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INTRODUCTION

The idea of locating nuclear power plants underground is
not new, since in the pericd of time between the late
fifties and the early sixties, four small nuclear plants

have been built in Eurcpe in rock cavities.

Safety has been, in general, the main movivation for such
a siting solution.

Infact, the feeling of insecurity and inadequacy of the
knowledge of the nuclear phenomena that, at that time, was
common in the nuclear field led to build these four plants,
and to design many others, underground to achieve a safety
level higher than that considered possible for a snrface
plant.

Since then, the interest in the undery .'ind siting has been
decreasing having been possible to show that the conse-
guences of conc.evable accidents in surface plants could

be kept within acceptable limits.

In the last years, however, several factors such as increas-
ing power transmission costs, decreasing number of suitable
sites above ground, increased difficulties in obtaining

site approval by the licensing authorities, increasing oppo-
gition to ruclear power, increasing concern for extreme -
but highly improbable - accidents, together with the possi-
bility of utilizing the waste heat and the urban siting
concept have renewed the interest for the underground siting
as an alternative to surface siting.

For thuse reasons, a large number of studics aimed at assess-
ing the feasibility of the underground siting and at evalua-
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ting advantages, disadvantages and costs of the concept
have becn undertaken in various european countries and
in USA.

The main alternatives of the underground siting concept,
usually taken into account in studies on the subject, are
the following:

- svrface mounded

in this alternative the plant is constructed above grade
and the outside surfaces of vital structures are back-

filled with soil and/or special materials

- Ppit siting

in this alternative. alsc known as cut—-and=cover or cut-

and-fill, the plant is constructed below grade in an open
cut excavation and then covered with soil and/or special
macerial

= deep in rock

in this concept variation often referred to as rock cavity

alternative, the plant is constructed in caverns excavated
at depth in a rock mass.

Within these three main alternatives, several varjiations
are possible. The plant may be totally or partially under-
ground, the buildings may have all the same elevation as in
surface plants or a different elevation, the rock cavities
may be excavated in the side of a hill or deep below the
surface, the excavations for the pit siting may be in soil
or in rock, access to the plant may be through tunnels or
vertical shafts etc.
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Each variation is expected to influence both the techni-
cal and economical feasibility of the plant. lLiowever, the
optimum combination of possibilities is strictly dependent
on local ~onditions and on the aims to be achieved.

The existing underground nuclear facilities - Halden, a

25 MW, boiling water reactor (BHWR)} built in Norway,
Rgesta, a 80 MW,, pressurized heavy water reactor (PHWR)
in Sweden, Chooz, a 266 MHNe PWR in France, and Lucens, a
30 MW, heavy water moderated, CQO; cooled, pressure tube
reactor (GHWR) in Switzerland - are all rock cavity plants
and have been built partially underground in hillsides in
one or more cavities with access through tunnels.

The main reason for building these plants underground was

to mitigate the consequences of extreme acrcidents.

This safety consideration, hcwever, has not been the unique
motivation. Protectlion against acts of war and the possib-
ility of locating the plants in populated areas have also
been major considerations in the choice of this type of
siting together with economical motivations as savinogs in
the costs of the structures and in the elimination of the
conventional containment building.

Studies on the underground siting of nuclear power plants
have been carried out in Europe and in USA since the late
fifties.

In Europe, the majority of the studies performed between
1955 and 1960 were aimed at achleving, with the underground

siting, a safety level higher than that considered possible,
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at the time, for a surface plant. Furthermore, plant pro-
tection agqainst acts of war was considered an important
issue.

The underground iocation was therefore seen as a soluticn
to those problems.

As a consequence, all the early studies (chapter 3) have
investigated the rock cavity alternative with its two main
variations, hillside and deep below the surface, taking
advantag> of the containment and protection offered by

the rock.

A distinctive peculiarity of these studies is their charac-
ter of preliminary project. Infact, some of the studies
have actually contributed to the construction of the

Lucens experimental station and of the ﬁgesta plant.

In USA, the main motivation for the studies performed in
the same period of time was plant protection against enemy

nuclear attack.

For a few years after the decision of building the four
existing underground nuclear plants, due to a better under-
standing of the nuclear phenomena and to the increased
level of safety of surface plants, very little interest

has been shown for the underground siting concept and, as

a consequence, very few studies on the subject werc made.

In the last years, instead, a large n mber of investigations
of the underground siting have been carried out. This type
of siting has been infact taken into consideration as a

real alternative to surface siting and also as a possible
solution to problems like opposition to nuriear power,
licengsing difficulties, urbamn sgiting etc.

Therefore, in these last studies importance has been given,
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besides to the safety potential offered by the inherent
characteristics of the siting, to the technical feasibili-
ty, to the economical aspects and to identify any possible
advantage and disadvantage of the concept.

In Europe, importance has also bheen given to power pro-
duction and plant protection during wartime taking also

into consideration sabotage and terrcrism,

All the main alternatives of the underground siting with
their majin variations have been investigated. The majori-
ty of the studies however has dealt with the rock cavity

alternative and the pit siting.

Practically all the studies have been performed basirg on

the same assumptions:

- the underground plant should have at least the

same safety level of an equivalent surface plant

= the underground plant should satisfy the same

safety standards of above ground plants

Other assumptions usually taken into account are that the
underground plants should be better protected against ex-
ternal events {sometimes including acts of war) and that
the design of the underground plant should take advantage
of the inherent properties of the siting to improve safety.

The assumptions, together with the desire to maintain at
least a theoretical plant licensability, have led to avoid
major redesign of the reference plants.

Therefore, practically in every case, the suggested under-
ground nuclear nower plants are nothing more than a dupli-
cate of surface nuclear power plants.



There are, however, some excoptions. For instance, an
attempt of modifying the phylosophy of akhove ground plants
to better adapt them to the underground sitinc has been
made in the studies of the Aerospace Corporation {chapter 5)
where a BWR has been reconfigured eliminatin. tie pressure
suppression containment system typical of surface bciling
water reactors reducing the cavern span and excavation
volume relying, at the same time, on the rock for contain-
ment

Other studies as, for instance the EIR studies {(chapter 6}
or the California Energy Commission studies {(chapter %),
have instead modified the cortainment phylosophy proposing

systems based on the pressure relief concept.

It is worthwhile to mote however, that no real attempt has
been made to develop an underground nuclear pc rer pliant
concept capable of entirely exploiting the possibilities
offered by the siting.

The following chapters, based on notes made by the author
within the scope of a project on the underground siting of
nuclear power plants he was leading at the Swiss Federal
Institute for Reactor Research, highlight some of the
characteristics both of the realiced undergriund plants and

of the main studies carried out on the subject.

Emphasis “as been given to motivations, layout characteris-
tics and peculiarities, plant safety features and to the

main findings of the investigations.



THE EXISTING PLANTS
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1.1.

1.1.1.

1.1.2'

INTRODUCTION

The idea of locating nuclear planus underground was, at
the beginning, mainly related to mirimizing the consequen-

ces of major accidents.

Infact, at the time of the construction of the unigque
underground nuclear plants, for instance, the "nuclear
explosio.”, now aknowledged as an impossible phenomenon,

was considered as a real possibility in a reactor.

Therefore, mainly as a solution to safety problems, in the
period of time between 1955 and 1962, the construction of
four undrrground nuclear reactors had already been started

or completed.

All these plants are of the rock cavity type and have been
built, partially underground, in hillsides in one or more
cavities with access through horizontal turnels.

All four reactors have been constructed in Europe: Halden,
a 25 MWth boiling heavy water reactor (BHWR) in Norway,
ﬂgesta, a 80 MWth pressurized heavy water reactor (PHWR) in
Sweden, Chooz, a 266 MWe PWR in France, and Lucens, a 30
MWth heavy water moderated, C01 cooled, pressure tube
reactor (GHWR) in Switzerland.

Wi‘h the exception of Chooz, these plants have been built
for experimental purposes or / and as prototypes for new
lines of nuclear reactors anc not for power production as
primary aim,
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Halden, hgesta and Chooz have been operated successfully
for a long time while Lucens, as a result of a severe
accident in 1969, has been decommissioned after some
months of regqular operaticn.

At the moment only Halden and Chooz are still in operation
after the decommissioning, for economical reasons, of the

hgesta plant in 1574.

A summary of the most significant features of these plants
is giver in Tab. 1 - 1 and 1 - 2 while a short description

follows in the next paragraphs.



1.2. THE HALDEN BOILING HEAVY WATER REACTOR

1.2.1. Halden, in Norway, is a boiling heavy wacer reactor (BHWR)

rated at 25 MWth.

This reactor, built for experimental purposes and to provide
steam to a paper factory after completion of tLhe a2xperimen-
tal work, reached criticality in June 1959 and full power
operation witn the second fuel charge, in Octcber 1962,
Excavations and blasting on site were started in November
1955 and all civil engineering work was completed in

October 1957.
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The plant is located in Halden, a coastal town in socuth-
east Norwa,, acout 120 km from Oslo and close to the
Swedish border, near the premises of a large paper fac-
tory, on the north bank of the river Tista. In the area
of tie reactor, 5500 people live within 1 km from the
site and 12,000 within 1.5 km {1967 data).

The entire installatior, with the exception of the control
reom and the emergency diesel engine, is contained in rock
in a hill-side. The reactor is located in a cavern, rect-
angular in shape with an arched roof, 30 m long, 10.5 nm

wide and 26 m high at the center of the roof span, with a

minimum rock overburden of 30 m and a maximum of 60 m.

The cavern is lined with painted concrete 15 - 30 ¢m thick.
Concrete is also used for the flooring and fcundations for
the reactor. The height from the floor level to the roof
is 12,5 m and from the f.oor level to the lowest sump is
about 15.5 m (Fig. 1 - 2).

To simplify the construction, ind alsc to meet space re-
quirements under the main floor level, the reck walls have
been stepped by 2.5 m into the plant, directly under the
floc: level.

The foundations contain three large pits, one for the
reactor, one for the auxiliary equipmen=: lDzo storage tank,
pumps etc.) and one for the storage of larqge contaminated
components. A smaller pit is also provided for the fuel
elemnents storage.

In the reactor hall there is a 50 ton crane utilized

duriac the erection period and for servicing and re-
fueling.
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The reactor hall is net accessible during plant operation.

1.2.3. Connection to the outside is through a 59.5 m long tunnel
{including a concrete "pretunnel”™ secticon} fitted with
two pressure~-tight doors, 7 m apart, to provide an airlock
between the reactor hall and the entrance of the tunnel.
The steel doors, electrically interlocked, are designed

to withstand an overpressure of 3 kg/cmz.

The tunnel is built with an angle in the horizontal plane,
before the reactor cavern, to provide a shockwave pocket.
All cables and piping to the reactor, including the
ventilation system, go through this tunnel. The feed-
water tank, filters and preh‘:aters are located in the con-
crete pretunnel section, triplicating in that way the
piping required, since the water from the feedwater tank
flows tc the reactor hall and, there, through the low-
temperature coolers, then returns to the pretunnel sec-
tion to the preheater and to the dearea- ‘on systems and
then back to the reactor hall through the feedwater pumps
which are located very close to the concrete section of

the tunnel.

This arranagement has been chosen to save considerable
anount of space in the reactor cavern and to leave the
pumps, tanks, filters and preheaters outside the airlock

so that they can be accessible and inspectionable at any
time, since access to the reactor hall is impossible during
the operation of the plant,

A cable duct, also used as a walking passage connects the
plant with the basement of the control buiiding,
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1.2.5.

1.2.6'

The reactor cavern is not gas-tight. The leak rate from
the reactor hall at 0.25 bar overpressure is 1 ¥ of volume
per hour. This is mainly due to the fac. that, between the
reactor hall and the access tunnel, the rock is cracked
pecause of the blastinc. It has been, however, recognized
that, with a proper pre-planning and design of the air-

lock a betier leaktightness could have been achieved.

The excavations, for a total of about 8900 m3, are in
greiss.

Fissures formed by dislocations are distributed through
the rock and are filled with stone powder and chloritic
materials formed by the leaching of gneiss. About 10 % of

the total material in the cracks is montmorillonite clay.

The rock quality has been the limiting factor for the
maxinum width of the reactor cavern, while the height has

been fixed by lifting requirements.

Groundwater flows slowly but continuously through the rock
into the reactor hall and is collected in a sink in the
lowest vart of the excavatioa, at a rate of about 1 m3/hr.
This inleakage has been found to be independent of the
weather conditions.

In the case of accidents, fast-acting automatic valves are
provided for to block the ventilation ducts and a water
spray system is installed to flush the cavern walls and
ceiling to minimize the contamination of concrete surface

and to guench the steam pressure.
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THE AGESTA REACTOR

Rqesta was a pressurized heavy water cooled and moderated
reactor, fuzled with natural uranfum in oxide form, rated
at 80 MwWth.

This experimental installation meant to provide experience
for future reactors, has been developed in 1958 from the
combination of two clder projects, Adam and R1.

Adam was a pressure-vessel -eactor intended only for the
production of heat, whereas R) was a pressure-vessel
reactor for the combined production cf heat and electricity,
Since it became apparent that neither of these two projects
cculd be alone economically competitive, they were combined
in one plant, Rgesta or Rl/Adam.

Fig. 1 - 3 ﬁgesta plant layout
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The reactor was located in Rgesta. about 14 km south of
Stockholm, the site being 3 km from a populated area of
30,000 inhabitants (1961 data). The plant, which reached
criticality in July 1963 and went intc oner:*ion in March
1964, was producing 20 MW of electricity and providing

60 MW to the district heating system of the Stockholm
suburb of Farsta.

Because of economical considerations it has been decommiss-
ioned in 1974.

The reactor , the control room and the reactor auxiliary
systems were located in rock in a hillside whereas the
turbine (back pressure type) was in a conventional turbine
building above ground.

The dimensions of the cavern containing the reactor
building were 16.5 m width, 53.5 m length and 40 m height.
The minimum rock overburden above the reactor hall was
about 15 m.

The reactor was situated in the northern part of the
reactor building together with the main steam generators
which were distributed around thc reactor, outside the
iron-ore concrete radiation srield. The fuel storage faci-
litieg, ion-exchange equipment and other auxiliary systems
were iocated in the middle of the hall, while the southern
area of the building was occupied by service facilities for

the refueling machine, by storage tanks for D.C, HZO ete,

2
tn the eastern wall, an off-ghot of the main containment
contained the expansion tanks of the pressure control
gsystems.
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Three vertical shafts connecied the plant to the top of
the hill.

One, at the northern end of the cavern was connected with
the couling towers, the other two, at the southe:rr end,

were used for the reactor cavern ventilation.

In the reactor hall, there wvas a 120 ton overhead cranc.

1.3.3. Thz reactor cavern was lined with concrete and welded
steel plates 4 mu vaick for the walls and the ceiling anc
3 mm for the f{loor to provide a completely gas-tight con-
tainment since the plant was very close to Stockhoim. The
leaktightness requirements raised a lot of problems since
there were, besides three access airlocks, more than 400
cable penetrations and other ducts. However, the reactor
cavern underwent pressure tests up to two atmospneres in
1962 and the leakage rate from the entire inner contain-
ment surface area of 83000 nz, including doors and ducts,
was found to be e¢quivalent to that from a 4 mm diameter
hole.

In case of accide .ts, it was possible to isolate the con-
tainment with fast-acting vaives cf | -2 section, in the
ventilation ducts, closing wi.hin 7/10 of a second.

1.3.4. Access to the plant was by means of three airlock tunncls,
the largest permitting road transports to enter the fuel
kandling area in the reactor hall for removal of spent fuel
flasks. In this tunnel shock-wave pockets were provided
for. The other two were personncl airlocks with a capacity

of 10 persons each. The one near the control room was



‘tilized as the normal entrance while the other one, near

the transport tunrzl, was used only as an emergency exit.

Tiae underoround excavations, which included also the con-
trol room, for a total of about 0,000 nj were in cneiss
and cranite. It must be noted that the rock quality was
such as to limit the width of the reactor hall. The site,
however, was chosen becauge it was the only one of suffi-
civnt size within acceplable distance of Farsta.

The p.ant construction took [{ive years from e first
opening of the work site until final start-up and two and
a half! years for preconstruction plannine and design. The
excavation of tiw cavities, which started in November 9357,
was completed in January 1960.
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THE "CENTR?.E NUCLEAIRE DES AFDENNES"

The "Centrale Nucléaire des Ardennes” owned by SENA is
-
a Wostinghouse PWR rated 266 MWe and, until now, is the

largest existing underground nuclear plant.

This plant, built for power production, reached critic-
ality in October 1966 and full power operation in April
1967. The construction was staried in February 1962.

The plant is located in Chooz, France, near the Belgian
border, B8 km south of Givet, on the river Meuse, where
the cooling water is taken from. The existing population,
within a 30 km radius from the site, is about 200,000
individuals {1966 data).

This plant is partially located in rock, in a hillside,

The underground portion of the plant consists of three
caverns and connecting galleries.

The caverns house respectively the reactor with four
primary loops, the auxiliary systems and the fuel storage
and handiing facilities, and the electrical equipment

while the turbogenerator group, the control room, the water

depuration systems etc., are above ground.

Because of this layout, the steam pipes connecting the
steam generators to the turbine are, on the average, 200 m

long causing then a pressure drop of about 2.4 kg/cmz.

1.4.3. The reactor cavern, which is connected to the outside

through a gallery of 40 m2 section and 120 m long, is

pinnt San beon peeent iy uprated oo 365 M
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18.5 m wide, 41 m lo~g and 42.8 m high and is lined with

3 mm thick steel plates to provide a gastight containment.
This cavern, designed to withstand the maximum temperatures
and pressures of a loss-cf-coolant accident (140 %¢ and

4 kg/cmz), has peen tested for leaktightness at a maxi-

mum prassure of 0.7 kq/cmz.

To relieve possible hydrostatic pressures on the liner,

2 drainage system consisting of vertical channels in the
wall:s and a c¢ollecting gallery below the reactor has been
provided for.

The reactor cavern is not accessible during plant opera-
tion.

The cavern housing the auxiliary systems and the fuel
storage and handling system is 49 m long, 15 m wide and
42 m high and has been built like a hydroelectric plant
cavern, without any special leaktightness reguirements.
The distance that separates this cavern from the reactor
cavern is about 26 m. This distance is the result of a
compromise between the interest to have short connections
petween the two caverns and the necessity to have a suit-

able rock separation to avoid a collapse of the cavities,

Fartially between these two caverns, there is the electrical
equipment cavern. This cavern is quite small as c¢ompared to
the others, the dimensions being 25 m length, 5.10 m width,
12,5 m height.

The location of this ¢avern has been chosen in order to
keep the cables length as shert as pessible,

Galleries containing the fuel transfer system, ventilation
ducts, electrical cables, piping etc. connect tne various

caverns.
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1.4.4. Connections to the outgside are through two main tunnels
leading respectively to the reactor cavern (at .levation
107.60) and to the auxiliary systems cavern. The dimen-
sions of these tunnels are such as to allow the transport
of large components.

The steam plyes run through a separate tunnel, about 170 m

long, to the turbine building above ground.

A long gallery, with a large bend, connecting the bottom
of the reactor cavern to the outside, has been construc-

ted to remove the débris of the excavations.

1.4.5. The undercround excavations, reaching a total of about
85, 000 m3. are in chalk and shale.
It should be noted that the dimensions of the caverns
have been fixed by the ecuipment to be installed and by
the required acvessibility for servicing and repair and
not by the rock quality. However, the rock instability
in a certain area, caused a delay in the execution of
civil engineering work.

The total plant construction took fcur years iucluding the
deslgn, the civil engineering work three years.

1.4.6. The Chooz nuclear power plant has two very particular
characteristics, the safety injection system and the spent

fuel transfer svstem.

Two reservoirs containing in total about 1300 m3 of borated
water are installed on the hill housing the plant, about

200 m above the reactor level. These two reservoirs ensure



by gravity water injection in the reactor core and water

spraying in the cavern in case of an accident.

Because oif the distance of about 30 m between the reactor
and the spent fuel pool in the auxiliary systems cavern,

a new fuel transfer system has been developed. This

system consists of a tube of 40 cm uiameter, a small wagon
to carry the fuel elements and two pistons: the motion of
this wagon inside the tube is obtained by the differential

pressure of the water on the two pistons.



1.5.
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THE LUCENS EXPERIMENTAL NUCLEAR POWER STATION

The Lucens plant was a heavy water moderated, Co2 cooled,
pressure tube reactor fueled with slightly enriched urani-
um.

The plant, purely experimental, meant as a prototype for
a new line of reactors, was located in Lucens, Switzer-
land, about 25 km north of Lausanne, on the left bank of
the river Broye.

In the area of the reactor 175 persons/km2 lived within
a 2 km radius from the site {1966 data).

1 Resctor cevern } Access gallecy
& Maching cavern 4 PMajncenance building

5 Upper statlon
§ Ventllstion stack

Fig. 1 - 8 Transverse section of the Lucens plant



1.5.

The construction ot the plant was started in Augus*® 1962
and the first reactor criticality was achieved on the
29th December 1966. Regular operation was started, how-
ever, in May 1968. After a short period the reactor was
shutdown for research and testing before being started

up again on the 14th Auqust. The plant was then operated
successfully until the 24th October, when it was shutdown
again for some corrective work. On the 2lst January 1969,
during start-up, a serious accident with coolant and

moderator losses and fuel element damages took place.

As a consequence of this event, the plant has been de-

commissioned.

The power rating of this experimental plant was 30 MWth
and 8.5 Mwe.

The underground portion of the plant, in a hillside,
consists of three caverns housing respectively the reactor,
the turbine and the fuel elements storage pool.

The reactor, the primary loop, two steam generators, the
charge and discharge machine and various reactor auxiliary
systems were housed in the reactor cavern. This cavern,
cylindrical with a doomed roof, with a2 diameter of 17 m
and a maximum height of 30 m, was lined with porous con-
crete {utilized also for the drainage of the groundwater),
alternate layers of bitumen and aluminium foils and rein~

forced concrete to achieve the required leaktightness.

The leaktightness specificatlon for the airlocks, the
penetrations and ducts were such ag to allow, also in case
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Fig. I = 12 Cavern vertical section

Mractor cavern
Reactor

Charge/discharge machine roos

Vi N

Fusl storage cavern

of major accidents, the direct ventilation of the machine
cavern and of the access gallery.

The access to the reactor cavern was sealed by a large
steel wall comprising two airlocks, the equipment hatch
:nd penetrations for piping and cables.

A short tunnel with an airlock connected the reactor hall

with the machine cavern.
In the machine cavern the turbogroup and auxiliaries were
housed in the south-west part of the cavern together with

some ventilation equipment.

Electrical equipment was located in the middle of the cavern,
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while the monitoring and decontamination facilities for
operators and cgquipment, the purification system for the
fuel pool etc. were located in the north-east part of the
cavern. The dimensions of this cavern were 31 m maxism

length, 10 m width and about 18 m height.

A ventilation shaft was driven through the rock from tae
machine cawvern up to the surfacc. It was followed by a
duct on the slope of the hill reaching the bottom of the
stack on the ridge of the hill. The stack height was about

50 m.

The fuel storage cavern, located perpendicularly to the
machine cavern was 37.5 m long, 5.5 m wide and about 15 m
high. A special passage was provided for transfer of fuel
elements from the reactor hall to the fuel pool.

The irradiated fuel elements, after removal from the
storage pool, were taken through the end of the machine
hall. Access to this cavern was through the lower floor

of the machine cavern.

An experimental cavern, with a volume of 140 m3 was also
excavated at the site for small scalc simulation of con-
struction methods as various types of lining etc. (see
Fig. 1 - 9},

1.5.3. A two level gallery, about 100 m long, connected the under-
ground cavities with the service building on thc outside
where the control room, the diescl generator sets, work-

shops, offices etc. were housed.

Cables and ducts run in the lower level of this tunnel.



1.5.4.

1.5.5.

The cooling tower, the switchyard and the waste Jdisposal
statjion were located close to the service building.

¢cn the hill, besides the ventilation stack, there were
the ventilation building and & tank containing about

520 a] of water constituting the plant water reserve.

All the underground excavations were in sedimmntary
molasse. The average rock overburden was of 0 m with a
naximum of about 34 m above the reactor cavern. The ground-

water inseepaqge rate in the reacter hall was about 3 -’ &

day.

This plant had a very particular safety feature.

Infact, in the case of an accident associated with »
pressure build-up in the reactor cavern, the pressire
could be relieved to the porous concrete surrounding the
cavern, through valves penetrating the containment walls.

Due to this drainage porous concr>te, the gases could be
uniformly distributed around .ne cavern and, then, under
the drivine force of the overpressure could asradually flow
into the rock which, in Lucens, has a high poiosity but a
low permeability.

Filters installed before the relief valves pravided a
filtration of particulate contaminants.



1l.6. COMPARISON AMONG THE PLANTS

1.6.1. Even if different for what concernes the purpose, the
general plant concept, the reactor type, the power rating
etc., these four underground nuclear plants have some

common c. aracteristics:

- they are all rock cavity p'ants, partially

underground, in a hillside

- they are all single elevation plants

- they are all small experimental or prot:.type

plants wit. power ranging from 8.5 to 305 Mue

- they have all relatively small cavern spans
{(ranging from 10.5 m in Halden to 18.5 m in
Chooz) compared with those required for a

1000 MWe nuclear power plant (40 to 50 m)

= in all plants there is no conventional con-
tainment but just some sort of lining for

the reactor cavern

- they have all been locoted in populated

areas

1.6.2. The unigue existing type of underground nuclear plant
is then the hillside rock cavity plant. Other undcrground
concepts as the "pit” siting or the "deep below

the surface" siting have not been taken into account.

Furthermore, it should be noted that, besides the utili-
zation of the rock mass as an additional containment, in

these facilities,K advantagye of the inherent characteristics



of the underground siting has been taken only in the case
of the gravity fed emergency water injection and spray
system for the reactor core and reactor cavern in the
Chooz plant and in the case of the overpressure relief
system in the reactor cavern of the Lucens plant. Otler
possibilivies offeiad by the underground siting as, for
instance, a different cavern elevation, have not been con-
sidered.


http://possibilici.es

1.7. THE MOTIVATIONS

1.7.1. As previously stated, one of the main reasons for the
construction of these underground nuclear plants was
to mitigate the consequences of major accidents. This
safety consideration, however, has not been the unique

motivation.

It is then interesting to examine, more in detail, the
motivations Lhat have led to the siting of these reactors
underground,

The main veasons, for each plant, are given below.

HALDEN

" Several locations for siting were considered, on

the basis of general safety, availability of water

and power ... It was natural for the containment
to be thought of in terms of locating the plant
inside rock.” (Ref. 1 - 1)

"In Norway ... the rock containment differs very
little in cost from a conventional building and

is considerably cheaper than a steel containment

such as a sphere." (Ref. 1 -~ 2)

To locate "the reactor in a comparatively densely

populated area."” (Ref. 1 - 1)

"Explosion resist: :ce can be obtained." (Ref. 1 - 3}
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AGESTA

"The object of placing the reactor chamber in rock
is to eiiminate as far as possible the risks to the
surrounding population in c¢onnection with a reactcr
accident " (Ref. 1 - 7}

* ... close location of reactors to communities

necessary for district heating schemes®" {(Ref, 1 - &)

"protection against demolition during wartime is

easily achieved” (Ref. 1 - 8)

CHOOZ

" ... the desirability of this approach from the
safety angle is obvious ... " (Ref. 1 - 11)

.+. €5timate for costs indicate that trhere should
be no _penalty in comparison with a normal above
ground construction" (Ref. 1 - 11}

LUCENS

"Underground construction is particularly suited to

Swiss conditions and it has often been adopted for

the ccnstruction of hydroelectric plants. The ex-

perience thus gained and the inherent advantages

from the point of view of safety have played a
decisive role in accepting this construction
technique for the first nuclear power plant in
Switzerland* (Ref. 1 - 13)
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"The mechanical properties of the rock reduce the cost

of the structurali part of the buildings and, because
of the homogeneity of the rock texture, also the cost
of the shielding is reduced. There is no need for a

steel containment shell."”" {Ref. 1 - 12)

Moreover, national defense has been a major consideration
in the derision of siting underground the plants of Halden,
hqesta and Chooz. (Ref. 1 - 16}

1.7.2. In summary, as it also clearly appears from this short
review, the main reasons that have lead to the underground

siting of these four nuclear reactors are:

- greater safety in case of major accidents because

of an additional level of containment
- protection against acts of war

- possibility of siting the plants in populated

areas

- egonomic considerations



REACTOR TYPE YEAR CF PLANT PLANT CCONTAINMENT TYPE AND ROCK TYPI
PLANT AND RATING OPERATION PURPOSE CONFIGURATTON DIMEMSIONS OVERBURD!
(1 xvxhlm
hillside plant .
PiiWR experimental | in rock cavitjes | rock excavation Cneis
962 lined with painted
HALDEN 25 MWy ! partially under-| . narete pe min 3
:Ez:‘n produc-| ground 30 x 10,5 x 26 max &
no turbine
hillside plant rock :xcavation
R FiiWR experimental | in rock cavities 1i ed.w'tr steel
AGESTA 1964 . n Pk Gneis/Gr
80 MW, partially under=| plates
heating and cround 53.5 x 16.5 x k0 ain 15
20':? pre= turbine above
uetion ground
e hillside plant
o in rock cavities| rock excavation
CHOOZ 1967 pover pro- partially under- 1;“:" vith steel .
. duction ground plates
T turbine above 41 x 18.5 x h2.8
ground
experimental hillside plant cylindrical Tock
in rock cavities [ ®xcavat.on lined Sediments
GIIWR . with a sandwich con-| molasse
LUCENS 7.5 M. net 1968 power partially under- | gtpyuction: concrete,
T3> e \ ground aluminium foils in 30 m ave
th turbine in bitumen, concrete
cavern g=1Tn hws30m
Table 1 - 1 The existing underground nuclear plants: main characteristics (Ref, 1



TOTAL FXCAVATION

RFACTOR CAVFRN

REACTOR CAVEFRN

FXCAVATION TIMF

IVTL FNGINFFRING

PLANT , WORK COST
3 ‘ 3\ o ?
VOLUME {m*) VOLUME (m-) SPAN (m) {months) (2 total costs)
HALDEN 8900 600 10.5 > Y 10.5%
AESTA 60000 30000 16.5% > 06 17.%
CHOOZ 45000 36000 18.5 >~ 36 20
LUCENS 6300 17.0 =)

Table 1 - 2

The existing underground nuclear plants:

some excavations characteris
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CONCLUDING REMARKS

Until now only four small underground nuclear plants
have been built and operated. A)J]l four plants have been
built in Europe and, at the moment, only two are still inm

operation.

A summary of the most significant features of these
plants, with special emphasis <n the "underground" charac-

teristics, is given in Table 1 - 1 and 1 - 2.

These plants are all hillside rock cavity plants, only
partially underground.

In these plants mainly as a consegquence of the incentives
previously mentioned for building the plants undercround,
advantage has been taken only of the additional level of

containment given by the rock.

Exceptions are the gravity-fed water injection and spray
system in the Chooz plant and the pressure relief sys-

tem of the Lucens reactor cavern.

The operating experience of these underground plants has
been satisfactory.

No significant incidents, besides the accident a2t the
Lucens plant and a long outage at Chooz (between 1968 and
1970}, have been repeorted and - what is very important =
not one of the malfunctions {or the same accident at
Lucens') have ever been caused by or related to the under-

ground siting,.
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2.1.

INTRODUCTION

Before e:.amining the main studies relative to the under-
ground siting of nuclear power plants, a few words should
be spent to describe a very peculiar existing plant, namely

the unit No. 3 of the Humbeldt Bay power station.

The plant, described hereafter, in reality cannot be de-
fined as an underground plant {and for this veason it has
not been descrited between the existing underground nuclear
power plants} even if the reactor containment has been
located below grade.

Infact, the physical arrangement of the plant is just a
consequence of local cenditions as the proximity to
existing plant units and soll characteristics and not a
consequence of a parti~cular safety phileosophy or consi-

derations on the underground siting.

Another reason for this peculiar arrangement is the lo-
cation of the fuel handling building above the reactor
containment to provide an extra volume to collect any
possible leackage from the reactor pressure suppression

system,

The construction technique utilized to underground the
reactor containment is very interesting and could be of
some value for studies on the underground siting.

This technigue will be cdescribed in some detail in one

of the folloving paragraphs.



THE HUMBOLDT BAY POWER PLANT UNIT NO. 3

The unit 3 of the Humboldt Bay power plant is a 65 MW(e}
nuclear power plant utilizing a natural circulation direct

cycle boiling water reactor (G.E. BWR 1).

The plant, which went into operation in 1963, is owned
and operated by Pacific Gas and Electric Company and is
located near Eureka, in northwestern California, USA. The
reacteor is located adjacent to an existing steam power
plant consisting of the gas or oil fired conventional

units 1 and 2, rated 50 MWe each.

The main feature of this plant (one of the first BWR with
a pressure suppression containment) is that the reactor
containment consists of a foundation caisson, sunk into the

ground.

The reactor containment is located entirely bhelow grade,
under the fuel handling building {see Fig. 2 - 1), and con-
sists of a reinforced concrete foundation caisson con-
structed in six lifts, four cylindrical and twe rectan-

gular.

The reactor drywell and pressure suppression chamber are
loucated in the cylindrical portion of the caisson.

The suppression chamber consists of a partial annulus of
300° around the drywell ard is lined with welded steel
plates. The remaining portion of the anrulus hcuses an
access shaft that connects the surface fuel handling
building with eguipment compariments and the bottom of the

caisson.
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2.2.3.
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The recitangular portion of the caisson houses reactor
auxiliary systems, the spent fuel pit and a new fuel
storage vault. In addition, the rectangular portion
supports a part of the fuel handling building and, in the
same time, the 76 m high reinforced concrete ventilation

stack.

The fuel handling building is a reinrorced concrete struc-
ture located above grade and directly over the reactor

drywell and spent fuel pit.

This building may be used in conjunction with the pressure
suppression system to collect svstem leakiages and to pro-

vide containment during refueling operations.

The arrangement of the Humboldt Bay unit 3 was, to a large
extent, dictated by local conditions as the proximity of
the reactor to the existinj; plant (about 10 m from the
power house structure pile caps}) and because of soil

characteristics., (Ref, 2 -1, 2 - 2}

The location of the containment below grade, however, takes
advantage of "the inherent safety features provided by the
shielding as well as the external pressure of the surroun-

ding scil and water."” (Ref. 2 - 1)

Siting the reactor containment below grade has also mini-
mized the structural requirement for "overturninc and shear

in the event of an earthquake.” (Ref, 2 - 1)

The plant, being located in a seismic area, has been
designed to (.25 qg.
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2.2.5. The soil in which the cajisson has been sunk consists, after
a layer of firm clay about 6 m thick, of sand and gravel
with a layer, about 1.5 m thick, of sand and gravel wi'h
lenses and blocks of weakly cemented silty sand, about

10 m below grade.

2.2.€. The foundation caisson, as previously stated, consists of

six lifts, four cylindrical and two rectangular.

The dimensions of the cylindrical portion of the caisson
are 15.7 m height, 18.2 m 0.D. and 15.7 m I.D. while the
rectangular portion is 8.5 m high, 22.8 m long and 15.0 m

wide.

The caisson was located underground with a sinking pro-
cedure, carried out after each life.

A typical operations segquence was ‘he following

(Ref. 2 - 1):

- progressively sink the caisson so that the top of
the caisson is at ground level.

- erect forms, reinforcing, conduits, pipes etc.

- pour concrete in approximately 4 - 4.5 m lifts.

- strip forms (usually a day later)

- apnrly a waterproof layer on the exicrnal walls

- sink the caisson by excavating and jetting water
until top of concrete pour is again at ground
level.

The excavation of the material from inside Lhe caisson was

accomplished by clamming with a bucket and jetting water.
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2.2.7, Because of the caissun proximily to the existing units,
it has been necessary to install friction reducing de-

vices to allow the ceisson to sink without overexcavating.

For this purpose, several sets of lubricating water and

compressed air jets were installed in the caisson walls.

The construction and the sinking of the caisson took

about five wonths,



2.3.1.

CONCLUDING REMARKS

The Humboldt Bay power plant unit 3, cven if it cannot be
considered as an underground nuclear power plant, has
taken advantage of the underground location of the con-

tainment mainly for what concernes

- the shielding provided by the surrounding soil

- the external pressure of the soil and groundwater

on the caisson

- the reduction of the seismic regquirements for the

underground structures.

Other potential advantages of this arrangement have not
beer taken into account since the motivations to locate
the reactor containi.»nt below grade have been, besides the
containment concept, mainly space availability and in situ

soil characteristics.

The construction and sinking technique cf the foundation
caisson utilized as reactor containment is very interesting
not only for the technique itself but also for what

concernes the construction criteria,

Infact, the reguirements for accuracy in placing the

caisson and for plumbness were very severe.

However, in spite of the soil characteristics and of the
unusual and comp! cated shape, drifting and tilting of the

caisson have been kept within the fixed tolerance limits,.
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3.1.

INTRODUCT ION

During the late fifties, in the same period of time as the
construction of some of the existing underground nuclear
plants, a few studies on the underground siting were car-

ried out in various countries, in Europe and in USA.

In Europe, the majority of these early studies on the under-
ground siting was aimed at achieving a safety level higher
than that considered possible for a surface plant, mainly
because of the feeling of insecurity and inadeguacy of the
knowledge of the nucleat phenomena that, at that time, was

common in the nuclear field.

Also the very high population density, typical of many
european countries, played a big role in the decision to
investigate the feasibility of the underground siting and,

eventually, to bui’d some nuclear plants underground.

At the same time, in USA, some general studies were perfor-
med on the subject.
T!.2 main motivation of these studies was plant protection

against enemy nuclear attack (Ref. 3 - 1.

The increasing interest on this type of siting eventually
lead the USAEC to make in 1957 a more detailed study on the
underground sitir, (Ref., 3 - 4},

This study, that will be described hereafter in some detail,
is the first study aimed at assessing, besides the protection
against a nuclear attack, advantajes, disadvantages and
costs of the underground siting.



3.1.2. Some of these early studies are described in the following
parag. aphs,
In this description, importance has been given mainly to
plant layout characteristics, plant 3afety features and

plant peculiarities,

The main motivations and the main results of the studies

are given,



3.2.

3.2.1.

3.2.2

THE ENERGIE NUCLEAIRE S.A. PROJECT

Energie Nucléaire S.A., a Swiss company groundend in 1957,
which participated to the design and construction of the
Lucens nuclear power plant, designed in 1937 a small
experimental nuclear plant partially located underground
{Ref. 3-2, 3 - 3}.

The main purpose of this company was to build this experi-
mental facility in french-speaking Switzerland to train
the personnel needed ror building, and then operating,
large size nuclear power plants. The plant was alsco ment

as & training facility for students in the nuclear field.

The chosen reactor was an indirect cycle boiling water
reactor with slightly enriched uranium eoilide as a fuel and
light water as miyderator and coclant.

For experimental purposes, a bypass to send the steam from

the reactor directly to the turbine was also provided for.

The underground portion of the plant, in a hillside,
consists mainly of a rock cavity 57 m lonc, 10 m wide and
32.5 m high.

This cavern, designed to withstand an overpressure of

2 kg/cmz, is divided in two separate halls by a leaktight
wall: the reactor hall houging the reactor and the primary
and secondary locp including the turbogroup, and the
auxiliary system hall.

Access to the cavern, which is gasticht, is throuch airlocks

located in the branches oI the in tunnel (Fig., 3 - 2}.
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Fig. 3 - 1 Energie Nuclé&aire S.A. project: site plan

Connection to the surface is through a two floor tunnel,
apout 90 m long. The upper part is for personnel and
equipment passage, the lower part for cables and piping.
An emergency access to the auxiliary systems hall is pro-
vided through the ventilation stack.

Both halls have an independent closed loop ventilation
system to control possible radioactive releases in case ~f

accidents. In the reactor hall, supposed unmanned during
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reactor oOperation, there is an automatic energency watar
spray system to quench the steam pressure in case of an
accident. This system is gravity-fed by the water (500 m3)
contained in reservoirs located above--ground.

An irradiation area for research and tests :; provided

for near the reactor hall.

The control room, the transf~rmer and coupling station,
the offic2s and the administrative area and laboratories

are housed in a service building on the surface.

A stack for the ventilation of the cavern, together with
water reservoirs is located on the hill housing the plan:.
A water intake and a cooling tower are the other plant

facilities located on the surface.

The reasons that lead to design this plant underground are
the following:

~ a rock cavity plant offer. yreater safety in the

unlikely cas: of a major accident

- an underground plant is better protected against

acts of war

~ tha use of a cavern as a rcactor containment has
definite advantages from the psychological point of

view of the general public

- in owitzerland, a rock containment should not be

more expansive than a surfzce containment
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J.2.5. The civil engineering work costs, including service buil=-
ding and cocling tower have been estimated in this study

to be about 30 % of the total plant costs.
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3.3 THE USAEC STUDY

1.3.1. The aim of this study was t0 outline and evaluate advanta-
ges, disadvantages and costs of an underground reactor
construction as cnmpared with an above ground plant and
to determine site requirements for selected types of reac-
tors to be built underground in rock formations
{Ref. 3 - 4).

Another task of this study was to determine design require-
ments for the protection against nuclear attack, such as
depth of burial, blast resistant doors, protected ventila-
tion egquipment etc. The results of this last investigation
however have not been published having been considered

classified irnformation.

The study is based on the EBWR, an experimental direct-
cycle boiling water reactor, rated at 5 MiW(e).

Reactor
Butding

But 'g,
ag

Cooling Tower

Fig. 3 - 5 USAEC study: site plan



Pump Fleer

Basoment Flper

PLAN SECTION
AT MAIN FLOOR

e, .l ot
secmon "A-At [ W e

A Intghe

] Comcr. Liming
Xom thick)

4.3

bl

-y - - - -

MAIN TUNNEL EMERGENCY TUNNEL

Fig. 3 - ¢ USAEC Study: plant sections



3.3.2. The underyroumi plant, in a hiliside, is mainly based on
the abcve ground layciut and consistz: o a cylindrical
cavern with a doomed roofl houxing the reactor and of a

cavera, rectangular in shape with an arched roof, housini

the service bujlding.

The dinensions of the reactor cavern are about 24.5 =
diameter and 26.5 » maximum height. The dinensions of the
service building cavern are 12.] = maximum length, about
14 m width and 10.) n maximnum height.

An alternative scheme with a rectangular shaped reactor
cavern with an arched roof has also been proposed to have
a shorter cavern span: the dimensions of this cavern are
15 = length and about 14 m width.

L

. . . gt | Gl

e e |

e na .._J

Service
il ging

- Reacter Dwidmg

Fig. 3 = 7 USAEC study: alternative plant layout
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1.3.3.

3.3.4.

The reactor cavern houses the ‘-eactor, the spent fuel
storage pit, the steam power piant and relatedl ausiliosries.
The service building houses the main control rocm, elec-
trical eguipment room, laboratories, offices etc.

3 of water for

A water storage tank, containing about 60 m
the spray system, is located in an excarated space to one
side of the reactor cavern dome.

A cooling tower is located akbove ground.

hccess to the plant is by means of a main tunnel about

130 m long running into the reactor cavern at the base mat
level and by means of an emergercy tunnel about 210 m long
running into the service cavern at the basement floor
tavel. Blast resistant doors are provided for in the

tunnels.

Caverns and tunnels are lined with concrete: in the reac-
tor cavern a steel liner is also provided for to avoid

contaminated seepage into the rock.

A minimum rock overburden of 15 m is considcred sufficient
to provide containment in case of major accidents and
protection against "near surface explosions of large thermo-

nuclear weapons". (Ref, 3 - 4)

According to this study the advantages of an underground
nuclear plant, as compared with a surface plant, are the

following:

- supericr protection agains. acts of war (nuclear

weapons included)

- effective containment of radicactivi:y in case of



extreme accidents with the possibility of elimina-

ting the conventional containment building
- a.mmunity te surface phenomena

= relative invulnerahility to earthquake shocks.

The main disadvantages of the underground siting have been

idenvified 33 Follows:

- difficulty in determining in advance the exact

vonditions of the rock structure

- limited flexibility with respect to access and

expansion

- slight chance of contaminating the groundwater tollow-

ing a major accident

- increased construction costs.

3.3.5. The increased cost for the underground siting has been
estimated to be hetween 3 and 7 % of the total cost of the
plant.

However, the economy of the underground construction

improves with the inc¢reasing size of the plant.
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3.4.3.

THE R3 PROJECT

The R3 project, started in 1955, had two main aims: the
realization of a prototype of a commercially interesting
district heating plant and the realization of a small
scale nuclear power plant to gain some experience for the

construction and op-ration of large units (Ref. 3 = 6).

The cnosen concept utilized a natural uranium heavy water
reactor for the combined prcduction of electricity and
heat for district hrsating purposes.

This plant was to be built in ggesta, about 3.5 km from
Farsta, a Stockholm suburb.

In 193R, b.zsause of economical reasons, this project was
combined witr Lhe Adem preject (described in the next para-
graph} leading then to the realirxation of the R3/Adam or

Agesta reactor,

The plant was designed partially underground in a hillside.
The layout of the plant is, with the exceptions of minor
differences, very similar to that of the ggesta reactor.

For this reason, a detailed description of the plant, repre-

sented in the next figure, is not given.
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THE ADAM PROJECT

Adam was a 75 MW nuclear reactor meant to produce hcat for
district heating purposes and was plannsd to be located in
Visteras, a town 120 km west of Stockholm, Sweden

{Ref. 3 - 5). In 1958, however, this project was combined
with the R3 preoject giving then origin to the ;gesta
nuclear power plant or R3/Adam.

The reactor was designed tc use natural uranium in dioxide
form as fuel and heavy water as moderator, reflector and
coolant.

The reactor hall, the operation building and the transfor-
mer room were planned to be in rock, deep below the surface,
while administration and storage facilities were planned

to be in a building above grade.

Fig. 3 - 9 Qutline drawing of the ADAM reactor



3.s5.2.

3.5.3.

The reactor hall is a rectangular cavern with an archea

roof divided in four main floors.

Hleat exchangers, some reactor auxiliary eguipment, two
spcnt fuel pits, a new fuel clements storage vault, venti-
lation equipment, Ffuel handling facilities, active waste
areas etc. are located in this cavern.

All areas are accessible through personnel corridors that
can be entered also during reactor operation. The reactor
hall, however, is not supposed to be entered during plant

operation at the operating floor.

The reactor cavern is lined with concrete applieda directly
to the rock to resist internal pressure while the gas-

thighiness requirements arc met with welded steel plates.

The operation building is a rectangular cavern separated
from the reactor hall by about 30 m of rock and from the

transformer room by the access tunnel.

The cavern is divided in two floors. The upper floor con-
tains the control room, the pumps for the district heating
system, the auxiliary systems cooling eguipment and the

reactor emergency cooling system.

The transformer room or electrical building is at *he same

level of the operation buildiny, on the other side of the

access tunnel.

The building is divided in three floors and houscs trans-

fcrmers, stand-by diesels, accumuliators ctc.
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3.5.4.

Connections to the surface are by means of two tunnels (ore
for access and the other for ventilation) and by means of

an elevator for personnel and light equipment.

The access tunnul, equipped with airlocks, connects the re-
actor hall to the surface through the operation building.
This tunnel consists of three floors. The upper floor is
utilized for equipment transportation, the second floor is
a passage for personnel and the lowest is for cables and

piping and some electrical equipment.



Another tunnel, however, connects the reactor hall to the
operation building. This tunnel, where some cables and
piping run, is equipped with an airlock and can be utilized
as an cmergency exit from the reactor hall.

The hot water pipes to the district heating system and
cables to the surface pass through the elevator shaft.

3.5.5. Tne main reason that lcad to design this plant underground
wds "to eliminate as far as possible the risks to the sur-
rounding population in connection with a reactor accident”
(Ref. 3 - 5).

In this perspective, special measures have been pianned to
prevent also groundwater contamination following an accident
with cavern lining damages, lowering the groundwater ievel

below the bottom of *he plant caverns.



3.6,

3.6.1.

3.6.2.

3-26

THE SULZER PROJECT

In the years between 1956 and 1958, Sulzer Bros. Ltd, to-
gether with a group of major swiss industries, made a study
on an undarground nuclear plant for the production of
electricity and of heat for the existing district heating
system (FHK) of the Swiss Federal Institute o Technology
in Zurich (Ref. 3 - 7, 3 - 8).

The reactor was a pressure tube type, heavy water cooled
and moderated, using natural uranium as fuel (with a small
number of fuel elements, however, with uranium enriched to
11t roted 30 MW(th}.

The plant should have Lkeen located in two underground rcck
chambers within the town of Zurich {(Fig. 3 - 12): the
water cooling system should have been using the water from

the river Limmat,.

Thc reactor, the primary heat exchangers and the reactor
auxiliaries are located in a cylindrical cavern with hemiz-

pherical ends, 40 m high and 20 r in diarcter.

In the upper partof the reac.or cavern there i1s a room in
which all heavy systems, some Of the reactor auxiliary
systems and the .uril handiing machine are located. This i1oor,
because of the radioactivity level of the coolant, is not

accessible during plant operaticn.

The lower part of tho reactor cavern, however, can bc cntered
any tinme ard is separated from the upper part by a thick

shielding concrete {loor. The lower part is divided in three


Highlight

Highlight

Highlight

Highlight


J.6.3.

stories and contains the spent and new fuel storage syste-s,
the water purification sys_ems (both for light and heavy
water), ventilation and electrical systems etc. In the
basement, a large wat~or tank has been provi led for to
collect, besides the small amount nf water that could be
lost during normal operation, the large quantities of

water necessary to condense the steam and to wash the
cavern walls in case of a major accident.

The «ater for the emcrgency spray system is stored in a

large tank under the roof of the cavern.

The reactor cavern is lined, .o provide gastightn:ss, with
a thin steel shell (6 mm thick) orn concrets grouting
poured against the rock walls.

A blast shield, made of concrete, inside the stcel shell,

protects the walls from missiles.

The reactor cavern is connected to the turbine hall through
a tunnel of circular cross section, 23 m long and 7 m dia-
meter, lined with steel plates for leaktightpess and

equipped with airlocks.

The turbine cavern (rectangular in shape with an arched
roof, 12 m wide, 12.5 m pigh and 63 m long) houses two
steam turbines and auxiliaries, the steam transformers and
o her equipment for the district heating systcm, the elec-
tcical power s _.ply and distribution systems, the control
room ctc.

This cavern, lined with conc¢rcte, is conto~~ted to the sur-
face through a material and a »ersonnel clevator shaft

{that hcuse alse steam accumclators, piping,cables and ver-
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tilation ducts), through a duct to the pumping station
located on the right bank of the river Limmat and through
a tunnel to an underground railway line {(tunnel SBB}. All
these tunnels and ducts are equipped with airlocks.

Since this plant was planned to be in a densely populated
area because cf the existing district heating net and
therefore isolation of the plant with safety distance was

not possible, a meticolous containment system was designed.

The containment principle is based on the control of
possible radiocactive leakages in case of a major accident.
This control is achieved, ensuring that any leakage is in-
wards, into the plant, by means of a ventilation system
that maintains the pressure in the underground cavern be-

low atmospheric.

I AFACTOR

¢  HEAT EXCHANGER ROOM
} ENPANZICN GPACE

L LU ]

ALRLOCK 9 AIRLOCYK
COMMUNICATING TOKNEL 10 ELEVATUH JHAPT

ATRLOCK 11 PIPES Doct
MACHINE CAVFRE

o 1 Nk

Fig. 14 Sulzer project: containment system
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In the turl'ine cavern there is an open ventilation system
working on the suction principle ensuring automatically
an underpressure whatever the outside pressure is. The
ventilation of the reactor cavern instead, to comply with
the containment principle, is ensured by a closed leoop
system. A system for ai~ supply and exhauvst, but preclu-
ding any direct communication between *nis cavern ana the

free atmosphere, is also provided for.

In tnz tunnel connecting the reactor cavern with the tur-
bine hall, lined with steel and equipped with airlocks at
both ends, the pressure is n.intained at a2 higher level
than in the caverns. In that way ¢ 7y unchecked leakage

from the reactor cavern to the environment is impossible.

In case of an accident with an increase of pressure in the
reactor cavern, there will be 3ome leakage through the

penetrations into the airlock, in the connecting tunnel.

In that case, while reducing tiie overpressure in the reactor
cavern, by means for instance of the emergency spray system,
the pressure in the tunnel can be increased pumping fresh
air into it.

The contaminated air is then trapped in the airlock and
can be exhausted through a stack, under contreli2d con-

ditions, after being passed through a filtration system.

In this stuuy, the potential advantages of the underground
siting, mainly safety related, are considered to be:

- the additional radiation protection provided by the
rock



- a higher protection against missiles damages

- the leaktightness more easily achieved in an under-

ground construction than above ground

- a better protection against acts of war

5.6. A cost estimate shows that the underjrcund construction is
not more expensive than "a comparable containment enclo-

sure above ground" (Ref. 3 -~ 8).

It should be noted that, for this project, another site
was proposed late in 1956. The new location was near the
site chosen by Suisatom AG for the experimental reactor
Rare, (described in the next paragraph) in Villigen
(Switzerland) (Ref. 3 - 9}.
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THE EXPERIMENTAL NUCLEAR REACTOR AARE

Suisatom AG, a company grounded in 1957 by some of the
main swigss utilities (ATEL, BKW, NOK, EOS), designed in
1958 ar experimental nuclear power plant partially located
underyround (Ref. 3 - 10, 3 - 11}.

The main motivations for the construction of this experi-
mental plant were to train personnel for the construction
and the exploitation of large nuclear power plants and to
gain some useful experience (for instance, for what con-
cernes the caverns tightness, the personnel and plant
safety, the waste handling and storage systems etc}! from
tne construction and the operation of the plant.

e

1 REACTIDR CAVERY .~ B VENTILATION BLDA, T DAREATORY
2 TUASINE CAVERN 5 EQUIPMENT TINAEL 8 wnab
3 STACK 4 WLTE FTORAGE TUNNFL

Fig. 3 - 15 Transverre section of the AARE plant
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Fig. 3 = 17 Aare reactor:
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Pig. 3 - 18 Aare reactor: plant cross section
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3.7.2.

The chosen location was a hill in Villigen, on the left
bank of the river Aare, opposite to the premises of the
Reaktor AG, now the Swiss Federal Institute for Reactor
Research.

The chosen reactor was a GE direct cycle boiling water re-
actor rated 65 W (th) (about 20 !We}.

The underground portion of the plant is located in a hill-
side and consists mainly of two caverns, the reactor and

turbine caverns, and tunnels.

The reactor cavern is cylindrical with a doomed roof. The
dimensions of this cavern are 35.2 m maximum height and
about 16.6 m diameter.

In the cavern, the reactor vessel is located in a pit lined
with steel plates. All around the upper level of the pit
there is the pressure suppression system consisting of
interconnected water tanks containing about 1000 m3 of
water.

These tanks are lined with steel plates.

A spray system to quench the steam pressure is alsc in-
stalled in this cavern.

The reactor cavern, which cannot be entered or ventilated
during operation, is connected to the turbine cavern

throvgh a short two floor tunnel equipped with an airlock.
The upper floor is divided in two, a personnel and equipment
passage. In the lower floor, piping and cables run through
two separate channels.
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The turbine hall is located in a horseshoe shaped cavern
about 55 m lonag, 290 m high and 15 m wide.

In this cavern, besides the turbine and some related
auxiliaries, there is also the spent fuel pit while the

water treatment systems are located in an adjacent tunnel.

The turbine hall canno* be entered during normal plant

operation.

The control room and electrical egquipment are located in
an extention (abort 27 m long and 15.4 m high)} of this
cavern, separated from the turbine hall by a leaktight
wall.

Connections to the surface are by means of two tunnels,

one for personnel and the other for equipment.

The personnel tunnel connects the electrical equipment area
with the service building on the surface,

This tunnel is divided in two floors: the upper floor is
for personnel passage and for the ventilation system (fresh
air) to the plant not controlled areas, while the lower
floor is for electrical cables and exhaust.

The equipment tunnel, also divided in two floors, conrects
the montage area in the turbine hall with the laboratories
building on the surface.

The tunnel, about 190 m long, is equipped with an airlock
and is a2lso utilized for personnel access to the controlled
area of the plant.

Water cooling pipes, to and from the river Aare, run in the



7.6.

lower section of this tunprel.

About 60 m from the turbine cavern, on one side cf the
equipment tunnel, there is a gallery for the storage of

radioactive wastes.

The seivice building, laboratories, workshops and other
infrastructures (including a reactor simulator) are
located on the surface, in front of the access tunnel.
On the hill, there is the ventilation huilding for the
treatment of the exhaust from the plant controlled area
with a 20 m high stack.

It is very interesting to note that an auxiliary source of
cooling water utilizing groundwater was also provided fur

in this project.

The main reasons that lead to design this reactor under-
ground was to pursue a higher protection for the population
and the environment utilizing the rock as an additional

barrier against radioactive releases.
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COMPARLISON AMONG THE STUDIES

1f these early studies are compared together o: with the
other studies that will be described in the next chapters,
it can be seen that, with the exception of the USAEC study,
they have the characteristics of preliminary projects.

It should not be forgotten, infact, that while the two
swedish projects previously described have lead to the:
coastruction of the igesta plant, the studiesz performed in
Switzerland have orepared the road to the realization of
the Lucens experimental nuclear power plant.

The similarities between this last plant and the swiss

studies, here summarized, are evident.

Only the USAEC study, among the studies here mentioned, was
not meant as a preliminary project phase, but was meant to
assess and to evaluate advantages, disadvantages, costs
and site reguirements for a possible underground location
of nuclear power plants.

All these early studies are relating to the rock cavity

alternative. Both possible variations, the hillside and
the deep below the surface variation are taken into account

together with the totally and partially underground plant
alternative,

These studies have, however, son= other basic common
characteristics.
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Infact

- they are all rolating to single elevation plants

- thney all reJuire small cavern spans
- they all require a lining for the reactor cavern

~ they zre all relating to small power reactors

(maximam power about 7% MH{th).

Moreover, common characteristic for the suropean studies
is the loceriun of the underground plants in densely

ponulated areas.

}.8.3. In these studics, among the various possibilities offered
by tre underground siting »f a nuclear plant, advantage
has been mainly “aken only of the rock mass bath as an
additional containment in case of major accidents associa-
ted with radicactive releases and as a2n improved protection
for the plant in case of a war attack.

With the exception of a gravity-fed emergency vater spray
system mentioned in the project of Energie Nuclé&aire S.A.,
other possibilities have not been considered.
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THE MOTIVATIONS

——————— e st

The motivations for these studies are mainly related to
safety in case of major accidents or in case of acts of
war.

However, for the first time, the psychological advantages
of the underground siting are mentioned together with the
reduction of the s<ismic loading on structures located in

rock.

Another important motivation is the siting of plants,
devised for a district hesting syscem, in highly populated

aeras as th~ town of Ziirich or the suburbs of Stockholm.

More details con the motivations are given in the preceeding

paragraphs for each plant.

In summary it can be stated that, with the exception of the
USAEC study, th¢ main reasons that have lead to investigate,
at a preliminary project stage, the underqround ziting of
these reactors are:

= the greatuer safety because of the additional level

of containmcnt given by the rock, in case of major
accidents

- a better protection against acts of war

- the possibility of siting the plants in populated
areas

Possible economic advantages of the underground siting

have also been mentioned.
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CONCLUDING REMARKS

In this chapter, some of the main studies per’ormed on the
underground sitiny in the late fifties have beer examined.
The majority of these studies have been carried out in
Switzerland and Sweden.

A summary of the most significant characteristics of these

studjes is given in TaL. 3 - 1.

All these early studies are relative to the rock cavity
alternative with the two main variations, hillside and
deep below the surface. The possibility to have the plant

totally or partially underground has also been considered.

Mainly as a consequence of the motivations, in thiese studies
o1 the underground siting advantage has been taken only of
the additional level of containment given by the rock.

Other possibilities given by the inherent characteristics

of this type of siting have not been taken into account.

The main distinctive preculiarity of the studies performed
in Switzerland and Sweden is their character of preliminary
project.

It should be noted that some of these studies have actually
contributed to the construction of the Lucens and of the
Rgesta plant.

Only the study performed by USAEC has not thf{ character-
istic being only meant to assess, together with site re-
quirements, advantages, disadvantages and cost penalties
of the underground siting.
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}.1.1.

1.1.2.

INTRODUCTION

After the construction of the four european underground
nuclear plants, due to a better understanding of the
nuclear phenomena and to the increased level of safety of
surface plants, very little interest has been shown for

the underground siting concept.

In these past years, however, several factors have renewed
the interest for the underground siting as a real alter-
native to surface siting.

Aamong these factors we can mention the decreasin¢ number
of suitable sites above ground, the increased difficulties
in obtaining site approval by the licensing authorities,
the increasing opposition to nuclear power, the possibili-
ty of utilizing the waste heat for district heating systems

and the possibility o urban siting.

As a consequence, studies meant to evaluate the feasibility,
the economic impact and the potential safety advantages of
the underground siting have been undertaken ir various
countries.

The main studies performed in these last years in the USA
are shortly described in this chapter.



4.2. +HE HARZZ ENGINEERING STUDY

4.2.1. The study of the Harza Engineering Company was performed
as an in-house investigation in 1970.

For the study, a twin 1000 MWe BWR plant has been chosen.
The design of the underground plant has been carried up

to a point where the costs of the underground siting could
be estimated (Ref. 4 - 1, 4 - 2).

4.2.2. The twin BWR units are located as shown in Fig. 4 - 1 in
an underground rock chamber about 135 m below the surface.

Turbines, condensers, generators and related equipment are
in two buildings located in a pit excavated to a depth of
about 45 m below the surface. The chosen configuration of
the turbines building is such that the roof is approximate-
ly at ground level.

Steam linec extend from the reactors through vertical shafts
to the turbines building.

4.2.3. The reactor hall is about 25 m wide and has a total length of
about 168 m.

The maximum height of this chamber is at both ends, where
the reactors are located, and is about 73 m. In the center
of the hall, instead, the floor level is stepped up so that
the height of the chamber is about 21 m,

Fig. 4 -~ 2 shows the gensral reactor arrangement.
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). 2.4,

4.2.5.

Reactor auxiliary systems are mainly arranged as in above
ground plants. MNowever, space that above ground would
normally exist outside the containment on the sides of
the ciiamber i3 redistributea in the length of the under-
ground chamber. In this way, the span of the cavern can

be kept within the limits of existing msn-made cavities.

Trhe building housing the turbines and related equipment is
abcut 80 m wide, 210 m long and extends to z depth of 45 m
below the surface. This building is shown in Fig. 4 - ],

Access to the ur.crground chamber is provided by five
shafts extending downward from the turbines building.

One shaft, about 7.5 m in diameter provides access for per-
sonnel by means of an elevator and stairs and contains con-
trol cables. The steam and feed water pipes pass through
two shafts about 6.5 m in diameter. A shaft about 8.1 m in
di-aeter, which runs at tire center of the »nderground
charber, is used during construction for lowering egquipment.
The flfth shaft, about 4.5 e in diameter is connected to a
stack on the surface.

To avoid problems lowering the reactor vessel in one pieve
in the underground hall through a shaft, sentionng of the
vessel, fabricated above ground, should be assembled in
place.

The excavation volume for the shafts and tunnels and
galleries is about 1900 ml, while the excavation volume of
the reactor chamber 1s about 23 000 - 30 000 m> depending
on the chosen configuration.



All the excavation, including the pit for the turlines
building {(about 76 500 mj), concreting, installation of
cranes, elevators, drainage systems, etc. would require
l ¥y2 - 2 years. This estimate is based on an excavation
rate of about 76.% m3 per day during 25 working days per
menth.
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Fig. 4 - 4 Construction schedule

4.2.6. According to the study, an underground plant should be lo-
cated at a depth where the groundwater pressure will ex-
ceed the maximum design pressure avoiding, in this way, the
possibility of fission products escaping to the atmosphere
through fissures in the rock overburden.

Therefore, the roof of the underground cavities should be

located between 45 and 75 m below the groundwater table.

4.2.7. The main advantages of the underground siting are considered
to be:

- superior biological protection



- superior centainment

~ better protection agiirst external events, natural
and man related, including earthguakes and

sabotage
- improved cesthetics

- possibility of siting the plant in highly
populated areas

- reduction of transmission costs locating the

plant near major load centers.

Another advantage claimed by the study is the possibility
of sealing the containment in case of major accidents or at

the time of decommissioning.

The incremental cost of undergrounding two 1 000 MWe BWRs

is about $ 10/KW for a plant such as that previously des-

cribed. If the plant is totally located underground, i.e.

also the turbines are in rock caverns, the additional cost
is about $ 18/KW.



THE BECHTEL STUDY

This study was performed for Southern California Edison
Company in 1970 (Ref, 4 - 3). The investigation considered
the technical, economical and licensing feasibility of a

1 100 MWe nuclear power plant for an underground location

at a Southern California site.

The aim of this study was to establish a design concept
for an urban site that could provide maximum public safety
and have an excellent chance for public acceptance and

approval by the requliatory authorities (Ref. 4 - 1).

The study is based on a 1 1460 MWe four-loop PWR.

Basic criteria for the proposed laycut are that all safety
related components and equipment be located undergrournd
and that the plant be designed for "near zero radiocactive
release”. As a consequence of these criteria many inno-

vations have been included in the design.

A specific site was chosen for the investigation. In this
site the groundwater table is at or just a few centimeters
below the natural ground level. This fact together with
the site material (dense sand below marsh land) have lead

to consider not feasible to construct a deep, completely
underground facility.

Therefore the embedment depth is such that the reactor
building roof is approximately at ground level.
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4.3.4.
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The undergsound building consists of a double cylinder
structure about 70 m in dizmeter and 72 m high

(Fig. 4 - 5}).

With the exception of the bott¢m, the primary containment
is surrounded by a secondary containment which includes
also the space above the primary containment.

The primary containment hnuses the NSSS and the secondary
containment houses all systems and equipment handling

radioactive material.

The primary containment is completely lined with carbon-
steel plates. The secondary containment has a similar
liner down to an elevation where the groundwater pressure
is higher than the containment design pressure.

All reactor auxiliary systems are located in the reactor
building.

The fuel pit is also located within the primary containment
while the cask handling pit is in the secondary containment.
The pressure, in this containment, is maintained below
atmospheric.

Control rooms, anxiliary feedwater pumps and diesels are

located in the reactor building.

Many ipnovations have been incorperated in the design as,

for instance:

- a chemical air revitalization system provided in
the secondary containment so that the need for
purging exhaust air to the environment can be
eliminated,
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~ a charcoal filter cleanup system lccated in both
containments providing "an optimum arrangement
for post-accident fission product removal®
(Ref. 4 - 3},

= steam generator relief suppression pools.

A layout in which the turbine plant was supported by the

reactor containment has also been investigated.

Three construction methous have been investigated for the
underground reactor building: freeze walls, suuk caissons

and the slurry trench technique.

While all these methods are considered feasible, the
freeze wall technique has been considered the most attrac-
tive because of advantage in cost and schedule for the

chosen site.

The main advantages of the underground siting are con-
sidered to be:

- improved biological shielding because of the
surrounding soil and water,

- Dbetter protection against external events in-
cluding flooding, fires, missiles, explosions,

aircraft crashes and earthquakes,
- better protection against acts of sabotage,

- reduction of leakage possibility because of
the soil loads and the water hydrostatic pressure.,



fig. 4 - 6 Underground reactor buildling arrangement: plan
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31.7. The cost increase of this underground plant is about 50 %
of the cost of a conventional surface PWR. The time re-
quired to build such a plant, including licensing is con-
sidered to be about 15 years.
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. 4. THE ACRES-UNITED ENGINEERS STUDY

1.4.1. The study was performed by United Enianeers and Constructors
Inc. and Acres American Inc. between 1970 and 1972 as an
in-house study (Ref. 4 - 4).

All information summarized hereafter is taken from Ref. 4 - 4
tO 4 - ?-

1.4.2. The study is based on a 1000 MW PWR plant similar to Indian
Pcint 3.

The whole plant, with the exception of the switchyard and
administrative buildings, is located underground, about
90 m below grade in a competent igneous rock mass

(Pig. 4 = 7).

The apprcach taken in this study was tc separate, as much
as possible, the nuclear from the nonnuclear elements of
the plant. Thus the reactor containment, the fuel storage
building and the auxiliary building are located at one side
of the complex. The turbine hall, the heater bay, turbine
auxiliary equipment, transformers, etc. are located at the

other side, in long parallel cavities (Fig. 4 - 8).
The emergency diesel units are located at a higher eleva-

tion in a separate rock chamber.

1.4.3. The reactor containment is a right circular cylinder with an
hemispherical dome, about 70 m high and 42 m in diameter. A
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steel liner, backfilled with concrete, has been provided.

The turbine hall is A 30 m wide cavity lengthened at bhoth

ends to allow space for erection.

The relative position of the cavities locating the heater
bay and the transformer bay with the turbine cavern has
been chosen in such a way as to minimize the connecting
pipe runs. The circulating water tunnel leading to the

condenser in the turbine hall passes beneath the cavities.

A first stage of transformation has been provided under-
ground.

A certain number of vertical shaft penetrations to the
underground plant are required (Fig. 4 - 7).

These penetrations include ventilation ducts for the emer-
gency diesel generation, supply and exhaust ducts for reac-
tor contrainment ventilation, personnel and material ota-
vators, ventilation of the turbine hall and associated
cavities, cables ducts from the transformer callery and the
circulating water tunnels to the turbine hall.

An access tunnel for transport of large and heavy components
is also provided for. This tunnel, constructed at about 7°
grade, is 1850 m long and has a diameter of about 10 m.

The provision of rapid sealing and isolation systems to iso-
late all shaft and tunnel penetrations in case of accidents
is congicered leasible.

Water seals systems have also been suggested as well as the
possibility of flooding the reactor cavern as ultimate safe-~
guard.
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4.4.5.

4.4.6.

According to the study, in order to have a self supporting
roch arch in a cavity, a rock cover in the order of twice
the maximum cavity span is renuired. Therefore, in general,
a 90 - 100 m cover is probably a reasonable assumption,

both in terms of technical adequacy and economic factors.

At that depth, the groundwater pressure, if any, should
also be higher than any possible accidental overpressure
within the underground containment, avoiding in that way

an outflow of radiocactive contaminants.

For what concernes the seismic problem, the study suggests
the interesting possibility of modifying certain aspects
of the internal plant layout to allow the bracing of
equipment and structures to the bedrock over their full
height, thus avoiding the effects of amplification through
the height. This fact could also have an economic

importance.

The main advantages of an undergrocund location are con-
s.d2red to be:

- immunity to surface phenomena

- modified and lessened seismic lecading

- additional level of containment (up to two orders
of magnitude in inventory reduction of a radio-

active release)

- possibility of urban siting with teduction of

exclusion area and savings in transmisgion costs

- simplification of plant decommissioning problems



Problens can be foreseen for what concernes:

- escape routes for personnel

- high-pressure condensers

4.4.7. It has been estimated that an underground plant will take
2 ¥2 years longer to complete than a surface plant. The
costs of undergroundin¢ are estimated to be 5 to 20 %

higher than for a surface plant.
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THE STONE AND WEBSTER STUDY

This study was performed in 1971 to investigate the feasi-
bility of the underground siting, the advantages and dis-
advantages of the concept and its costs (Ref. 4 - 8).

Two different approaches have been proposed.

The first is a plant totally underground in which the
entire installation, including the turbogroup and auxiliary
facilities, is located in a series of underground caverns.
The secofu is & near surface plant, built with the cut and
cover technique, with the reactor and some nuclear compo-
nen's located underground but near the surface while the
turbogroup and other conventional porticns of the plant.
are located above ground.

In both concepts the switchyard is located at the surface.

The 3tudy takes as reference a BWR with a power rating in
the order of 100 to 500 MW, Figs. 4 - 1 to 4 ~ 12 show
the proposed layout for the plant totally underground.

The reactor is located in a cylindrical cavern with an
hemispherical dome. The diameter of this cavern is about
46 » and the height ahout 73 m.

The turbogroup is located in a rectangular cavern with an
arched roof about 30 m wide, 122 m long and about 40 a high.
The layout of the turbogroup is quite conventional, with
the condenser axial witn the turbine to provide space for
tubes withdrawal.



The contrel rocm is located in this cavern, at the reactor
end of the cavity. Below the control room there is the

switchgear.

On one side of the turbine hall there is the water treat-
ment and radwaste bu.lding in a cavern 76 m long, 15 m
wide and about 25 m high.

On the other side of the turbine cavern there is a trans-
former gallery housing the main power start-up transformer.
High tension cables will reach the surface through a
system of vertical shafts leading directly to tho surface
or through shafts to the access tunnel and then along this

tunnel.

Emergency diesel cgeneratores are located in a separate

cavern.

Access to the underground plant is provided by a tunnel con-
structed at about 10 % grade. The tunnel reaches the tur-
bine hall at the elevation of the operating floor and, after
beinc graded upwards, the reactor cavern at the elevation

of the chargirg room floor.

A secondary branch of this tunnel reaches the basement flocrr
level of the water treatment and radwaste building. A con-
struction adit goes from this branch to the bottom of the
reactor containment.

Oth=:t tunnels connect the various caverns at gseveral diffe-
rent levels to tacilitate excavation and equipment erec-~
tion.
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Fig. 4 - 11 Stone and Webster study: section A-A

ELECTRICAL
CABLE
..,--"'-'--_"‘--.,_ SHAMFT
- -
- ~

' *
H ]
H I
' 1

] 1 ACCESS

1 ] TUuRNEL
4 '
' ]
] ]
o W |
' |

I TRANSF CRAMER
: Ay
ML ATENS
CONSTRUCTION & PIPING
ADIT |

g

———

¥
4
]
'
]
]
]
¥
+

Fig. 4 -~ 12 Stone and Webster study: section B-B

- o o o



4.5.5. The plant located partially underground is, for what con-

4.506.

4.5.?.

cernes the layout, more similar to a surface plant than

the plant totally underground.

While the alternative completely undergrouvnd requires
good rock quality to allow caverns with the required
spans to be excavated, the near surface concept is con-

sidered adaptable to a greater variety of soil conditions.

Suzitable for this underground siting concept are rock or
rock-like materials in which excavations with near verti-
cii walls, about 46 m in diameter and 46 m dzep, can be
made. Therefore, such a plant could also be constructed in

mudstone, siltstone, etc.

According to this study, the main advantages of the under-

ground siting are:

- improved public acceptance

- safety against external hazards such as tornadoes

or aircraft crashes

- improved characteristics for design against

earthquakes.

In fact, bracing structures against the cavern walls re-~
A 2¢s the earthquake !oadings allowing also savings in

equiprent and structures.

The underground siting is considered more expensive than
surface siting but only by a modest amount.
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4.6.1.

4.6.2.

THE CLINCH VALLLY STUDY

The report of the Clinch Valley study (May 15 - June 2nd
1972) suggests a scheme based on covering an above ground
plant with crushed rock and earth backfill (surface mounded
nlant). According to the report "this ccntainment system
appears to have many of the advantages of the undercround
siting without many of the disadvantages, including hich
additional costs” (Ref. 4 - 9).

The plant is based on a 1000 MWe LMFBR (Fig. 4 - 13, 4 - 14).

The reactor building is cylindrical in shape, about 30 m

in diameter, with a hemispherical dome. The building
extends about 18 m below grade and about 30 m above grade.
In this concept, an identical separate building houses the
intermediate heat exchangers {(IHX) and the steam generators.
All the oilher buildings, covered by the backfill, are hori-
zontal cylinders or hemicylinders with diameters varying
between 12 and 18 m,

Connecting tunnels, through which vehicles can circulate,

are cylinders about 6.5 m in diameter.

All the buildings directly connected to the reartor buil-
ding or containing radiocactive materials are buried. There-
fore, fuel handling building, radwaste systems, turbine hall
etc. are covered by the backfill.

The cover of all the buildings is a crushed rock and earth
mound appro:-imately 60 m high and with a radius of about
180 m, containing 2.3.105 m3 and costing about $ 3.106. The



Fig. 4 - 13 Clinch Valley study: vertical section
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Fig. 4 - 14 Clinch valley study: plan



4.6.4.

weight of the cover poststresses the containment struc-
ture to resist internal pressure, reducing the require-
ment for prestressing steel. The slope of the mound is
3 : 1.

The advantages of this type of underground siting are con-
sidered to be:

- immunity to surface ohenomena

- reductizan of consequences of catastrophic accidents,
the fission product inventory released being de-

creased by three or four orders of magnitude

- improved protection against overpressures because
of the backfill and the buildings shape

- improved aestethics
-~ possibility of urban siting

- reduction of land reguirements because of the
reduction of the restricted and/or exclusion
areas

- reduction of transmission costs being possible
to locate the plant close to load centers.

Moreover, the construction above the groundwater table eli-
minates the danger of accidental flooding caused by a
failure of cooling water pipes or structures and permits

an easy control of the drainage systems.

Catastrophic events leading to an unrepairable condition of
the underground plant have a relatively easy and inexpensive
plant burial option with this type of construction.



4.7. THE AEROSPACE CORPORATION STUDY

4.7.1. This study (1972), jointly sponsored by the Aeros;ace
Corporation and the Environme.tal Quality Laboratory of
the California Institute ¢of Technology, Pasadena, was
meant to provide information for an evaluation of novel
siting possibilities of nuclear power plants in Califor-
nia {(Ref. 4 - 10).

The study is based on 1000 MWe LWRs (both BWRs and PWRs
are taken into account). The underground siting alterna-

tive examined is the rock cavity plant.

4.7.2. The equipment associated with typical surface nuclear
power plants has been located in four main underground
cavities for both pressurized water reactor and the boiling
water reactor.
The four caverns are the reactor cavern (housing the NSSS),
the turbine generator hall, the auxiliary systems cavern
(itncluding fuel storage, radwaste storage, etc.) and a
cavern housing the control room, the standby diesels, the

switchgear, etc.

Three different underground plants have been examined.

Two of these are a straightforward adaption of surface PWR
and BWR plants t¢o the underground site. The third consists
of a reconfigured BWR plant in which the pressure

suppression emergency system has been eliminated reducing
in that way the cavern excavation volume.

Besides these siting alternatives concerning plants totally
underground, a concept with surface turbine generators
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(plant partially underground)} has also been examined

4.7.3. A main design assvmption for the study was to retain un-
altered the NSSS and turbine generator shape and dimen-
sions, ensuring in that way that the operation and the
performances of the plant would be very close to those of
a surface plant.

Another important assumption was to limit the span of the
underground cavities to less than 36 m and, when possible,
to about 20 =,

4_.7.4. As previously stated, the whole plant is located in four

large underground cavities.

The orientation of the major cavities is such that their
axes are parallel., A single elcvatirn layout has been
adopted, resembling more closcly te a surface plant.

The caverns are separated by a rock thickness slightly
larger than one half the span of the largest underground
chamber. A minimum -“ock overburden of 4% - 60 m is re-

commended for structural reasons.

4.7.5. The PWR plant configuration is based on a Combustion Eng.

NSSS because of the shorter cavern span required.

The reactor hall is in a rectangular cavern about 37 m long,
19 m wide and about 42 m high (Fig. 4 - 15 to 4 - 17).

The emergency core cooling and containment spray pumps and
valves are located in the auxiliary systems cavern. This



cavern is about 80 m long, 16 m wide and about 30 m high.
The st ck used to discharge gaseous waste has been re-

placed by a freon cryogenic system.

A departure from the refence design is given by the in-
creased length {about 15 - 30 m) of the fuel transfer
tube between the reactor and the spent fuel pit located in

the auxiliary systems cavern.

The turbine generato: cavern is the largest excavation of
the plant. This rectangular cavern is about 109 m long,
28 m wide and about 30 m high.

Feed water heaters and fresh water condensers have been
located in separate rock chambers adjacent to the turbine
hall (Fig. 4 - 18).
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Fig. 4 - 18 Turbine generator cavern



4.7.6.

4.7.7.

Access to the plant is through vertical shafts, also used

for ventilation and cables connections to the surface.

The design of the "minimum modified"” BWR uses the inverted
light bulb shaped drywell design with dimensions derived
from the Quad Citics and Brown's Ferry plants.

The design includes a reconfiguration of the toroidal
suppression pool storage tanks and drywell interconnecting
pipes. Some equipment has been reorientated to fit the shave
of the underground reactor hall.

The rezctor cavern is rectangular in shape (Fig. 4 - 19, to

4 - 20)and is 65 m long, 2)m wide and about 55 m high.
The turbine hall has been sized on a GE design. The span

ol the turbine cavern varies between 25 and 30 m, with or
without the turbine radiation shield.

The reconfigured DWR plant was developed to reduce the

caverns excavation volume »nd to utilize the inherent

strength of the rock for containment.

The reactor is in a lined cylindrical cavern, about 20 m
in diameter and 34 m high (Pig. 4 - 21, 4 - 22). A chamber
excavated above the reactor allows handling of equipment
with a crane. The chamber width is about 20 m.

Separate chambers adjacent to the reactor cavern contain
the control rod drive and the emergency core cooling equip-
ment.



4.7.8. For the siting alternative with the turbogroup above
ground {Ref. 4 - 11}, a PKR and a reconf_gured BWR have
been taken irto account.

For the PWR, the surface NSSS was repackaged to permit
installation within a rock chamber with a maximum span of
about 20 m.

The plant is in faour caverns, the reactor cavern (46 m
high, about 20 m wide, 17 m long}, the auxiliary equip-
ment cavern, the electrical building and _.he ECCS pumps
cavern.

Main difference with the reference plant is that the spent

fuel is handled through the reactor caverrn access shaft.

The reconfigured BWR plant is also located in four main

cavities (Fig. 4 - 25, 4 - 26). The pressure sup;ression
tanks have been modified and the drywell shape has been

changed in a vertical right cylinder.

The reactor is locatzd in a cylindrical well 26 m high and
20 r» in diameter. Above the reactor well there is an exca-
vated volume, rectancualar in shape, occupied by the refuel-
ing channel, the fuel handling equipment and a crane.

The overall dimensions of the reactor ca.ern are 62.5 m
height, 20 m width and 52 m length.

The rock is used as conctainment structure to withstand

pressure rises.

4.7.9. Advantages of the underground siting are considered to be:

~ grater safety ln case of major hypothetical
accidents

- fimproved protection against external events
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Fig. 4 - 19 Minimum modified BWR reactor cavern: vertical

section

215' .

Fig. 4 - 20 Minimum modified BWR reactor cavern: plan
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- reduction of seismic loadinys

reduced surface area requirements

improved aesthetics

4.7.10 The cost increase of the underground plants {(in 1971 dollars)
has been estirated to be between 5 and less than 10 %

($ 14 - 16/Kw} for plants totally underground and about
4 % ($ 8 - 9/Kw) for partially buried plants.



4.8. THE LAWRENCE LIVERMORE LABORATORY LTUDY

4.8.1. Two reports published by LLL in 1973 and 1974 (Ref. 4 - 12,
4 - 13) suggest the "cut-and-cover” technique for under-

grounding a nuclear power plant.

With this technique, massive rock formations are not re-
quired: the reactor containment can be constructed in
nearly any geological medium with conventional construc-
tion techniques. Containment of radioactive material can
be best obtained by covering the underground structures
with a material having a known and c¢ontrollable permeabili-

ty and porosity.

The study focused on the underground siting as a means of
eliminating the release of radioactive products to the
environment as a result of a major hypothetical accident,

an earthquake or some other unsusual occurrence.
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Fig. 4 - 27 LLL Study: plant layout
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4.8.2.

4.8.3.

The study is based on a 1100 MWe PWR. In the proposed con-
cept the NSSS is located underground at a depth of about
100 m.

This depth has been chosen in such a way as to provide a
static pressure capable to counterbalance the peak de-

sign pressure.

The containment is a concrete cylindrical structure with

a dome with an internal diameter of about 28 m and an
internal height of about 55 m. Tha thickness of the cylin-
drical walls is about 1.5 m.

The turbine building is also located underground but at a
different elevation (Fig. 4 - 27).

The containment is connected to the surface through an
access shaft for personnel and equipment about 3 m in dia-

meter.

No detailed information regarding the plant layout ({as for
instance, the location of the auxiliary building or the

fuel handling building) is given.

The depth of reactor and turkine burial, the excavation
slope and soil type have been taken as variable parameters.
Containment structure design, heat and pumping losses
according to various elevation differences between reactcr
and turbine, seismic and overburden effects together witn
the performances of the backfill as a reservoir for radio-
active releases and as a filter and absorber are among the

main topice investigated.

In garticular:

- no new technologies are required for undergrounding
the plant
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- the shock stress required to rupture a buried
containment doubles as compared with a surface

structure

- locating the turbine and related equipment at
the reactor level may result in unreasonable
operating costs. Therefore, turbine, generator,
condenser etc. should be located at or near the

surface

~ the pressure losses in the steam line are esti-
mated to be less tham 1 % of the initial pressure.
The heat losses are less than 0.04 % of the gross

electrical output under worst-case assumptions

- the static overburden loading produces stresses
that are generally much greater than those pro-

duced by the examined earthquake loading

- the presence of a low permeability layer over
the containment prevents leakage to the atmophere

even under "worst case” conditions

- a serious accident does pot present a threat
of atmospheric or in situ earth contamination
resulting from a complete failure of the reactor

containment stiucture (Ref., 4 - 12)

Based on LLL experieace with underground detonaticns of
nuclear devices, the study states that "closure systems
for all reguired penetrations of the reactor structure are
entirely practicable” (Ref. 4 - 12)



1.8.4.

4'8.5.
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According to this study the advantages of an underground

nuclear power plant are the following:

- extreme protection against tornadoes and falling

objects

- improved containment of radioactivity in case of

extreme hvpothetical accidents
- greater biological shielding
- improved aestethics

-~ possibility of urban siting with savings in power

transmi-szion costs,

Moreover, if compared with a rock cavity plant, this type
of siting has a unique advantage: the permeabjlity and the
porosity of the backfill material can be controlled in a

reliable manner.

The cost penalties associated with the pit excavation and
an appropriate reactor containment structure are estimated
to be considerahly less than 5 % of the cost of an equi-
valen* surface 1100 MWe plant.



4.9.

4.9.1.

THE CALIFORNIA POWSR PLANT SITING STUDY

This general study on the siting of electric power gene-
rating plants in coastal zones or in inland locations in
California was performed in 1973 by Helmes & Narver Inc.
for the State®s Resources Agency {(Ref. 4 - 11).

The study has identified regions acceptable for three
potential siting concepts for nuclear power plants: above
ground, underground and offshore. Site characteristics
peculiar to these concept options have also been identi-
fied.

The following site characteristics have been taken into

account for the uncderground siting:

- mnassive igneous rock, in a relief exceeding 90 m,

within 1 to 1 ¥2 miles from the coast

- massive sedimentary rock, in a relief exceeding

90 m, within 1 to 1 ¥2 miles from the coast

- unconsolidated materials, on a low elevation beach,

near the coast

- nonmassive or poorly cemented rock ir a hill within

l to 1l ¥2 miles from the coast

- massive igneous or sedimentary rock formations in
a faulted zone, in a relief exceeding 90 m within

l to 1 ¥2 miles from the coast.

Both mined rock cavities (with horizontal access) and the

cut-and-cover technique have been considered.

For the underground siting of nuclear power plants, the
study is based on a 1100 MWe LWR. All plant components &aad

equipment are similar to those of an above ground piant.



4.9.2. The plant located in massive igneous rock is, with the

exception of the pumping station and some vent structures,
completely located underground.
The rock overburden is 45 to 60 m thick to ensure a suffi-

ciant safety factor against atmospheric releases.

The plant is constructed in six underground caverns

(Fig. 4 - 28) housing respectively the reactor containrment,
the fuel and auxiliary bqilding, the turbine-generator
building, thr.: electrical building, the control building

and the administration building.

The containment cavity has a span of 2bout 43 m and is
lined with a concrete layer about 30 cm thick and with
steel plates 6 mm thick.

Piping and peretrations as well as the equipment hatch have
been relocated arcund the containment mainly to minimize

connections length.

The fuel handling building and the auxiliavy building are
located in the same cavern. Components and equipment are
the same as in the reference plant also if they may be

arranged differently.

The turbine-generator hall has a span of about 40 m.

The turbogroup is, with minor exceptions, (as the relocation
of some equipment to reduce the cavern span) of conventional
design. The length of this cavern has been extended about

35 m to accomodate various items as two diesel generators

with fuel tanks, the compcnent cooling system heat ex-
changers, batteries, etc.

Access to the underground plant is through five access roads

(Fig. 4 - 28)., Five plant ventilation structures are the



4.9.3.

4.9.4.
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other plant connections with the atmosphere. This layout
is similar to that of the plant located in massive

sedimentary rock.

The plant ir unconsolidated mat rials is base. mainly orn
the Bechtel Study described in § 4 -~ 3.

The entire plant will be buried with a cover about 1 m
thick over all buildings in a large nit backfilled with

the excavated soil (Fig. 4 -~ 29}.

The plant is constructed with all equipment and systems
nokmally found in the containment, fuel building, auxiliary
building and control room locaced in one large cylindrical
structure 70 m in diameter and about 72 m high,

The offices ard workshop building and the electrical
building are also cylind:zical in share to better resist
soil pressure. The turbine-generator building is rectangu-

lar because of constraints imposed by the equipment.

The buildings are separated a minimum of 35 m to allow

enough room for the freeze wall construction operations.
Access between buildings is through & m diameter reiuforced

concrete tunnels. The main access tunnel is 9 m in dia-

meter.

The plant built in nonmassive and poorly cemented materjals

is represented in Fig. 4 - 30. The facility is bullt with
the cut-anpd~cover technique and has a layout similar to the

plant in inconsolidated materials, previously described,

Algo in this case the bhackfill thickness is about 1 m.
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Fig. 4 - 30 Underground plant in nonmassive poorly cemented materials



4.9.5. The layout of the plant in massive faulted rock is simi-

4.9.6.

4.9.7.

lar to that of the plant located in masive igneous or

sedimentary rock.

In tihis case, however, the rock is not used as the ou:er
buildings wall. All buildings are infact constructed in
undergyound caverns in which the rock domes and walls are
excavated to provide a rattlespace around all buildings
and lines to prevent damages from shifting foundations in

the event of a fault dislocation.

The conclusions of the study are that the technologies
required for design, excavation, construction and operation
of an underground nuclear power plant are within the

present state of the arrt.

For the rock cavity plants, advantages are the protection
from surface influences, the additional containment pro-
vided by the rock, the reduction of ground motion in case
of an earthqguake.

Disadvantages are considered to be the longer construction
time, the increased costs, the longer piping and cables

rurs and the increased ventilation requirements.

For the pit sited plants the notentlal advantages are
considered to be the same as for the rock cavity plants.

An additicnal advantage for this tvpe of siting is the
greater number of pu.ential sites.

The disadvanrtages are mainly related to the need for strong

struc ‘ures to withstand the backfill loads,

The study has made an evaluation of the siting concepts
taking into account the following main factors: cost factors,

environmental impact, feasibility and risk.



The following table gives the overall acceptaonility of

each siting alternative examined by the study.

Acceptabiliy

Title ) Values
Aboveground - nlamnd ! 0.779
Aboveground-Floating, Lagoen ! 9.76:
Abswaground-Hiltside H 0,758 §
Abovegromnd- Low Profile : 0.67¢ :
Aboveground - Constal i 0.957 ;
Offehore-Floating, Deep 1 0,649
Underground -Nonmassive, Pooriy ; 9,642

Cemeated Materisle :
Offahora-Artificist lsiand ? 0.63?
Otfabore-Floating, Shallow i 0.063¢ i
Olfsbore-Tuned Sphere i 0.6)7 ;
Underground -Massive Sedimentary Roch C.t03
Offsbore-Natursl lsland ; 0. 581
Ofishora-Underssa ' 3,549 !
Undarground-hMassive Igneous Rocik 0,%40 !
Uaderground-Unconsolidsted Materisis, | 0,522
Beach

Offshore-Seabed : 3.502 :
Underground-Maseive Lock, Faulted 1 Q.49+ i

Table 4 - 1 Nverall acceptability of the siting concept



4.10. THE SANDIA STUDY

4.10.1. This general study, published in 1977, has been performed
by Sandia Laboratories for the Nuclear Regulatory Commnission
to investigate the potential of improving nuclear safety

by siting nuclear power plants underyround (Ref. 4 - 15},

For this investigation two undergrouiid siting alternatives
have been taken into account: the rock cavity alternative

and the pit siting.

The main factors evaluated in the study which takes into
account three different representative sites are: con-
tainment of radiactive materials, transport of groundwater
contamination, seismic vulnerability, external protectiocn,
plant securit'-, feasibility, operational considerations,
costs and availability .f sites in USA with the required

characteristcs for the investigated siting concepts.

4,10.2. The study is based on a 1100 MWe PWR. The main assumptions

made for this study are the following:

- in the underground location, the equipment and
layout ~f the containment building are the same

as in the reference surface plant

- the volume of the underground containment cavity
is the same as that of a conventional surface con-
tainment. For rock media in which this opening
can be constructed as free-standing cavity, the
rock walls are assumed to satisfy contalnment

requirements



- the power conversion system is of standard configu-
ration. The condenser however may be designed for

high pressure.

- the depth of burial is assumed to be about 30 m
from the suriace to the top of the containment
dome. This depth is considered to be minimal to
develop a hydrostatic pressure capable to counter-

act the DBA peak pressure.

4.10.3., The study refers to different concepts namely:

- a rock cavity plant with vertical access
~ a rock cavity plant with horizontal access

-~ a pit sited plant

For each concept two locations for the pocwer conversion
system have been considered: at or near the surface and at
or near the reactor building elevation (Fig, 4 -~ 31 to

§ - 34),

Although two of the main underground siting alternatives
have been examined, the development of specific plant lay-
outs has been considered to be beyond the scope of the
study.

Therefore, as a result, the conclusions and the considera-
tions of this investigation on the potential benefits and
penalties of the underground siting are necessarily of a

very genelral nature being based just on the siting concepts.



Fig. 4 - 31 Rock cavity plant with vertical access: power

conversion systeml on the surface
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Fig. 4 - 33 Rock cavity plant with horizontal access
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4.10.4. The main conclusions of the study are that:

- the underyround siting has negligible advantages
over surface siting in case of accidents which do

not involve core meltdown

- the underground siting provides an additional con-
tainment. in case of core meltdown accidents if a
reliable sealing of penetrations and accesses can
be provided. Otherwise, the release in the atmos~
phere and the public consequence would be similar
to those of an equivalent accident in a surtace

plant with containment isolation failure

-~ groundwater contamination in case of core meltdown
may be more severe undercround than above ground
because of the greater likelihood of escape of con-

taminatad sump water

- there may be a modest reduction in seismic vulnera-
bility due to the underground siting at a reasonable
depth of burial

- the underground location nrovides an increased
protection against external events, including air-
craft crashes and acts of war. However, underground

plants show an increased vulnerability to flcoding

- the underground siting provides a negligible in-
creased sabotage protection against covert threats
or against low/medium strength overt forceful
threats. Increased protection is, instead, provided
against high strength overt threats and external
attacks by munitions. These advantages are however
of fset by a reduced flexibility in plant recovery

and damage control operation



4.10.5.

4.10.6.
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- there are no technlcal problems capable to prevent

the underground siting of a nuclear power plant.

Moreover, according to the study, the underground siting
would complicate maintenance, repair and inspection of
equipment and would hamper spent-fuel handling.
Personnel safety may be a problem especially during an

emergency.

An underground plant is more expensive than aa equivalent
surface plant because of increased costs of construction,
equipment and interest from extended construction schedules.
According to the Sandia study, the cost increase is be-
tween 20 and 40 % of the cost of an equivalent above ground

plant.

Alternatives to deep burial have also been discussed as well
as possible modifications of the design of surface plants to
obtain some of the potential benefits of the underground
siting (i.e., improved containment of core meltdown acci-
dents). The controlled venting of the containment building

is considered to be quite effective.



4.11.

4.11.1.

4.11.2.
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THE CALIFORNIA ENERGY COMMISSION STUDY

In June 1976, the California Legislature passed a law

{AB 2821) that required the California Energy Commission
{CEC} to complete within one year "a study of the

necessity for, and effectiveness of and economic feasibili-
ty of undergrounding and berm containment of nuclear reac-

tors”.

The CEC study has therefore examined two underground siting
concepts: the berm containment (pit siting) and the rock
cavity plant (Ref. 4 - 16, 4 - 17).

The berm containment study, as well as the rock cavity
study, are based on a 1300 MWe PWR as described in the
Westinghouse Resar 414. A BWR concept has also been exa-

mined in some detail.

The berm contained underground plant is represented in
Fig. 4 - 35 arnd 4 - 36.

A large dome-shaped structure encloses a separate reactor
containment building. This structure is semi embedded in

a shallow excavation and is covered with soil removed from
the pit.

This design has been chosen to minimize the price of the

excavation and of the backfill.

The configuration of the external structure with its
cylindrival cross section and hemispherical dome was selec~-
ted on the basis of its efficiency in withstanding the
static loads of th  backfill and in resisting the large



seism’c loads associated with the 0.5 g peak surface

accelerations.

A free-standing containment building is entirely enclosed
within the dome-shaped external construction resting on

a common mat foundation structure.

The turbogroup and associated systems are located above

ground.

4.11.3. The dimenrsions of the external structure {about 94 m i.d.,
about 70 m internal height with a wall thickness in the
cylindrical section of 4.9 m and 1.9 m at the apex of the
dome) have been chosen in such a way as to house all equip-
ment normally located in the auxiliary building and in the

fuel handling building.

Sufficient space has also been provided within this struc-

ture to house the control room and related cables.

Piping, cabling and ventilation lines between the surface
and the underground structures have been provided through
tunnels connecting the external auxiliary structure with
the turbine-generator building above grond.

Penetrations and doors for these tunnels are provided with
seals to prevent radioactive leakages from the external

structure in case of a failure of the reactor containment.

A fuel handling and storage facility for both fresh and
spent fuel is located in the underground auxiliary build-
ing. Access for fuel shipment has been provided by means of
a short tunnel.
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Fig. 4 - 35 Outline drawing of the CEC berm contained underground p
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4.11.4.

The rcactcr containsent structure has ot been significant-
ly modified.

A modest reduction of the seismic loads in the undergyround
location has allowed the underground containmeat to be
designed with slightly thinner walis (about 1.3 r. at the
¢ylindrical section and ¢.9 v at the apex of the dome

instead of 1.8 mand 1.2 » respectively).

The backfill thickness is about 15 m.

A mitigation system for major hypothetical accidents has

been proposed.

24 pipes about 30 cm ir diameter are routed from the lower
levels of the reactor containment building, throuch the
massive concrete basc rat (about 4.9 & thick) to a con-
crete header structure completely encircling the outside
of the auxiliary structure.

Three parallel connected burst disks isolate the reactor
containment from each of the 24 pipes leading to the
header structure.

The header contains a rock heat sink and a filter medjurm
(gravel ind stones) for the gases and vapours released in
a major accident. A vent stack containing additional
filtering materials connects the underground rock-hbed
filled header to the surface.

This mitigation system has two main functions. The first
is to prevent an excessive pressure and tesperature build-
up in the containment building avoiding in this way an un-

controllable failure of the containment structure.


http://containne.it

The second functicn is to provide 3 controlled release
path for the radioactive gases ard vapov .rs to the atmos-

phere.

Another concept in which the radiocactive release is led
to an expansion volume in a rock bed around the lower

part of the auxiliary building has also been proposead.

4.11.5. The plant in rock cavities is also based on a Westinghouse
1300 MwWwe PWR

This plant, of the hillside type, has also the turbogroup
located underground (Fig. 11 - 37 and 11 - 38}).

The plant is located in four major caverns oriented parallel
to a postulated tectonic stress field within the rock

(Fig. 11 - 37). Every cavern is separated from another by a
distance about egual to the largest adsacent cavity span
(about 30 m}.

The reactor caveirn is located about 250 m inside the hill
housing the plant with the operating floor at about the
same level as the external grade at the mair access.

At this locatior, the reactor cavern is about under 90 m
of rock. About 30 m are supposed to be weathered rock and
the remaining 60 m to be solid, competent rock.

The dimensions of this rectangular cavity with an arched
roof are about 65 m height, 30 m width and 58 m length.
Even if built as a freestanding cavity, the cavern is lined
with concrete about 1.0 m thick and with steel plates.

In case of an accident the reactor cavern would function

as the primary containment structure.

The turbine-generator and transformer caverns are located
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near the ac¢cess to the underground facility in order to
reduce the length of condenser cooling water lines and
the length nf electrical power cabling to the switchyard.
The turbine cavern is rectangular in shape, 52 m high,

28 m wide and 192 m long.

In order to reduce the cavern span requirements the feed-
water heaters have been grcuped into an axial extension

of the turbine generator cavern.

The plant control room is located at the other end of the
vurbine hall, to retain control and monitoring circuits

lengths which are comparable to those of a surface plant.

The auxiliary cavern houses the rad-waste processing
equipment, new and spent fuel storage facilities, the
CVCS etc.

This cavern (57 m high, 28 m wide and 140 m long) is
located at a lower elevation than the reactor cavern to
ensure that the head for tne ESS circulating pumps will

be the same as in a surface plant.

4.11.6. An accident mitigation system similar to that of the pit
siting concept has been proposed also for the rock cavity

alternative.

Two tunnels, partly filled with crushed rock from the ex-
cavatior, extending to the richt side of the reactor cavern,
provide expansion voiumes and heat sink.

These tunnels are connected to the reactor cavern through
pressure and tsmperature sensitive valves and to the atmos-
phere through a vertical shaft and a stack.

In this way, in case 2f a major hypothetical accident, a
reduction in the reactor containment cavern pressure can be

achieved.
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2 system in which the gases expand and cool through the
tunnels and then leak into the low-permeability rock in
which the plant is located has also been taken into

account.

4.11.7. The main conclusions of the study are that

- conventional construction techniques car be used
and no technological restrictions have been found

for the construction of both siting alternatives

- no problems are foreseen for what concerns plant

operation and maintenance

- some seismic benefits are achievable with under-
ground construction. Amplifications of seismically
induced motions for the underground structures
have been found to be substantially reduced. There-
fore, some benefits in seismic design requirements

for equipment can be expected

- the proposed accident mitigation systems have been
found to be highly effective to reduce public
health consequences.,

4.11.8. The percentage cost increases over the reference surface
plant have been estimated, including 9 % escalation, to be

approximately 14 % for the pit siting and 25 % for the rock
cavity alternative.

The construction time has been estimated to require

19 months loncer for the rock cavity plant and 22 months
for the pit siting.




4.12.

1.12.1.

4.12.2.

4.12.3.

COMPARISON AMONG THE STUDIES

Many of the studies previously described are detailed in-
vestigations meant to assess and to evaluate the feasi-
bility, the advantages, the disadvantages and the economi-
cal penalties of the underground siting,

Scme of them are however more general studies meant either
to evaluate novel siting alternatives for nuclear power
plants or to investigate the safety potential of this type

of siting in comparison with surface plants.

All the three main variations of the underground siting
concept have been examined. The surface mounded plant, the
rock cavity plant {(with both the "hillside™ and the "deep
below the surface™ alternatives) and the pit siting for

both totally or semi-embedded plants.

For these alternatives, plants totally and partially under-
ground have been investiyated and, in most cases, detailed

layouts have been developed.

All these studies, with the exception of a 1000 MWe LMFBR,

are based on light water reactors rated 1000 - 1300 MWe.

The main characteristics of these investigaticons are
summarized in Tab. 4 - 2 to 4 - §.

According to the majority of these studies, the potential

advantages ¢f the underground siting are:

~ the additional level of containment because of the
surrounding soll or rock, in case of major hypo-

thetical accidents



a better protection against external events,

natural and man related, including sabotage
- the modified and lessened seismic loading
- an improved biological protection

~ the possikbility of siting the plant in highly
populated areas {urban siting) with consequent

reduction of power transmission costs
- reduced surface area requirements
- improved public acceptance

- improved aestethics

Moreover the plant decommissioning may be simplified.

All the studies examined agree that no new technologies

are required for undergrounding a nuclear power plant.

4.12.4. The main disadvantages of the underground siting are in-
stead considered to be:
- the longer construction time
- the higher costs

- problems related with the excavation of caverns

with spans large: than 30 - 35 m,

4.12.5. Some of the potential advantages and disadvantages >f the
pit sitirg, in comparison with the rock cavity alternative,

have also been identified.



Among the advantages there is:

- the possibility to control the permeability and
porosity of the medium surrounding the plant in a

reliable way, and

~ the greater number of potential sites availablr.

Disadvantages are instead considered to be:

- the strong structures required to withstand the

backfill lo.dings

~ the longer construction time {and s»ometimes the
higher costs) as compared with an eguivalent rock

cavity plant.




4.13.

4.13.1.

4.13.2,

CONCLUDING REMARKS

The common motivation for the majority of the studies
examined in the preceeding paragraphs is to evaluate the
feasibilitv, the effectiveness and the costs of the under-

ground siting.

A summary of the most significant characteristics of these

studies is given in Tab. 4 - 2 to ¢4 - 4.

All the mai,» alternatives of the underground siting with
their main variations and combinations have been investi-
dated and plant jayouts, soretimes very detailed, have
heen developed.

Modifications and repackaging of the nuclear steam supplv
system or of other vital eguipment have beer suggested in
some studies both to reduce the cavern spans within the
limits of alre:dy existing man made cavities und to better

fit the cavern shape.

Comparison with surface plants have been made, not oniy for
what concerns the potencial safety advantages or dis-
advantages of the siting concent, but also for what con-

cerns cast penalties and increased construction schedule.

The cost increase ranges from 4 3 {Ref. 4 - 4) to 50 and
60 3 {(Ref. 4 - 3, 4 - 14). The construction time, on the
average, is estimated to be 18 to 10 months longer than for

an ecquivalent surface plant.
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NECUTEL PAR z::::.igo: shallov double cylinder
ECHTEL - et atructure
poven corp. | 1979 1100 Me reactor building roof | g'g 700 hw 72 m 50 %
at ground level
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. deep below the sur- excavation lined
ACRES= L9T0~- PWR .
face plant with concrete and $~20%
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Table § - 2

some characteristics of the main american studies (Ref, 4
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REACTOR TYPE CONTAINMERT COST INCREASE| TN
STUDY YEAR & RATING PLANT CONFIGURATIOR TYPE & DIMENSIONS |vS A SURFACE | CON
(lxvxh)m PLANT TIM
hillside piant in rock| cylindrical rock
cavities cavity lined with 19 % up
)
IALIFORNIA totally underground ;ozc:;t; stecl
i . WER PLANT — -
SITINRG 1973 LWR .
TROLMES & 1i00 Mwe | Fiant in a shallow cylindrical
NARVER) excavation concrete structure 60 %
torally underground @ T0m hsT2m
cut-and-covar cylindrical
concrete structu.re 20 % 1
totally underground de10m hwi2m
PR rock cavity plants cylindrical
d & pit sited plant | structure vith
SANDI?. 1977 | 100mMee [P P . dome 20 - 40 §
totally or partially dub2m haS8m
underground
cut-and-cover eylindrical struc-
semi-embedded ture vithin a dome
artially underground shaped structure o
PVR P y & P;» bbm hi= 68 m
CEC 1978
- ? 1300 Mwe
hillside plant in rock| rectangular rock
cavities cavity excavation 25 %
totally underground 58 x 30 x 65
Tabhle 4 - 4 Some characteristics of the maln american studics (cont
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5.1.

5.1.1.

5.1.20

INTRODUCTION

As already stated in the preceeding chapter, in the last
years, the interest for the underqround siting of nuclear

power plants has been increasing once more.

Difficulties with the opponents to nuclear power, diffi-
culties with the licensing authorities, difficulties at
political level, the possibility of utilizing nuclear
power plants for district heating schemes etc. have re-
newed also in Europe the interest for the underground
siting as an alternative to surface siting.

In Europe, the main investigations meant to evaluate the
feasibility, the potential safety advantages and the costs
of the underground siting have been carried out in Germany,
Norway, Switzerland and Sweden.

The underground siting concept investigated in detail in
Scandinavia is the rock cavity plant while in Germany the
pit siting has been selected as a siting aiternative. In
Switzerland, both sitin¢ options, the rock cavity plant
and the pit siting, have been investigated in various
studies.

In Germany and Scandinavia great importance has been given
to plant protection against acts of war,sabotage and
terrorism.

The main studies performed in these last years in Europe on
the underground siting will be described in the next para-

graphs, with the exception of the swiss studies examined in
a separate chapter.



5.2. THE NORWEGIAN STUDY (1966-69)

5.2.1. In the years 1966 - 1969 a study on the underground siting
of nuclear power plants has been carried out in Norway by
Nersk Hydro AS, the Norwegian Water Resources and Electrici-
ty Board (NVE) and the Institutt for Atomenergi (IFA}.

For this study, two reactor types have been taken into
consideration: a boiling water reactor and an advanced
gas-cooled reactor, both rated 500 MW(e} (Ref. 5 - 1).

Underground and surface locations, at specific sites, have
been investigated and the construction costs have been
compared. The chosen site for the underground plant is a
dome shaped rock formation south-west of 0slo, at the sea.
Sea water is utilized in both plants for direct cooling.

The aim of this study was to assess the feasibility of the
underground siting of nuclear power plants.

The experience accumulated in Norway in the design and
construction of underground plants, both hydroelectric
power stations and industrial plants, has contributed to
the decision to investigate this type of siting as well as
building the Halden reactor underground.

5.2.2. The layout of the BWR plant is shown in Fig, 5 - 1 and
5 - 2.

The reactor and the turbogroup are located in a single large
cavern, 125 m long, 25 m wide and with a maximum height of
70 m.



Fig. 5 - 1 Underground BWR: plant layout

| S

Fig, 5 - 2  Underground BWR: reactor and turbine hall



The reactor and the auxiliary systems are located below
the main floor elevaticn. A concrete wall, ahout 8 m high,
acts as biclogical shield for the radiation from the tur-
bine hall.

Control room, transformers and electrical auxiliaries are
located in ancther cavern (110 m x 15 m) parallel to the
reactor hall, while cffices, workshops and the switchyard

are loci ted aboveground.

Normal access to the plant is through a long tunnel from
the building housing offices and workshops.

Fuel and heavy equipment are transported through another
tunnel with access near the quay. The length of this
tunnel is about 200 m.

The stack for ventilation exhaust is located on the hill
housing the plant and is connected thrcugh an inclined
shaft to the caverns.

The cooling water intake is about 30 m below sea level and

the water outlet is by the quay, at sea level.

The total excavation velume has been estimated to be

265,000 m>.

5.2.3. The layout of the AGR plant is represented in Fig. 5 - 3
and 5 - 4.

Also in this plant the reacter and the turbogroup are
located in a single cavern, 148 m long, 30 m wide and with
a maximum height of 83 m.



5,2.4.

To reduce the cavern upan, a pod-boiler AGR type has been

chosen.

A separate cavern, parallel to the reactor hall, contains

the control room, electrical eguipment, transformers etc.

The dimensions of this cavern are 106 m length, 16 m width
and 23 m maximum height.

The main access is through a 225 m long tunnel to the
turbine side of the reactor hall. Another tunnel, about
250 m long, runs instead from the quay into the reactor
area. Branches in this tunnel accomodate the €O, storage

2
plant and the solid waste storage systems.

Offices, auxiliary buildings, workshops, the switchyard
etc. are located abcve gvound, adjacent to the entrance of
the main access tunnel.

The cooling water intake and outlet are basically the same
as those of the BWR plant.

The total excavation volume is about 275, 000 m3.

This study has also taken into account the possibility to
have multiple units in one site.

The proposed layouts for a twin 500 MW(e} BWR plant and

for a twin 500 MW(e) PWR rlant are represented in Fig. 5 -~ 5

and 5 -~ 6.
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Fig. 5 - 3 Underground AGR: plant layout
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Fig. 5 - 4 Underground AGF: reactor and turbine hall
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This study has shown that it is technically feasible to

site in Norway nuclear power plants in rock cavities.

The location and orientation of the plant caverns have been
influenced by various considerations such as rock proper-
ties, rock overburden, access and transport during excava-
tion, construction and operation. Alsoc the avrangement of
the cooling water galleries has strongly influenced the
layouts.

All these reguirements have lead to an extensive tunnel

system as can bhe seen from the proposed layouts.

The rcok overburden is in the order of 40 - B0 m.
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5.2.6. In this study the underground siting has been found ad-
vantageous because of:
- improved safety
- possibility of urban siting
- fewer restrictions on the surrounding areas
- recuced effects on the landscape

~ better protection against acts of war.

$.2.7. According to this study, the underground siting will in-
crease the construction time by 10 - 12 months and the
total construction costs, including interests, by approxi-
mately 4 %,



THE CDL STUDY

After the studles performed in the late fifties and the
construction of the Agesta plant, the underground siting
became again actual in Sweden towards 1973 because of

power production and plant protection during war time.

The war protection problem has been investigated by CDL
{Centrala Driftledningen). a joint organization of major
swedish power producers in 1974 (Ref. 5 - 2), for a BWR
rated 900 MWe, taking as reference the Forsmark plant.
Different alternatives of siting a nuclear power plant =~
with the smallest possible departures from the reference
plant - in open cut excavations and in rock have been in-

vestigated.

According to the conclusions of this study, rock siting
ensures a better war protection than the pit siting, costs
and construction time being approximately the same.
Furthermore, the impact of a rock cavity plant on the land-
scape is considered lower than for the pit siting.
Therefore, the study has been continued on the rock cavi-
ty alternative,

In a report published in 1975 {(Ref. 5 - 3), advantages and
disadvantages from the safety standpoint of a rock cavity
plant have been investigated in comparison with an equi-
valent surface plant,.

A third phase ¢f the study (Ref. 5 - 4) has further examined
some problems as safety, operation, maintenance, sabotage,

war protection, c¢sts and decommissioning.



5.3.2. The aim of the CDL study was to identify and clarify the

5.3.3.

advantages and disadvantages, from the safety point of

view, of a nuclear power plant located in rock cavities

for war protection reasons.

The following design criteria were established:

- the plant should he designe< to ensure protection
against external acts of war with conventicnal

weapons (ten ton mine-bombs)

- the plant should have at least the same safety
level of a surface plant

- the design of the plant should take advantage of
the inherent properties of a rock location to
improve safety.

Based on these criteria, four alternative plant configura-

tions have been investigated.

These configurations are (Fig. 5 - 7):

1.

4,

a reactor with complete containment located together
with the main auxiliary equipment in a sealed ¢ .vern,

a reactor with complete containment located together
with auxiliary equipment ia a cavern open to the atmos-
phere,

a reactor located together with the main auxiliary

equipment in a ¢losed cavern constituting the contain-
ment,

a reactor located in a containment directly surrounded
by the rock. The auxiliary equipment is located in a
separate cavern.



AT T

MR FILTEA

WEMTH, & TGN
SYSTEM

Tumnii TO
SUNFALE

“r

3-16

‘MEAcTOR
CayERN — )

nry ARy

~ MR LOCK

- SAFETY

#rTERRATIVE t PRACTOA  wiT-r COWPLETE COMTaSMENT
ACED Pt - =W =auThm SIS
AgrivaRy  EGUiFMERT  m o & CLOSED
LAvEAN
- T
-
. L
Rt LT Lasec s b i & -
MR FILTER -
WENIL AT
SvglEw e
TuNsg, 10
SURFAE
H - TuRiNE
G A 1OR q
B acron ==q  TauLNG cavenn
A ERY s ' —y
X .
forny ﬁ
H L} T TR
! ] SUAFACE

LI )}

ALTERNATIVE 3

Fig. 5 =

SARETT Lr5TEMS

REACTOR
AL ARY  EOLIPWENT
LOoMSTITUTING

7

MACED  OGETMER wWiTH  CENTRAL

A GLOSED CAvERR
Tt COMTAIRMENT

<
1

’,.__'..‘..Z__,._._.,_

l

©
.

@-

A4
T s
—

Zuem

R T .
ST T

AN LOCK )
TSAFLTY  SVATEWS
T mRAlvE & REC TN Wit Soman R TE Ty tarseaef MT
FLACED TAGE ™MEA  wilm  aywmiake
EJAMEST 4 & CiwERN  OFm TO

Thf  ATWRCSPHEAE

-
= o
o i o
J
! I (5 S M 3
H !
MR RILTEM N ‘ o=
|

L

vinTLATION SvSTEM

REACTOR CAVERN

MR LOCR

Tomrafy, IO

SURE.

L TuRgwE -1
ChvERR |

—J7

] [P

\ TLn
s | E I
STSTEWS - SuReace

MACTOR  PLIZED 1IN
OMICTLY  SUMROUNDED
MUTHHARY  EQUIPHENT
MMAATE  CavERms

MiEAmativ #

& COMTEINMNENT
w tel ROCH
FLALED IN

Alternative designs of a rock cavity plant



In alternative 1 the reacto: 18 located in a conventional

prassure suppression containment surrounded by a reactor
building in a cavern located abcut 50 m below the surface.
The reactor cavern is made as tight as possible and strong
enough to withstand any load from missiles, pressure and
temperature that could occur in extreme and improbable

accidents.

Connecting tunnels are equipped with locks and penetra-
tions that can withstand the same loads as the reactor
cavern. Ventilation shafts are equipped with fast+ closing
isolatior valves as all piping that penetrates the cavern.
Some safety systems are located in protected spaces near
the bottom of the reactor cavern or in other separate

Caverns.

Alternative 2 differs from alternative ) in that the reac-

tor cavern communicates directly with the atmosphere

through ventilation and steam relief channels filled with
stone beds connected with stacks on the surface. The re-
quirements for rock quality are lower than for alternative 1
since the cavern should not withstand high pressures for
long time.

Alternative 3 is similar to alternative 1 without the

pressure suppression system. Infact, in this alternative,
total reliance is placed on the cavern for containment. In
that way a full pressure containment is realized.

In alternative 4 the pressure suppression containment is in
direct contact with the rock. The hall above the reactor

building is part of the reactor cavern and will be pressur-
ized following a containment failure. Ventilation channels

are equipped with isolation valves and the connecting tunnels
with locks. All safety systems are located in separate caverns.



5.3.4. Alternatave 2 has been chosen and further investigated
giving importance to the criterion "same safety level as

above ground”.

As a consequence of the desire to use proven technology
in the underground siting the reactor cavern is open to
the atmosphere. Infact, if the cavern is sealed, certain
pipe rupture accidents may give origin to overpressures
that could be difficult to cope without important design

alterations.

The chosen alternative, rather than the others, is more
close to the design of above ground plants.

Accident scenarios that lead to small or moderate radio-
active releases abhove ground will be the same underground.
The loads on the cavern, caused by major accidents, will
be rapidly minimized since the pressure is relieved to the
atmosphere. Moreover, the releases, if any, will be at
high level through the stack and filtered by the stone
beds.

A reduction of the release by a factor of 10 is considered

realistic.

5.3.5. The plant layout is represented in Fig., 5 - 8 to 5 ~ 11l.

The whole plant is underground: reactor, turbine, auxiliary
systems, switchyard etc. are all located in caverns.

The underground layout has been developed basing on an
Asea-Atom BWR 3000 plant, The reactor and auxiliary systems
are located in three caverns while the turbine and related

equipment and systems are located in four caverns.
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5.3.6.

These caverns are orientated in the same direction be-
cause of rock mechanics reasons. The rock overburden is
about 60 m.

The plant is located below sea level and is cooled by sea
water. A location above sea level could have probably been
more advantageous in some respects but would have limited

the choice of possible sites.

The reactor is located in a building in a cavern lined
with concrete about 1 m thick to ensure the integrity of
the cavity when exposed to loads from missiles or extreme
accidents. The dimensions of the reactor cavern are 60 m
length, 48 m width and about 65 m height.

This cavern communicates with the atmosphere through ven-
tilation and pressure relief channels connected with 100 m
high stacks. Stone beds are located in these channels =
dimensioned to avoid unacceptable pressure rises in the
reactor cavern - to condense steam and filter particulate
contaminants.

To avoid ground water pressure on the concrete lining, the
rock is drained with a system of holes drilled about 10 m
behind the cavern walls.

Redundant systems as auxiliary cooling and spray systems,
diesels etc. are located in two separate caverns at the
opposite sides of the reactor cavern to achieve a good
space separation.

The control room is located in ore of these caverns.

Steam and feedwater pipes run through the tunnel connec-
ting the reactor cavern to the turbine hall. As in above
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ground plants, this tunnel has isolation valves at the
containment. A penetration seal in this tunnel eliminates
the risk of radioactivity leaking into the turbine cavern

in case of a major accident.

In case of a pipe rupture inside the penetration seal, the
steam will be vented to the atmosphere through a separate
pressure relief channel equipped with a stone bed. In the
case of a pipe rupture outside the penetration seal, the
steam will be instead vented through the turbine hall's

pressure relief system, also equipped with stone beds.

The turbine, located in a cavern 130 m long, 35 m wide
and about 47 m high, is of the backpressure type for
district heating purposes. On both sides of the turbine
cavern there are various other caverns for feed water and
preheaters, district heating equipment, the switchyard,

workshops, active waste treatment facilities etc.

5.3.7. Since the plant, as previously mentioned, 1s located below
sea level, flood protection is quite important.

The c¢ooling system of the turbine condenser and the separate
system for auxiliary cooling, for instance, are connected

to cooling water channels by siphons. In case of a large
rupture in a cooling syvstem, the siphon is automatically
interrupted because of the fall of the water level in the
channel. In case of small leaks the siphon can be broken

by air inlet through valves actuated by level control devices
in the caverns.

Begides this shutoff system, some caverns are also designed
to hold substantial amounts of water without jeopardizing
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plant safety.

Even if the plant safety systems are the same as for an
above ground plant, in the reactor cavern there is, for
long time cooling after a major accident, a water spray

system.

According to the study, a rock cavity plant has a signifi-
cant safety potential especially for what concernes hypo-
thetical major accidents. The same advantages, however,

canuot be expected in case of accidents as those normally

considered in designing nuclear power plants,

Rock siting is considered advantageous also for what con-
cernes protecticn against acts of war and other external
events and, to some extent, for the plant decommissioning.
Infact the costs of decommissioning are considered to be

apout 50 % lower than for a surface plant.

The construction time for the plant has been estimated to
be about 1 ¥2 years longer than for an equivalent above
ground plant and the cost increase, with a 10 % interest
rate, about 15 ~ 20 %,

These costs include design and exploration, excavation,
reinforcement work, groundwater control, erection in con-
fined space, additional equipment and additional admi-
nistrative and finantial charges.
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THE NVE STUDY

The Norwegian Water Resources and Electricity Board (NVE)
has carried out in 1974 - 1975 a study on the underground
siting following a parliamentary request stating that
consideration should be given to the possibility of build-
ing the first nuclear power plant in Norway totally or
partially in rock cavities to ensure power production

during wartime (Ref. S - 5).

Main objectives of the study have been to develop a de-
tailed layout of a rock cavity plant and to investigate

the safety characteristics of the siting, the necessary
construction techniques, the operating and maintenance
aspects, the costs and the construction schedule and proce-
dires.

A specific site (Haraldsfjell, near 0slo) has been chosen

to allow a realistic comparison with a surface plant.

The study is based on a 1000 MWe KWU-PWR, cooled bLy sea-

water.

The main 2ssumptions made f[or the study are the following:

= the plant should be protected against acts of war
to ensure power production during war time

- the piant should satisfy the same safety standards
of above grnund plants (in this case the west-
german safety regulations)

- in order to avoid introducing unnecessary uncertain-

ties standardized systems and layouts should be
used,



Flg., S = 12 Outline drawirg of the NVE plant
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5.4.3. The plant layout is shown in Fig. 5 - 13.

Plant buildings and components are located in four large

cavities, connected by tunnels.

The reactor building is housed in a cavern, cylindrical in
shape with a hemispherical roof, with a diameter of about
60 m ard a height of about 65 m. Systems, components and
layout of the reactor building are the same as in the
reference plant and also the same containment system, with
a double containment, has been maintained.

The reactor building is freestanding in the cavern.

The turbine cavern is 125 m long, about 40 m wide and 39 nm
high.

The cavern houses the turbine, the generator and all
auxiliary equipment necessary for the turbogroup. Plant
transformers and a high=-voltage switchgear are located in

a sectlon of the cavern.

Reactor auxiliary systems and electrical building are
located in a cavern about 160 m long. The auxiliary build-
ing includes a workshop for active components and a storage
space for radiocactive wastes, sufficient for five years
plant operation.

The electrical building is divided in four sections
corresponding to the four safety trains. The control room
is located in this building.

The forth large plant cavern contains the auxiliary equip-
ment for the power plant. The emergency diesels, the reac-
tor auxiliary cooling water pumps, the turbine cooling water
pumps , make-up water treatment egquipment, workshops etc.
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are in this cavern about 210 m long.

A separate cavern houses the emergency feed water systems.
The complete control equipment for these systems, as well
as an auxiliary control room are located in the same

cavern.

Access to the plant is through three main tunnels. Ten
ventilation shafts connect the underground structures
with the surface.

A safety evaluation has been made identifying some of the
main differences between a rock cavity plant and a surface

plant.

The main conclusions of this evaluation are the following:

- there is no significant difference between an
underground and a surface plant for what concernes
the probability and the consequence of a DBA

- rock fall is a new accident initiating event

peculiar to a rock cavity plant

- the radiological consequences of a core ma2ltdown
do not differ significantly from those of a sur-
face plant

- a rock cavity plant is better protected against
acts of war and aircraft crashes.

The study concludes that there is no technical constraint
which could prevent the construction of an uderground
nuclear power plant in Norway.



Data available on existing rock cavities, both natural and
man-made, indicate that cavities with dimensions as those

required for undergrounding the plant are feasible.

A rock cavity plant may be considered advantagecus also
for what concernes decommissioning due to the fact that
the plant must not be dismantled because of landscape con-
siderations.

Compared with a surface plant the construction time is in-
creased by 24 months. This increase is mainly due to
caverns excavation and reinforcing work.

The erection of plant components in the cavities is con-
sidered to require abhout 6 months more than for a surface
plant. Plant operation and maintenance have been found

to be slightly more expensive than above ground.

The cost of a rock cavity plant has been estimated, taking
into account a 10 % interest rate, to be about 24 % higher
due mainly to rock blasting and associated work. Higher
difficulties in construction and erection have also

contributed to increase the costs.
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THE BMI-KFA STUDY

In 1974 the German Ministry of the Interior {(BMI) reguested
KFA Jiilich to perform a study of the "cut and cover"”
design of a larg«, modern ruclear powe. plant.

The aim of the study was to assess the technical feasibili-
ty, the costs and the safety potential of such a siting
concept.

Basing on a 1300 MwWe KWU-PWR, similar to the Grohnde plant,
detailed layouts have been developed and actual site con-
ditions have been taken into account to perform a rea-
listic comparison with above ground conditjions. A distinc-
tion has been made bet 'een reactor building total embed-
ment and semi embedment as a possible range of variation
for the plant depth of burial.

The possibility of a surface mounded plant or to cover
with s0il already existing surface plants has also been
briefly examined.

The main requirements for the underground plant have been

fixed as follows:

~ the safety standards of the underground plant should
be at least the same of the refrience design and,
bagsing on actual regulations, the plant should be
licensable

- the plant should ensure a better protection against
major hypothetical accidents



- the plant should bhe better protected against ex-
ternal events, including sabotage and terrorism

- the plant should be better protected against acts

of war

- the plant should be protected in such a way as to
ensure power production a!so during war time or

Crisis time.

To maintain plant licensability, major redesign of the
reference plant has been avoided. The layout of the most
important buildings, eguipment and systems has been kept
in principle as in the reference plant maintaining then
the above ground safety standards.

Possible layouts of a totally embedded and semi embedded
plant are represcnted in Pig. 5 - 14 to 5 - 19.

The layout of the totally embedded plant (Fig. 5 - 14) is
slightly more compact than that of the reference plant.
Reactor building, auxiliary and electrical buildings,
emergency feed systems building and some tunnels are
located below grade, at different elevations, and covered
with backfill.

The reactor building is surrounded by an annular space, 3 m
wide at the lower level and about 6 m at the upper level,
divided in sectors by vertical walls, accomodating mainly
connecting lines to other systems.

The turbine house (rotated of 90° with respect to the
reference design), the emergency diesels building, *he
pumphouse and the cooling towers are located above ground,



5.5.4.
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Tc increase protection against the worst internal accidents,
an additional containment is provided, consisting of the
outer walls of the annular space that surrounds the con-
tainment and the s0il and backfill together with the clo-
sures of the existing connections to the surface.

This additional barrier against radioactive leakages can

be designed to withstand any potential accident.

Access tunnels, dimensiconed for the transport of large
and heavy components, are all located about 2 m above
grade to ensure protection aqgainst flooding.

These tunnels, built with a slight positive slope towards
the underground facility, are equipped with airlocks. The
interlocked doors are blast-resistant doors designed to
withstand the maximum foreseen loads both from the inside

and the outs.de.

The layout of the semiembedded plant (Fig. 5 - 17) is quite
similar to that of the totally embedded plant.

The main difference concernes the reactor building depth
of burial (24.7 m instead of 51 m). Other minor differ-
ences concerne instead the location of the steam and feed
pipes between containment and turbine, the layout of the
upper level of the annular space etc.

According to the study, plant protection against convention-
al weapons can be achieved by increasing the thickness of
the backfill from about 8 m to 11 m and superimposing a con-
crete shield plate about 2.2 m thick (Fig. 5 - 20}.
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see fia 5 = 14 for legend

Fig. 5 - 15 BMI-KFA study: tctally embedded plant layout
cross section a-f

see fug 5 - 14 for laguend

Fig. 5 - 16 BMI-KFA study: totally embedded plant layout
cross section g-k
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Fig. 5 - 20 BMI-KFA study: cross section of a totally embedded

plant with protection against conventional weapons

To secure the energy supply during war time it is necessary
to cover with backfill all those plant buildings and com-
ponents which are vital for a continued plant operation but
cannot be repaired in a short time after being damaged or
destroyed.

Turbine building, transformers stations, pumphouse and

cooling water lines are among these structures.

5.5.6. For embedding the plant, a pit with a diameter of 70 m and
a depth varying, because of economical considerations, be-
tween 30 and 60 m should be excavated.

The technical feasibility of constructing open pits with



P

Fig. % - 21 BMI-KFA study: cross section of totally

buried plant {turbine hall and pumphouse)

such dimensions has already been proven in Germany even in
the case of a high groundwater table.
Slurry trenches and freezing techniques may be used for

the vertical walls of the excavation.

5.5.7. The main conclusions of the study are the following:

- the examined concepts appear to be technically
feasible: possible technical difficulties however
should not be underestimated

- the underground plant shows a higher safety poten-
tial than a surface facility against major hypo-
thetical accidents and external events. This safety
potential is however strongly dependent on the clo-~

Sures



- the depth of burial is not strongly affecting the
potential gain in safety since a well designed

backfill cover can act as natural soil

- the semiembedded plant appears to be the more eco-
nomical alternative

- lower decommiasioning costs may be assumed.

According to the protection degree, the costs for a totally
embedded plant will be about 11 to 14 A higher than a
corresponding surface plant and for a semiembedded plant

8 to 10 %.

These additional costs are mainly due to the nit excava-
tion {2 to 4 %), backfill (1 %), additional expences for
tunnels (3 %) and costs of buildings construction (1.5 ).

The construction period will be extended by about 1.4 years,
mainly because of the pit construction.
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THE SECURE PROJECT

The SECURE reactor (Safe Environmentally Clean Urban
Reactor) was developed by a joint Finnish-Swedish project
group in 1976 - 1937.

SECURE is a small, low temperature (115 OC) and low
pressure (75 bars) nuclear reactor desiqgned for district
heating purposes in an urban site, with a rating of

200 Hwth'
The special safety regquirements for such a plant have lead
to an unconventional design with certain inherent safety
features to guarantee a safe shut-down without the use of
any active components (Ref. 5 - 7, 5 - 8). The role fore-
seen for such a reactor is to provide the baseload heating
of large and medium size urban centres. The rating of

200 MW is considered sufficient for a town of about

th
100 000 inhabitants.

Considerations about the effects of war and sabotage have
led to the underground siting of the plant.

Environmental consjiderations have also played a big role
in the choice of this type of siting.

The plant layout is represented in Fig. 5 - 22.

The reactor, the primary cooling circuit and the reactor

auxiljary systems are located in an underground rock cavern.

The secondary heat exchangers, connected to the district
heating net, are located in a bullding above ground.



1. Tunne! entrance $. Cooling tower 11. Fuel cask pool

2. Ventilation stack 6. Communication shaft 12, Fuel handling machine

3. Main entrance 7. Reactor hall 13. Air lock

4, Administration building, 8. Primary heat exchangers 14. Transport tunnel
including control room and 9. Reactor pool 15. Auxiliary system cavern
conventional equipment 10. Vessel lid during refueling 16. Electrical system cavern

Fig. 5 - 22 SECURE plant layout

This building contains also plant auxiliary systems such
as ventilation systems, heating systems, main transfor-

mers and distribution systems,

A control room, to operate remnotely the reactor, is located
above ground. This control room, completely automatic, is
unmanned.

No zafety related equipment is located above ground.

A small cooling tower dissipates to the atmosphere the
reactor residual heat.
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In general, a concrete building should be provided as un-
dergrourd reactor containment.

In the case of good rock quality {as that in Scandinavia)
a blasted chamber with the walls injected with concrete
is considered to be sufficiently leak-tight to serve as

reactor cortainment without any other sealing arrangements.

In case of an accident, automatic valves close automati-
cally the reactor hall ventilatjion system in order to
isolate the reactor cavern and tc confine underground any
radiocactive leakage.

The pressure buildup following an accident 1s very low
due to the low pressure and temperature in the system and

to the large velume of the underground reactor chamber.
The rock acts as an effective heat sink for the steam and
can reduce the pressure in the reactor cavern to ncormal
values within a few minutes.

No containment spray system is required.

More details on the layout as well as cost estimates are
not available at the moment.
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5.7. COMPARISON AMONG THE STUDIES

5.7.1. The studies described in this chapter have investigated
in detail the rock cavern siting and the cut and cover

alternative.

The surface mounded option as well as the possibility to
cover with backfill aboveground plants have been briefly
mentioned in the study performed on behalf of the German
Ministry of the Interior (Ref. 5 - 6).

Main aim of these studies was to assess the technical
feasibility, the safety potential and the costs of the
chosen underground siting concepts.

5.7.2, With the exception of the SECURE reactor {289 thh) all
these studies are based on LWR rated 1000 - 1300 MWe.

The studies performed in Scandinavia have dealt with the
rock cavity alternative, for plants totally located under-
ground.

Protection against acts of war and sabotage was the main
motivation for these investigations.

This motivation, together with the possgibility of urban
siting, has been also the main reason for designing the
SECURE plant in rock cavities.

The study performed in Germany has dealt with the pit
siting concept.

Two possible alternatives have been investigated: a totally
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embedded plant and a semiembedded plant. Also in this
study great importance has been given to the protection
against acts of war and sabotage.

5.7.3. According to these studies, the main advantages of the

underground siting are

improved safety in case of major hypothetical
accidents

- better protection against acts of war
- possibility of urban siting

- less problems for plant decommissioning

Main disadvantages are instead

- the longer construction time

-~ the higher construction costs



REACTOR TYPE CONTATNMENT COST INCREASE| INCREASED
STUDY YEAR & RATING PLANT CONPIGURATION TYPE & DIMENSIONS V8 A SURPACE |CONSTRUCTION
(Lxwxnh)a PLANT TIME (months
hillside plant in
BWR v . rectangular cavern
two principal under-
200 Mue ground galleries 125 x 25 x 70
Norsk Hydro _
RVE iggg “ 8 10 - 12
1FA AGR hillside plant in
(R) (pod boiler | two prinecipal under- I:gt:ﬂ;;l:ragavarn
type) ground galleries
500 MwWe
BWR deep below the sur-
1000 Mve face plant in various | rectangular cavern -
CoL (s) 1975 (Asea Atom caverns under the 60 x UB x 65 15 -20% 18
BWR 3000) recipient level
PR cylindrical cavern
19Th- hillside plant in vith & hemispherical
NVE o | 2975 1?:3UT"° various caverns roof b % 2k
@=60m hwéSm
totally embedded KWU reactor building
plant (pit siting) in & pit 60 m deep 11 - 14 §
1974~ PR vitha@ = 70m
M1 =KFA 1971 1300 Mdle 17
{D) {xwu) semi embedded plant KWU reactor building
(pit siting) in a pit 30 m deep 86 -108
vitha@e0m
SECURE - LWR deep belov the sur-
reactor ig;? {pool type) rtc? plant in rock ::izzzgular rock
(S-5F) 200 My cavities

Table 5 - 1

Some characteristics of the main european studies (Ref, & - 9)
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5.8.1.

5.8.2,

CONCLUDING REMARKS

In this chapter, some of the main studies performed in
the last years in Europe (with the exception of Switzer-
land) on the underground siting of nuclear power plants
have been examined.

Common motivation to these investigations is to assess
the feasibility, the safety potential and the costs of
the underground sitina.

A summary of the most significant characteristics of these

studies is given in table 5 - 1,

Two of the main alternatives of the underground siting,
the rock cavity plant and the pit siting, have been

examined basing mainly on very detailed plant layouts.

The studies performed in Norway and Sweden have dealt with
the rock cavity alternative while the study performed in
Germany has dealt with the pit siting,

Mainly as a consequence of one of the main motivations for
these studies, the protection against acts of war and
sabotage (including terrorism), the studies rely strongly
on the adiitional level of protection and containment
offered by the rock overburden or by the backfill.

The CDL study suggests the possibility of having a reactor
building cavern open to the atmosphere through shafts

equipped with stone beds. The BMI-KFA study suggests in-
stead the possibility to cope with overpressures with an
extra-space around the underground reactor building.
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6.1.

6‘ 1.1'

6.1.2.

INTRODUCTION

The drastic changes recently occurred in the safety eva-
luation of nuclear power plants, in the licensing process
and in the public acceptance of nuclear power have made

the underground siting again attractive in some respects,

also in Switzerland.

Various engineering consultant companies, taking advantage
of the experience acquired with the construction and ex-
ploitation of underground hydroelectric plants and of

the Lucens experimental station have performed studies

to evaluate the feasibility of the siting, to identify
possible advantages and disadvantages of the various con-
cepts and to point out areas needing further investigations.

The main studies recently performed in Switzerland on the
underground siting of nuclear power plants are briefly

described in this cnapter.

The Swiss Federal Institute for Reactor Research (EIR)
has been very active in this field with a long research
programm that has allowed to investigate in some detail
the main aspects of the underground siting.

The main aim of these studies has been infact directed at
identifying suitable alternatives and at evaluating the
feasibility, the safety potential and the costs of the
siting.

Detailed layouts have been proposed for plants located
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both totally and partially underground, basing on light

water reactors.

within the scope of this general investigation of the
underground siting concept, an evaluation of alternative
containment systems has been made.

This investigation has allowed a quantification of the
potential risk reduction offered by the undergrourl siting

in the case of .najor hypothetical accidents.



6.2.1.

602.2.

THE ELECTROWATT STUDY

This study has been performed in 1972 by Electrowatt
Engineering Services Ltd. (Ref. 6 - 1).

The main aim of this study was to investigate apd discuss
the possible reasons leading to the underground siting of
& nuclear power plant and to estimate the cost increase

due to such a construction.

Moreover, two possible alternatives cf the rock cavity
plant concept have been proposed both for a PWR and for
a BWR, rated 1000 MWe.

According to this study, the main possible reasons for

the construction of an underground nuclear power plart are
- the proximity to energy users and / or load dis-
tribution centers

- the possibility of power generation during war

time
- a minimal impact on the environment
= the reduced possibllity of sabotage acts
- the protection against external missilies

= "nuclear safety”

The conclusions of the study are that today there is no
necessity to locate a nuclear power plant underground
except for the case when power production is required

during wartime,
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I1f, however, a nuclear power plant must be located under-
grourd, the urban siting is the most logical choice because
no site criteria are available for this type of siting

(and the existing ones are clearly not applicable) and

also because, in this case, a surface plant would not be
accepted by the general public,

In this study only the rock cavity plant concept has been
taken into account. However, both the hillside alternative
and the deep below the surface alternative have been con-
sidered (Fig. 6 - 1 to 6 - 4} for plants located totally

or partially underground.

The choice of the alternative is dependent on the site
topography while the plant sections to be built under-
ground are determined by eccnomical, licensing and psycho-

logical reasons.

The hillside disposition should not rresent ary particular
problem since adequate experience is available from the
existing underground nuclear plants and hydraulic instal-
lations. The deep below the surface disposition {with
access through vertical shafts) instead, is a new concept

that presents some new technical problems to be solved.

The dimensions of the reactor cavern, cylindrical in shape
with a dome are, for a 1000 M¥e PWR, 35 m inner diameter
and 63 m height. For a BWR of the same power rating, the
dimensions are 48 m inner diameter and 72 m height.

The depth of burial should be determined by the computed
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peak accident pressure (for the PWR plant since the BHWR
plant has a pressure - suppression containment), by the

expected external events (including war}, by shielding

reguirements.

In the case of the PWR, *.he rock should contribute to
the containment strength.
A liner, with the function of preventing both water seepage

in and out of the reactor cavern should be provided for.

6.2.5. Additional expenses are met for the underground siting
of a nuclear power plant mainly due to the excavation
of caverns and galleries, drainage and sealing systems,
higher erection and installation cost, longer cables

and piping etc.

The study has estimated that, for Swiss conditions, the
cost increase for the structural portion of the plant
alone is about 45 - 50 % for both types of reactors and

plant dispositions.
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6.3.2.

6-14

THE EIR ROCK CAVITY PLANT STUDY (1975)

This study on the underground siting of nuclear power
plants - with emphasis on the rock cavity plant alterna-
tive - was performed by the Swiss Federal Institute for
Reactor Research (EIR) in 1975.

The study, based on a pressurized water reactor rated
about 1000 MWe, was meant as a first phase of a more
general investigation of the underground siting. (Ref.

6 - 2}. Main aim of this first phase was to investigate,
from the constructional point of view, the possibility

of building a nuclear power plant in rock caverns,

In this study the whole nuclear power plant, with the
exception of the cooling tower, is assumed to be located
underground to achieve a better protection against acts
of war.

The possibility of using artificial lakes for cooling
purposes has also been considered (Ref. 6 - 3).

The following containment alternatives have been investi-
gated (Fig. 6 - 5):

alternative I, a freestanding containment in a cavern

with two different construction concepts:
Ia, a steel containment about 30 - 33 mm thick

Ib, a prestressed concrete containment with a steel liner

alternative II, a containment supported by the rock with

two different construction concepts:



Fig. 6 = 5 Investigated containment alternatives
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IIa, a containment with the same internal dimensions
of the steel containment as alternative Ia {also

with the same design pressure)

IIb, a smaller containment designed on the basis of the
minimal space requirements for the components of
the primary loop

Alternative Ja leads to a double containment system as

in swiss or german PWRs. The steel containment is designed
to withstand the coverpressure that can be created in the
containment by a loss of coclant accident. The rock

cavern can be considered as the secondary containment.
Infact the cavern protects the steel containment from
external events and plays the role of an additional barrier

against releases of radicactive fission products.

This alternative has the advantage that the primary con-

tainment can be inspected and controlled from the ocutside.

Alternative Ib corresponds to the underground siting of

a typical full pressure containment as realized at present

in the majority of US pressurized water reactors.

The containment walls are prestressed and designed to
withstand the overpressure of a loss of coolant accident.
A steel liner, about 10 mm thick, placed against the
concrete walls is the barrier that prevents the release

of gaseous radiocactive products.

Thie containment concept does not appear to be the most
appropriate for a rock cavity plant. Infact, it does not
show any essential advantage if compared with alternatlive

la but requires a larger cavern span of about 3 - 4 m.
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Alternative Ila requires a containment of the same dimensions

as alternative I: it is therefore designed to withstand

the same overpressure created by a loss of coolant accident,
but utilizes the rock directly as containment walls. The
rock will be covered with a laver of concrete in which
accessible galleries are provided for. A st~cl liner is

placed against the concrete walls.

This alternative has the advantage of requiring a smaller
cavern (with a 2 - 3 m shorter span} than the alternative
Ia. Moreover, since the building structures are supported
by the rock, a higher safety degree against overpressure

can be achieved.

Alternative IIb is an attempt to utilize the rock properties

to cope with high internal overpressures, reducing signifi-

cantly the dimensions of the containment cavern.

The reactor cavity is dimensioned on the basis of the space
requirements for the components of the primary loop and
requires therefore a smaller free volume than the other

alternatives previously mentioned.

In the case of a loss of coclant accident the reactor
cavern, in this alternative, will be subjected to a higher

overpressure that, however will be taken up by the rock.

Alternative Ia and IIb have been further investigated in
the study. Infact these two alternativas are twn extreme
solutions for what concernes the containment dimensions,

the necessary construction techniques and also for the costs.
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6.3.4.

Various possible arrangements of the caverns and connec-
ting tunnels and galleries have been investigated.
The proposed plant layout, based mainly on constructional

considerations, is renresentec in Fig. 6 - 6, to & - §,

The arrangepent of the three main large caverns and of
the reactor containment has been chosen in such a way
as to kesp the connecting tunnels, cables and piping

as short as possihle. Furthermore, this layout allows

the simulaneous excavation of the main caverns.

In the reference rase {alternative la) the reactor cavern,
cylindrical in shape vith a dome, is 62.3 m high with a
diameter of 42 m.

A long access tunnel, dimensioned for the transport of
large componerts connects this cavern with the outside.

This tunnel runs through the electrical equipment cavern.

The turbine cavern is horseshoe shaped and has a maximum
height of 40 m, a maximum width of 30 m and a length of
140 m. An access tunnel, 6 m wide and 7 m high, runs into
the cavern at the turbine floor elevation. A second tunnel
for the transmission of electrical energy from the trans-
formers with high tension cables (380 V) is provided for.

The turbine cavern is connected with the containment
through stean and feed water ducts and with the electrical
equipment cavern through a connecting gallery and cables
ducts. Moreover, two galleries, utilized for the cooling
water feed and return, run from one side into the turbine

cavern at the condenser floor elevation.
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The length of these galleries is strictly dependent on
the local characteristics of a specific site. In the study

a length of 300 m has been taken.

The space requirements of the turbogroup have been reduced
with a different arrangement ¢of the water separator -
reheaters. The turbine, that occupies the cantral area

of the ~ivern, is located slightly alongside of the cavern
axis to leave free the space necessary for components
erection. At one end of the tvrbine cavern, towards the
access, at the grourdfloor elevation there are three

one - phase transformers, with the free space necessary
for replacement, and the circuit breakers. Various aux-
iliary infrastructures as workshops, warehouses etc. are

arranged in sev2ral stories ahbove the turbine hall.

The auxiliary systems cavern contains all those systems

and equipment necessary for a safe reactor operation and
for a safe fuel elements and radioactive waste handling.
The dimensions of this horseshoe shaped cavern are 150 m

length, 26 m maximum width and 34.5 m maximum height.

The auxiliary systems cavern is connected to the contain-
ment by means of a personnel tunnel and the gallery for

fuel transfer.

These tunnels are arranged at different elevations. The
anxiliary systems cables run through the personnel tunnel.
A tunnel permitting road transports to enter the fuel
nandling area in the cavern is proveded at the same ele-

vation of the main access tunnel.
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6.3.6. The systems necessary for the plant power regquirements

and supply are located in the electrical eguipment cavern.

This cavern, which has a horseshoe shape like the other
main caverns, has been orientated differently. Its
axis infact is perpendicuiar to the axes of the turbine

cavern and of the auxiliary systems cavern.

The main dimensions are 110 m length, 20 m maximum width
and 28.5 m height.

Cable connections between the electrical equipment cavern
and the containment are through two symmetrically arranged
galleries. These gallerizs are divided by fire walls in
four areas: in that way a complete separation of redundant
supply systems can be ensured also outside the electrical
eguipment cavern. A similar cable gallery is provided

for between the electrical equipment cavern and the

auxiliary systems cavern.

Two personnel tunnels connect the electrical equipment

cavern with the auxiliary system cavern and the turbine hall.

€.3.7. The study has dealt mainly with constructional rroblems.
Cavern excavation techniques as well as construction pro-

cedures and equipment erection solutions have been proposed.

Since the reactor cavern requires a span by far larger
than the largest man made cavern, various rock mechanics
calculations have been made (Ref. 6 - 4} for a cavern

with dimensinons as those required for alternative Ia.



The conclusions of this preliminary analysis are that

- the rotational symmetry of the reactor cavern
is,from the constructional peoint of view, more
favourable than long caverns with horizontal

axes

- only compressive stresses occur at the excavation

boundary and in the medium

- the largest calculated compressive stresses,

with a maximum value of 1000 Mp/m2, are modest

The problems to be solved for the construction of the
reactor cavern are therefore considered to be the same
and of t“2= same order of magnitude as those met in the

construction of large underground hydroelectric plants,

6.3.8. This first investigation has shown the feasibility of the
construction in rock cavities of a nuclear power plant
rated about 1000 MWe. The caverns necessary to house the
variocus plant components and especially the cavern for
the reacor building, can pe excavated utilizing the well

known and proven technology of underground construction.

However the underground siting requires a longer construction
time and higher costs than the conventional surface siting.
The construction time, for the proposed plant, has been
evaluated to be about 24 months lonjer while the costs

are about 11 % higher.



6.4. THE MOTOR COLUMBUS BWR STUDY

6.4.1. This study, performed by Motor Ceolumbus Consulting Engineers
Inc. and partially finaunced by EIR, has been completed in
1975 (Ref. 6 - 5.

The study has investigated ir a general way a BWR located
totally underground in rock cavities. The standard General
Electric 3000 MWth BWR6 reactor with a Mark II containment

was chosen as reference plant.

A specific site has been chosen for the plant. The site
is in a large pre-alpine valley in south-westerr Switzer-
land, about 1.5 km from a river with sufficient minimum
flow rate to ensure the necessary amount of make-up
water for the plant cooling towers and for emergency

after-heat removal.

In this investigation main emphasis has been given to

- plant operability during conventional warfare
- protection against external events

- compliance with actual licensing requirements

6.4.2, The plant layout is represented in Fig, 6 = 9 to 6 - 11,
All those systems and components which, after being damaged,
1-quire a repair time longer than cne month have been
located underground. Furthermore, departures from the
reference layout have been limited to the minimum in order
to maintain the same operational and safety characteristics
of the surface plant.



In determining the plant layout special attention has
been given to the following constructional and operational

aspects:

- the plant should be located in horizontal caverns
excavated slightly above valley floor level. The
caverns should be parallel to each other and
perpendicular to the valley axis, this arrange-
ment being favourable from the rock mechanics

point of view

= the number of caverns should be limited to a mini-
mum in order to reduce the number of connecting

tunnels

- the caverns excavation span should be limited
to 35 m. Infact caverns of such a span can be
built in goeod quality rock without great technical
difficulties

= the distance among the caverns should be such as
to leave enough sound rock to bear the stresses

created by the excavation of caverns and tunnels.

6.4.3. The chosen plant configquration consists of two main para-
llel caverns with separate access tunnels. A smaller tunnel

used as escape route is located between the caverns.

The reactor cavern houses the reactor containment, all
auxiliary systems, the fuel handling systems, the energy
supply systems and the plant control room, the diesel
generators, the component cooling system, the water treat-
ment plant,

This cavern has an excavation diameter of 35 m and a total
length of about 200 m. Its heigth varies from a maximum
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of 75 m in the reactor containment section to a minimum
of 35 m in the diesel generators and auxiliary pumps

section.

The turbine cavern houses the turbine plant, the main
transformers with the switchyard, the main cooling water
pumps and a workshop. This cavern is 32.5 m wide, 228 m
long and 47 m high in the turbine hall area and 35 m in

the cooling water pumps section.

The G.E. Mark II containment has been arranged in the reac~
tor cavern without structural modification. A certain
amount of rearrangement however has been found necessary

for some ancillary equipment and for the equipment hatch.

In order to ensure and simplify the containment insulation
against inseepage water, a double containment system has

been proposed. The primary containment building consists

of a freestanding 0.5 m thick reinforced concrete structure.
The cavern walls, lined with a 0.8 m thick concrete layer,
represent the secondary containment.

An interspace, about 1.2 m wide, between primary and
secondary containment is mainly used for inspecting the

water insulation on the outer surface of the reactor building.
This double wall system is applied not only for the reactor

containment but for the whole reactor cavern,

The turbine cavern has a simpler structure with a conven-
tional rock wall lining. Only the roof has a double lining
with an interspace for inspection.

Since the turbine cavern span has been limited to about

30 m, some rearrangements of components anu cquipment has
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been necessary. For instance, the turbogroup has been loca-
ted slightly alongside of the cavern axis, the feedwater
tank - deareator has been eliminated due to lack of space
{degassing of the condensate is made by addition of chemi-
cals in the low pressiure feed water heaters) etc.

In spite of these modifications there are no constraints

for what concerns accessibility and maintenance.

In order to satisfy the requirement of plant operability
during wartime, while still satisfying the swiss water
pellution regulations, the plant cooling system has been

devised with two modes of operation:

- recirculation through forced draft cooling towers,

located on the surface, for normal operation

- once ~ through cooling with river water for war-

time operation

All the equipment necessary for this last operation mode,
as main pumps, filters, water intake and outlet etc. are

located underground.

In spite of its character of preliminary investigation,

this study shows that the siting in rock cavities of a

1000 MwWe BWR with a Mark II containment is possible for
good or medium quality rock, without excessive difficulties.
Even if the siting requires modifications of the overall
plant layout, it is possible to maintain the standardized
Aesign of the nuclear steam supply system and to have,
throughout the whole plant, the same degree of operational

safety as in above ground facilities.



bue to the underground siting, the plart construction
time is extended by 18 - 24 months. The associated cost
increase has been estimated to be about 25 - 10%.
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THE MOTOR COLUMBUS HTR STUDY

This study was performed by Motor-Columbus Consulting
Engineers Inc. in 1975/76 as in an in—-house study {(Ref.
6 - 6). The investigation considered the technical and
economical fcasibility of an underground location of a
Gulf General Atomic 1160 MWe six - locop HTGR. The study
was an extension of the previous study of an underground
BWR (§ 6.4.).

The aim of the investigation was to establish a design
concept for urban siting which could provide a maximum
amount of public safety and which could be utilized for
process heat and distinct heating. The HTR was at that

time considered particuiarly suitable for this role.

A basic design criterion was as low as practical radio~-
active release, taking into consiceration earthquake,

flooding, airplane crash and conventional bombing.

A specific site typical of the lower but hilly parts of
Switzerland was chosen for the study. The reactor with
service building and fuel store was located underground.
For this specific site it was found to be more economical
to locate the turbogroup and other conventional portions
of the plant outside the hill.

The location necessitated the use of a cooling tower but

river water could be supplied for emergency cooling.

The geological site conditions are characterized by
horizontally bedded sandstones and marls of the upper
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marine Molasse (Helvétien). In spite of the relatively
modest strength parameter, the undisturbed and relatively
massive sandstones and marls provide acceptable condi-
tions for cavern construction.

The site conditions are typical for the whole area of

the Nerthern Swiss Molasse. In addition to this, the
Molasse basin is a zone of low seismic activity, whereas
the seismic intensities for a probability of lC)--4 per
vear for the different regions of Switzerland vary between
7.6 and 9.6 {according to the MSK -~ scale) the correspon-
ding seismic intensity of the site amounts to 7.8, This
is typical again for wide areas of the Northern Swiss

Mclasse.

The complete plant is located above the maximum fleeding

level.

The plant layout is shown in Fig. 6 - 12.

The conventional part of the plant is located as close

as possible tc the reacter in a separate long cavern.

In Figq, 6 -« 13 is shown a section through the reactor
cavity which is a right circular cylinder with a hemis-
pherical dome 45 m in diamete* and 85 m high. Inside the
cavity is built a reactor containment 40 m in diameter to
ensure as low as practical activity release and to protect

the reactor against possible damage by falling rccks.

The service building is located in a rectangular cavity

44 m x 72 m with an egg - shaped cross section to provede
a self - supporting cavern.

Access to the underground portion of the plant is by means
of tunnels,
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In Fig. 6 - 13 the containment is freestanding with

room for inspection between the containment and cavern.

6.5.4. Fig. 6 - 14 shows an alternative to the freestanding
annulus - type containment. The integrated containment
system combines the functions of rock support, sealing,
drainage and containment. Well - known construction
elements of containment and cavern technigque such as
rock anchors, shotcrete, organic sealing materials,
drainage layers (SAPE or similar products), concrete
containment and a steel liner are used for this integrated

containment system.

The relative positions 2f the caverns as well as their
orientation within the hillside have been chosen to mini-
mize connecting pipe runs and cabling. Further tunnels

are provided for transport of large and heavy components,
access and escape, pipelines, and cabling as well as venti-
lation.

In this study the emergency diesels are located in a bunker-
ized building outside the hill to minimize the number of
tunnels required.

6.5.5, It has been estimated that an underground plant as that
previously described wouid take about two years more to
complete than a surface plant and that the cost would be
about 20 % higher.



6.6. THE EIR PIT SITIKG STUDY (1976)

6.6.1. Within the scope of a more general investigation of the
underground siting concepts, the Swiss Federal Institute
for Reactor Research carried out in 1976 a preliminary

study of the pit siting alternative {Ref. 6 -~ 7).

For this investigation, based on a 1000 MWe PWR, the
plant has been devised completely underground since war

protection has been assumed as a main task.

The main topics investigated are the depth of burial, the
backfill thickness and the underground building disposi-
tion. This last point has been investigated mainly from

the construction point of view,

6.6.2. The plant is assumed to be located on a flat site characte-
rized by alluvial deposits of sufficient thickness to
house the underground structures. Only the plant cocling
system, ancillary equipment, offices and warehouses are

located on the surface.

The proposed plant layout is shown in Fig. 6 - 15.

The earth loadings on the underground buildings - about
50 t/m2 in the lower section - require not only a con-
siderable reinforcement of the structures but also a
rearrangement of plant buildings. The proposed solution
leads to arrange the fuel building, auxiliary building
and electrical building around the reactor containment

in such a way as to have a compact cylindrical structure.

The turbine hall, housing also the main transformers has,
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for the same structural reasons, the shape of a horizontal

¢cylinder with domed end walls.

The same containment systen of the reference plant, with

a double containment, has been maintained. The containment
system consists of a steel primary containment and a
reinforced concrete secondary structure.,

The steel primary containment has been preferred to a
prestressed concrete structure to simplify the contruc-

tion and to reduce the overall reactor building dimensions.

The depth of burial of this plant is about 30 m below the
surface.
This depth has been determined in such a way as to achieve

a balance betwezn excavated material and backfill material.

To achieve protection against conventicnal warfare the
plant must be covered by a first hard layer, capable to
resist projectiles penetration and by a second softer
layer of material capable of attenuating the shock of
external impact and explosions.

The plant cover has a minimal thickness of 15 m and
consists of 12 m of backfill material (soft layer), of

a 2 m thick layer of concrete slabs or rock blocks {hard

layer) and of a 1 m thick layer ¢f humus.

The excavation of the large pit housing the plant is
carried out in two stages:; down to 17 m below grade the
pit has sloped walls and terraces with space for con-
struction facilities and roads for large excavation
vehicles. From this elevation to the buildings foundations

slurry walls or anchored cut - cff walls will be used.
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6.7. THE EIR PIT SITING STUDY (1977)

6.7.1. After the preliminary investigation of the pit siting
concept (§ 6.6.), this siting alternative has been examined
more in detail in a study performed in 1978, in order to
evaiuate its feasibility, safety potential and costs (Ref.
6 - 8, 6 -9).

The desire for a realistic design, technical evaluation
and costs estimate has led to choose a specific site for

the location of the underground plant.

For this investigation, based on a three loop 3000 MWth
NSSS developed by Westinghouse Europe, the following design

criteria have been established:

- the underground plant should provide additiocnal
protection to the population and to the enviren-

ment in case »f major hypothetical accidcnts

- the underground plant should be better protected
against external events, including aircraft crashes

and sabotage

- the underground plant should fulfil the regquire-

ments of the licensing authorities

Protection against acts of war has not been regquired.

6,7.2. As a conseguence oi the criteria chosen for this study,

only the nuclear island is located underground.

In particular, the reactor containment, the fuel building,



h=d3

the auxiliary building, the steam and feed cells and the
Notstand building are arranged around the reactor contain-
ment in such a way as to have a very compact structure
(Fig. 6 - 16}.

Material access is provided by means of two completely
separate routes to the equipment hatch in the containment
and to the cask entrance to the fuel building. The latter

is also utilized for the auxiliary building.

These acness routes consist of two tunnels, dimensioned
for the transport of large components, running with a
slight positive slope towards the underground plant.

A handling area with a cransz is provided ar the top

end of the tunnel for lowering or hoisting ecuipmenc
and materials to and from the underground buildings
through a vertical shaft.

The tunnels, equipped with blast resistant interlocked
doors, are built at an angle to the horizontal plane

to provide a shock wave pocket.

Personnel access way and cables ducts pass from the
electrical building above ground to the underground
auxiliary building.

Redundant ventilation inlets to the underground plant
are provided at the sides of the turbine and electrical
buildings. The exhaust stack is located between these

two buildings.

The nuclear island, partly located in soil and partly
in rock because of site characteristics, is covered,

as well as the accesses, by about 12 m of backfill.
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This cover thickness is considered sufficient to protect
the underground structures against external influences -
including aircraft crashes - and to provide a complete
fission products filtration in case of major accidents.
The plant depth of burial is the result of a compromise
between the attempt t¢ minimize the problem of the dis-
posal of the débris utilizing a large part of them
{about 400 000 m3) for the backfill and to avoid, for
structural reasons, tco large earth loads on buildings
with large internal openings {as, for instance, the fuel

handling building) by locating them in rock.

The layout within the reactor building {a cylindérical
concrete structure with a dome, 72 m max. internal height
and 50 m internal diameter) 1is, in principle, the same

as in the reference plant.

Exception is the height of the steam and feed penetrations
increased by 14 m, the maximum possible without major
rearrangements in the reactor building. This change has
allowed a shifting of the steam and feed cells building

to a higher elevation thus aveiding an excessive earth
overburden on the structures. Moreover, for constructional
reasons, the prestressed concrete primary containment has
been replaced by a steel containment. Another difference,
dictated by structural reasons, is given by the increased
wall thickness of the secondary containment (about 4 m

at the interface soil - rock).

The layout of the auxiliary building is also based closely
to the reference design,
In the underground plant, the plant area is dictated by
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the need to accomodate the safequard pumps on the north

side of the containment and the fuel building on the

west. The levels of the basements are dictated by consi-

derations such as the need for a positive suction head '
for pumps while the height of the building is dictated

by the desire to avoid an excessive earth overburden

which would impose on the structures unnecessarily high

loads.

The freedom to vary the layout of the fuel building has

been limited by the position of the fuel transfer duct.

Relative to the reference design there has been some

rearrangement of the shape and size of the storage pools ¢
and the position of the ventilation plant but the most

important differences relate to the handling and decon- i
tamination arrangements for the irradiated fuel flask.
These design differences have been dictated by the desire
to raise the level at which the fuel flask enters the
fuel building and by the fact that this same access route

is also used for material access to the auxiliary building.

The exceptional emergency systems have been located in

the north side of the steam and feed cells.

A system for mitigating the consequences of major hypo-
thetical accidents, with a filtered vent system, has been
proposed in this study.

Since one of the design criteria was to fulfil the
requirements of the licensing authorities, an engjineered
charcoal filter system with redundant cooling and with

independent and redundant power supply systems has been



taken into account. A passive venting system using, for
instance, sand, gravel or rock beds or aiso water as a
filter has not been proposed as a solution, mainly
because of a lack of data on the efficiency and on the
reliability of such beds.

In the proposed design, the underground plant has three
lines of containment: tiie primary and secondary contain-
ment with the same functions as for above ground plants
and an “earth"containment formed by the backfill and
s50il surrounding the plant together with the sealing
sections of the access *unnels and service ducts connec-

ting the underground structures with the surface.

The basic containment philosophy is to avoid a ground
level release following primary and secondary containment
failure without trying to keep the activity confined
indefinitely underground.

This is achieved, after the "earth™ containment has been
pressurized as a conseguence ol an accident, by venting
it through the secondary containment ventilation line

to the stack, via an iodine filter, so that the pressure

will not rise above the penetrations dusign pressure.

Leakages past seals, airlocks etc. will be collected by
providing a second low pressure barrier. The interspaces
will be kept below atmospheric pressure by a special
exhaust system, located above ground, wnich passes the
leakage through an iodine filter to the stack. The various
seals, airlocks etc. are located in leaktight sgections

of ducts or tunnels at least 10 m long to ensure that at
least 10 m of medium (earth or rock) filter any leakage
from the underground portion of the plant before it reaches
tunnel sections leading to the atmosphere.
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Leakages into the medium, if any, will be slow and, since
the leakage has alway to pass through the overburden thick-
ness, only the noble gasses might reach the atmosphere
(Ref. 6 - 10).

An alternative design to the one previously described

has been shortly investigated. The underground plant has
been located in the same site but in an area where the
bedrock lies only a few meters below the surface. As a
result, the plant is totally embedded in rock and covered
with a layer of backfill material (Fig. 6 - 21). The plant

layout is, however, the same as for the previous case.

The main advantages of this alternative are considered

to be the following:
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= the construction procedure is simpler since due
to the good rock quality no extensive pit securing
measures (as, for instance, the anchored slurry

wall of the previous alternative) are necessary

- the earth loadings on the underground buildings
are reduced allowing therefore a simpler dimen-

sioning of the structures

-~ the seismic behaviour of the underground structures,

located in homogeneous material, is improved

Despite these potential advantages, this alternative
has not been further investigated since it represents a
special case adapted to the peculiar characteristics of
the chosen site.

From the point of view of safety, the underground plant
does not show any disadvantage compared with the reference
plant from which it has been derived (Ref. & - 1l1).

Safety during normal plant operation and the possibility
of accidents occuring are not affected by the underground

siting.

For what concernes accidents, up to the DBA there are no
significant differences between the surface reference
plant and the underground nuclear island,

Very few variations ¢of accident scenarios have been iden-
tified. Design scolutions have been devised to cope with
them so that the influence of these differences on the
overall plant safety is not relevapt.

Events of possibl: concern such as flooding or fircs are

not more dangerous undergrcund and can be easiliy handled.
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The earth provides a better protection against low pro-
bability external events, natural and man related.
Immunity to surface phenomena as storms, aircraft crashes,
explosions etc. is achieved in the vnderground location
while the effects of other external events as, for in-

stance, earthquakes are mitigated.

The vented containment system proposed to mitigate the
conseguences of extreme hypothetical accidents, such as
Class 9, appears to reduce risk for the general public.
The performances of this system appear to be better not
only than those of other underground containment concepts
{as a full pressure containment or a containment vented
to porous rock or gravel}) but also than an equivalent

above ground containment system (Ref. & ~ 12},

The plant can be built utilizing existing technologies
and technigques. For securing the pit walls, the slurry
trench technique has been chosen to reduce the amount of

excavated material,
The construction time is increased by 30 months compared
with a surface plant. This is mainly due to the pit ex-

cavation and slurry trench anchoring.

The cost increase is estimated to be about 11 %.
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6.3.1'

THE EIR ROCK CAVITY PLANT STURIES (1978}

In order to complete the general investigation of the
underground siting, started in 1975, the Swiss Federal
Institute for Reactor Research examined again, taking
advantage of the experience acquired with the studies

of the pit siting, the rock cavity alternative.

Two studies have been completed in 1978: a first investi-
gation has updated and completed the rock cavity study
re’ative to a nuclear power plant completely located
underground performed in 1975 while a second investigation
has examined a plant partially located undergound in

artificial rock caverns (Ref, 6 - 13, 6 - 14}.

To have a realistic base for the investigations two spe-
cific sites have been chosen. The 3000 MWth Nuclear
Island developed by Westinghouse Europe has been taken
as reference plant.

The design criteria followed in these investigations are
the same as those fixed for the pit siting studies. In-
fact, a better pretection for the general public and for
the environment should be ensured in the case of major
hypothetical accidents, protection against external events
should be improved and the actual swiss licensing rules
should be satisfied.

Furthermore, the plant completely underground should be
protected against acts of conventional warfare to ensure
power production during wartime.
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The layout proposed for a nuclear power plant completely
located underground is represented in Fig. 6 - 22 to 6 - 24.
Since the plant is required to operate during wartime,

all those cumponents vital for plant operation or requi-

ring long repair time have been located underground.

The layout consist of four main caverns, the reactor
cavern, the auxiliary systems cavern (housing also the
fuel building), the turbine cavern (housing also the main
transformers), the electrical equipment cavern and several
smaller caverns housing safety and ancillary systems.

All caverns are interconnected by a large number of
tunnels and galleries for personnel, cables, piping and
ventilation.

The reactor cavern i$ cylindrical in shape with an exca-
vation diameter of 46 m and a maximum height of about
70 m.

A doublie containment system has been maintained in the
underground location. The primary containment is a free-
standing steel shell while the secondary containment is
constituted by the cavern walls and the concrete lining.
The flltered vent system proposed for the pit siting has
been adopted also for this siting concept.

The three remaining large caverns, housing the turbo-
qroup, the auxiliary systems and :he electrical equipment
are horseshoe shaped, elongated caverns.

The dimensions of the turbine cavern are 140 m length,

30 m width and 40 m height. The auxiliary systems cavern
is 120 m long, 26 m wide and 34.5 m high while the elec-



Fig, 6 = 22 Plant totally in rock cavities: plan
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trical equipment cavern is 110 m long, 20 m wide and
28 m high.

All these caverns are connected by a large number of
tunnels and galleries for personnel, transport of compo-

nents, cables, piping etc.

2ll main caverns are provided with an access tunnel which
allows their simultaneous excavation. An exception is the
reactor cavern that will be excavated from an exploratjion

tennel (Pig. 6 - 23) running at the top of the cavity.

The access tunnel to the reactor cavern, dimensioned for
the transport of large components, has been designed with
an angle to the horizontal plane to provide a shock

wave pocket.

Personnel access to the underground plant is through the
electrical equipment cavern ac¢cess tunnel. Access to the
main caverns, with the exception ¢of the reactor cavern,
is from the electrical eguipment cavern through a long
tunnel surrounding the whole plant. This same tunnecl is
used as escape route.

Personnel accegs to the reactor cavern is from the
auxiliary systems cavern, by means of a gallery and con~
tainment personnel hatch.

A1l tunnels connecting the plant with the outside are
equipped with jinterlocked blast and fire resistant doors.



6.8.5. The layout proposed for the rock cavity plant in 1975
(Fig. 6 - 6) is in principle still valid.
Some modifications have however been introduced, the

most important of which are (Fig. 6 - 22)

- the location of the emergency core cooling sys-

tems in two different caverns

- the location of the steam and fuel cells in a

Separate cavern.

Ohter minor differences are given by a slightly different
location of the main caverns and by a different tunnel
system.

6.8.6. The plant construction technique has not been modified.
However, with the new reference plant, the reactor
cavern requires a larger span (46 m instead of 40.5) and
therefore the rock volume to be excavated is considerably
larger (95000 m3 instead of 75000 m3). This fact results
in a & month increase in construction time as compared
with the 1975 study. Therefore the plant construction
time is about 30 months longer than for an equivalent
surface facility.

The cost increase 1s aboul 14 %.

6.8.7. The partial underground location of a nuclear power plant
in rock cavities has been investigated in a separate
study (Ref, & - 14). In this study, only those plant
components which either represent a potential risk (for
instance because of their radioactive inventory) or

require adeguate protection from external events have
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been located underground.

On the basis of a site survey, a specific site has been
chosen anld a detailed layout has been prepared. This
layout, represented in Fig. 6 - 25, has been sensibly
influenced by the study of the partial location in soil

and by the updating of the previous rock cavity study.

The aboveground portion of the plant is arranged in front
of the hill housing the underground facility and includes
the turbine building, the electrical building, ancillary
buildings and the cooling towers. The underground section
includes the reactor cavern, the auxiliary systems
cavern, two small caverns for the Safety Injection
Systems, the steam and feed cells cavern and the Excep-

tional Emergency Systems {(Notstand systems) cavern.

The reactor cavern is cylindrical in shape, 46 m in dia-
meter and 70 m maximum height, while the auxiliary systems
cavern is horseshoe shaped, 120 m long and 32 m wide.

The fuel handling building is located in this cavern.

Ail the caverns are connected by a system of tunnels and
galleries: access to the plant is through three main

tunnels.

The site topography requires that access to the tunnels
be made thrnugh ramps. One large ramp with a maximum
slope of 10 % leads to the auxiliary systems cavern and
to the reactor cavern access tunnel. A second smaller
and steeper ramp reaches the reactor ravern exploration
tunnel, This ramp i2 mainly used during the excavation

of the reactor cavern.



6.8.9.

Components and material access during plant construction
and opsration is through the main tunnels to the reactor
building and the auxiliary systems cavern.

All the tunnels connnecting the underground plant with
the outside are equipped with irterlocked blast and fire
resistant doors. Furthermore the tunnels, as in the
previous study, are laid ocut in such a way as to avoid

a direct hit to the cavern entrance.

Personnel access to the underground portion of the plant
is from the electrical building, which houses the plant
control room, by means of a long tunnel surrouading the
whole underground facility at reactor floor elevation.
This tunnel is also used as escape route.

Personnel access to the reactor cavern is from the
auxiliary systems cavern through a tunnel leading to

the containment personnel hatch.

Since the excavation of the reactor cavern has proved

to be the time determining factor and the adopted layouts
allow the simultaneous excavation of all main caverns,
this alternative requires practically the same construc-
tion time of the plant totally underground in rock

cavities.
Therefore, also in this case, the construction time, if
cocmpared with a conventional surface siting, is extended

by about 30 months.

The cost increase is instead about 11.4 %.
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6.9, COMPARISON AMONG THE STUDIES

6.9.1. Almost all the studies previously described are detailed
investigations meant to evaluate the feasibility, the safety
potential, the advantages, the disadvantages and the
economical penalties of the underground siting.

However, it should be noted that protection against acts
of war and power production during wartime has also been

an important motivation for some of these studies.

Two of the main variations of the underground siting
concept have been taken into account. The rock cavity
plant and the pit siting have been thouroughly investi-

gated for plants located totally or partially below grade.

All these studies, with the exception of a HTR rated
1160 MWe, are based on light water reactors rated about
1000 MWe.

The main characteristics of these investigations are

summarized in table ¢ - 1.

6.9.3. According to theses studies the underground siting is
feasible and without requiring the development of new
construction techniques.

Main advantagees of the underground siting are considered
the potential improved protection of the public and the
environment following major hypothetical accidents, the
enhanced protection against external events (including

acts of war) and a possible better public acceptance,.



The reock cavity plant and the pit siting have been con~-
sidered the most suitable underground siting alternatives

for Switzerland.



REACTOR TYPE CONTAINMENT COST [NCREASE] INCREAS
3TUDY YEAR & RATING PLANT CONFIGURATICN TYPE & DIMENSIONS VS5 A SURFACE : CCNST'RUC
(1 xwxh)m PLANT TIME {(mo:
evlindrical cavern
By . . i it
loooﬁmu both hHillside and lined with concrete
£7 EKTROWATT € deep below the surface| @; = 35 m h =63
;QGNG LTD 1972 locations have been ks -~ 50 %
o : ' 3WR considered cylindrieal cavern
1000 MW lined with concrete
e
¢; =48 m h=72m
s . conventional contain-
- P?R hillside plant ment in a cylindrical A .
EIR 1975 i{Westinghouse) totally underground R 4 2k
X . cavern
1000 MWe in verious caverns
¢whom h=63m
BWR hillside plant rectanpular cavern
R Lors | (GE. BWEE totally underground containing also the 25 - 30 % 18 - 2
<~ MBUS Mark II} in two main caverns auxiliary systems
1000 MWe 197 x 33 x 70.7
free=standing contain
80T 1975~ ?EGE | hillside plant e cylindricall .4 g 2L
JoLtMBUS 1976 1160‘Mﬁ partially underground ’
e ¢ =45 m h =85 m
PWR Fit sited plant cylindrical double
= 1976~|, . (semi embedded) containment .. X
ZIR .. }{Westinghouse) . . 13 % 30
1377 1000 W partially and totally Bi=h3m ni =07 om
“re underground layouts N o T e
h;i_}?;gi‘piﬁgzr round double containment Lk % ETe]
FWR part v € in a cylirndrical
ZIR 1978 |{Westinghouse cavern -
100C Mwe hillside plant d=h6m h=70m 1h % 20
+*orally underground
Table 6 - 1 Some characteristics of the main swisg studies



6.10.

6.10.1.

6.10.2.

CONCLUDING REMARKS

Some of the main studies performed in Switzerland on
the underground siting of nuclear power plants in the

last years have been examined in this chapter.

Common motivation to these studies is the evaluation

of the feasibility of the underground siting in Switzer-
land and the assessment of advantages and disadvantages
of the siting, of its safety potential and of the cost
penalty associated with it. Another motivation common

to some of the studies is the protection against acts

of conventional warfare.

The pit siting and the rock cavity alternative have been
investigated and detailed plant layouts have been proposed,
taking LWRs as reference plants.

Furthermore, to allow a realistic comparison with above

ground plants, specific sites have been chosen.

A study (Ref. 6 - 12) has dealt with a quantitative eva-
luation of the risk reduction afforded by the underground
siting following a major hypothetical accident. The results
of this investigation confirm the safety potential of the
siting.

The cost of undergrounding a nuclear power plant rated
about 1000 MWe appears to be between 25 - 30 % (Ref. 6 ~ 5)
and 11 &% (Ref. 6 - 10). The construction time is estimated

to be 2 to 2 1/2 years longer than for an equivalent
surface plant.
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