entire pool.

The above-mentioned Brookhaven report (Sailor et al,1987) assumes that cesium would
be released from fully affected spent fuel with a release fraction of one. Thus, one must
examine the implications of releasing the entire poolinventory of cesium. Other
radionuclides would also be released, b'ut cesium serves to illustrate the nature of the
offsite consequences.

Exhibit 13 shows the extent of offsite contamination which would be associated with
hypothetical releases of cesium-137. The extent of contamination is indicated by the
area of land contaminated such that residents would receive a radiation dose of 10 rem
in 30 years, or an accident-induced dose rate roughly three times background.

As mentioned above, the inventory of cesium-137 in the Vermont Yankee pool will
exceed 20 million Curies over the next decade. From Exhibit 13,it can be seen that a
release of this magnitude would, under typical meteorological conditions, contaminate
about 50,000 square kilometers, or 19,000 square miles, ofland. For comparison, it
should be noted that the combined area of Vermont and New Hampshire is also 19,000
square miles.

!

l
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VII. Alternative Modes of Spent Fuel Storage

Q. Are alternative, safer modes of spent fuel storage available?

A. A variety of dry storage modes exists, and experience has been gained in using some
of these modes. I focus here on the dry cask storage mode, which has been the subject
of considerable investigation and for which operational experience has been obtained
(DOE,1989). Dry cask storage is not susceptible to the accident scenario described
here for high-density pool storage, and it also has operational advantages (NRC,1989).

An indication of the cost of cask storage is provided by Exhibit 14. This shows costs for
cask storage which are comparable with costs for other storage modes.

No detailed analysis of the cost of cask storage has been conducted for Vermont -
Yankee. However, the licensee's response of 1 December 1988 to NECNP's inter-
rogatories provides an estimate of $19-22 million for cask storage equivalent to the pro-
posed capacity increase of the pool. On the same page, the licensee estimates that $10.5
million will be expended for the proposed pool capacity increase.

Q. Could dry cask storage be used to elbninate the possibility of a release arisingfrom
autocatalytic zimonium reaction following loss of waterfrom the pool?

A. As mentioned above, there is every reason to believe that a low-density racking con-
figuration can be devised which will eliminate the possibility of such a reaction under
any condition of practical importance, including a severe earthquake or a senre reactor
accident.

The surplus spent fuel could be transferred to an onsite dry cask storage facility.

From the US licensing history for dry casks, it might be inferred that a period of several
years would be required to design, license and construct an onsite cask storage facility.
However, cask technology is relatively simple and there is no fundamental reason for
such a delay.

Q. Are there analyses which compare the cost and benefit ofsafer modes ofspent fuel
storage at Vermont Yankee?

A. Apparently there are no such analyses specific to Vermont Yankee. However, the
NRC has recently sponsored a generic study which purports to compare costs and bene-
fits of accident preventive and mitigative options for spent fuel pools (Jo et al,1989).
Unfortunately, that study is flawed in at least four respects. First, it assumes without
justification that the conditional probability of an autocatalytic zirconium reaction, fol-
lowing total water loss from a BWR pool, is 0.25. Second, it does not examine the
implications of partial water loss. Third, in addressing the potential advantage of low-

i
_ - - - - _______.____ -__-_-_-_ _ _ _ _ _ _ _
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density pool storage, it states that lower density can decrease the probability of zir-
conium reaction, following total water loss, by a factor of five. In fact, as shown, above,
the probability can be reduced to zero. Fourth, it does not examine the potential for a
pool accident to be initiated by a reactor accident.

-

Q. Do you regard this type of cost / benefit analysis as appropriate for the spent,uel situa-
tion?

A. Probabilities of accidents are highly uncertain. What is clear in this case is that the
danger can be effectively eliminated at a relatively small cost. Moreover, the potential
for offsite damage -- such as contamination of 19,000 square miles ofland -- is very
large. Therefore, the only responsible action is to eliminate the danger.

VIII. . Relationship Between the Potentials for Spent Fuel Pool Accidents and Reactor
Accidents

Q. Can the potentialfor a severe spent fuelpool accident be effectively eliminated without
significantly affecting the physicalfann and mode of operation of the Vermont Yankee reac-

toritself?

' A. As indicated above, a spent fuel pool accident could be initiated by a reactor acci-
dent. It may be argued that this should not be considered in the licensing process
because severe reactor accidents are beyond the " design basis." Yet, extensive NRC
studies (e.g., NRC,1987) have shown that the potential for severe reactor accidents is
very real. A licensee study (Yankee Atomic,1986) has described this potential for Ver-
mont Yankee.

The problem can be resolved by conceptually separating the potentials for reactor acci-
dents and spent fuel pool accidents. The latter potential can be effectively eliminated at
moderate cost without requiring any significant changes in the form and mode of opera-
tion of the reactor. It would be irresponsible to exclude such an improvement in public
safety merely to preserve a legal fiction that severe reactor accidents are " incredible."

IX. Conclusions

Q. Please summarize your conclusions.

A. The Vermont Yankee spent fuel pool will contain, under the proposed arrangement,
an inventory of long-lived radioactivity considerably greater than that contained in the
reactor core. In the event of partial or total loss of water from the pool, a substantial
fraction of this radioactivity could be released to the environment, contaminating a vast
area ofland.

|
1
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Loss of water could arise as a result of an earthquake, drop of a shipping cask, a reactor
accident, or sabotage. The probability of each such event is highly uncertain.

This danger can be effectively eliminated by adopting a lower density of spent fuel
storage in the pool, while extra spent fuel is placed in an onsite dry cask storage facility.
The technology for dry cask storage is simple, and could be implemented at relatively
moderate cost.

Also, the danger can be effectively eliminated without requiring any significant change
in the physical form or mode of operation of the Vermont Yankee reactor itself.

Neither the licensee nor the NRC has conducted an analysis adequate to provide a full
understanding of this danger or the means for its elimination.

>
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j- XI. ' Amrmation and Oath -

, I declare, under penalty of perjury, that the foregoing testimony is true and cor-
. rect to the best of my knowledge.-

| 59%,

Gordon Thompson
2A k

Signed and sworn to before me'this 2)rd day of May,1989.

Oh . ' / b '[WWI.L)
Nbtary P6blic 1

USA J. MAJOROS, Notary Publk
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Exhibit 1
Source: NRC, 1978
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Exhibit 3
Source: NRC, 1978
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Exhibit 4

Source: Benjamin et al, 1979
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Exhibit 7
Source: Wheeler,11988
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Exhibit 8

Source: flRC, 1978
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Exhibit 9
"

Source: Benjamin et al, 1979
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Exhibit 10
S urce: Benjamin et al,.197
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Exhibit 12
Source: Prassinos et al,1989
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Exhibit- 13
Source: Beyea, 1979
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Estimated Unit Costs of Soent

Fuel Storace Ootions
~

(5 per Kg of heavy metal)

.

Cacacity increase

Storage technology 100 MTHM 300 MTHM 1000 MTHM

Consolidated fuel stored
in reactor pool 40-75 30-50 NA*

Metal casks 60-115 55-105 55-100
Concrete casks 50-!10 45-95 45-85
'iort::ontal concrete

modules 60-30 .45-60 40-55
Modular concrete

. vaults 105-155 70-105 45-70

*An increase of 1000 MTHM is not applicable to roei
consolidation because at a typical reactor not much more
than approximately 350 MTHM of additional storage space can
be gained through consolidation.
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