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WHY NUCLEAR GEOSTORAGE SYSTEMS FOR PETROLEUM?

L. van der Harst and C. F. Knutson
CER Geonuclear Corporation

Las Vegas, Nevada

The objective of any kind of storage system in general is to act as a buffer
between cyclical changes in supply and demand of the stored commodities.
Since the advent of nuclear explosives engineering the possibility of constructing
large-scale underground storage systems by means of contained nuclear
explosions, for which the name nuclear geostorage has been coined, should be
regarded as a valid alternative to the conventional storage systems currently
in existence.

Limiting this discussion to systems for storing crude oil, various options
are available.

The choice of any particular storage method depends, of course, on
the circumstances surrounding each particular storage requirement;
however, in many cases and for a variety of reasons, nuclear geostorage
can be preferable to conventional solutions.

Economic considerations are clearly among the most important ones.
In this respect an increase in storage capacity will tend to favor the nuclear
approach.

Besides the economics, however, other considerations are important
and may in some cases swing the balance in favor of nuclear geostorage plants,
for instance: safety and strategic values, aesthetics, ease of access, lack
of suitable tank farm space or lack of suitable geologic conditions for natural
reservoirs.

It should be borne in mind that the decision to use the nuclear approach to
solve a storage problem can only be taken after satisfactory evaluation of the
geological and geographical characteristics of the site, and when the technical,
safety, political, and public relations factors can be handled adequately.
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Introduction

The objective of any kind of storage system in general is to act as a
buffer between cyclical changes in supply and demand. Large scale storage
requirements have been met by a wide variety of reservoir systems. How-
ever, since the advent of nuclear explosives engineering, the possibility of
contructing storage systems by means of fully contained nuclear explosions
should be regarded as a valid alternative to the conventional methods, and in
many cases will prove preferable. Nuclear Geostorage Systems (NGS) has
been coined as the name of this particular Plowshare application and will be
used in this report.

The gas industry was first to recognize the importance of the nuclear
approach to creating underground storage space. This is not surprising in
view of their familiarity with natural underground storage in various geo-
logical strata. Consequently, most of the published material on Nuclear
Geostorage Systems deals with their use for gas storage. However, the
void space in an underground nuclear chimney can be used equally well to
store liquids, like petroleum, LPG and other petroleum products as well as
water, sewage and liquid waste products. Oil storage has been selected as
the example commodity for evaluation in this paper. In trying to analyze the
use of NGS in crude oil storage, it is important to assess the relative storage
capacities for which nuclear solutions might be acceptable. Figure 1 lists
some possible combinations. 1) 2)

As most of the storage projects will be located fairly close to build-up
areas, the explosive yield will usually be limited to about 100 kt or less.
Economics in most cases will set a lower limit of about 25 kt. The most
often employed charge sizes will, therefore, be within these limits. Taking
a 50 kt option for this analysis, it follows that storage volumes of 1 to 1.5
million barrels capacity per unit will be produced. The biggest steel storage
tanks for crude oil currently used have roughly a 1 million barrel capacity.
Other conventional subsurface alternatives to NGS are leached salt cavities
and mined caverns.
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Engineering Requirements

Geological-engineering techniques have been developed by industry to
evaluate the subsurface conditions in the areas of proposed mined or leached
storage sites. The techniques have been developed to reduce the probability
of building expensive failures, and the actual occurrence of such failures
provides an adequate incentive for this effort. The industrial techniques
would be suitably modified for nuclear applications.

In general, the critical geological factors for storage are:

1. Permeability of storage airea.
2. Strength of rocks .
3. Sensitivity of rock to chemical or physical attack by water or

storage products.
4. Hydrology of the site area.

A generalized evaluation program is presented below to illustrate the
recommended "practice". In any "real life" situation, the program would
be modified to develop the maximum amount of information at a minimum
cost for the specific situation encountered. It is important that the evalua-
tion program be managed by professionals with prior experience in the field
of underground storage problems.

1. Develop a preliminary subsurface geological model of the potential

NGS site based on:

a. Geological information from private or government sources.
b. Compilation of all well data available .
c. Contact with local residents, industrial users and drillers to

ascertain the quality and history of the groundwater.

2. Define potentially favorable areas on the basis of:

a. A relatively thick sequence of low permeability rock .
b. Inert rock in the chimney area .
c. Absence of aquifers in the fractures zones.

3. Evaluate the optimum location by a drilling and testing program:

a. Drill one to four vertical exploratory holes and core from at
least 100 feet above to 100 feet below the maximum anticipated
extent of the fractures zone .

b. Case the wells to within a few hundred feet of the coring point .
c. Drill with air or mist so that water influx rates can be measured

while drilling.
d. Maintain accurate drilling logs for all wells .
e. Inspection and description of the core by a geologist immediately

after removal from the core barrel. (The cores should be
wrapped in plastic or preserved in a similar manner to mini-
mize changes in rock and fluid properties).

f. Drill two or more slant holes to evaluate pre-existing open
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fractures. These wells should be deflected in order to cover
the lateral extent of the fractures zone. The horizontal pro-
jection of two holes should be roughly perpendicular to the
major known regional fracture patterns.

g. Evaluate in-situ permeability by fluid injection tests.
h. Evaluate water quality and flow rates by aquifer flow tests.
i. Make laboratory tests on representative core samples to

evaluate:
1) Air, product, and water permeability.
2) Porosity and density.
3) Compressive strength (parallel and perpendicular to the

bedding).
4) Chemical and physical sensitivity of the rock to water

and storage product.
5) Product threshold entry pressure .

The detailed findings on site suitability should be documented compre-
hensively and the site evaluation report should contain a recommendation as
to the acceptability of the chosen site.

If the site evaluation turns out to be favorable, it should be reviewed
and accepted by a competent control board before construction can be started.

The Nuclear Geostorage System Concept

To compare the merits of a nuclear solution with that of a conventional
one, the description of a particular theoretical case will be useful. The
example chosen is a crude oil NGS to be constructed about 12 miles off the
coast and close to a major oil port. The total capacity of the system would
be about 26 million barrels or about 4 million cubic meters . When ready,
such an installation could belong to the port authorities, a private company,
or a government agency specializing in storage of this kind.

Particularly in Europe, there appears to be widespread interest in this
type of solution to the storage problem. In the first place, the trend toward
the use of 300,000 to 600,000 ton supertankers makes it necessary to update
numerous port facilities to cope with these giants. Then, practically all
European governments require a strategic crude oil reserve, the capacity of
which is based on the average consumption of the country involved. The
areas close to existing major oil ports are usually very densely populated and
the construction of large tankfarms will have to be done on relatively
expensive land. An economic way to store large volumes of crude oil, with-
out taking up large land areas is therefore a welcome solution.

Figure 2 shows a possible layout near a hypothetical harbor. The selec
tion of this particular site has been based on the following parameters:

1. Favorable subsurface conditions.
2. Seismic effects acceptable with respect to existing onshore and

offshore structures. 16) 17)
3. Harbor suitable for offshore unloading of tankers.
4. Site close to existing or planned tanker loading facilities.
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The water depth contours indicated on the map are characteristic of many
harbor approach situations in the U. S. and Europe and point to another
reason why offshore storage would be attractive.

A review of the Coast and Geodetic Survey Coast Pilots of the U. S.
reveals that in the U. S. only 6 major harbors have authorized channel depths
of 40 - 45 feet which will enable these ports to accept tankers below 100,000
tons. 3) Currently, loaded 300, 000 ton supertankers have a draft of 80 feet
or approximately 13 fathoms. 4) Larger tankers will tend to have an even
deeper draft. Hence, approach and harbor channels will have to be dredged
and maintained at 100 feet or more, to make it possible for these larger ships
to enter the harbor. These operations will be costly if not physically impos-
sible. Furthermore, it takes far more time and effort for these tankers to
tie up at a dock than to moor and unload them offshore at a buoy station.
Connecting an offshore terminal by pipeline to an onshore storage system is
not an optimum solution either due to the high unloading rates of the super-
tankers. With pumping rates of 100,000 barrels per hour or more, the
connecting pipeline will have to be large enough to accommodate these flow
rates. Thus, 48" or larger pipeline probably will be needed, as in the case
of the Gulf Oil terminal at Kuwait. 5) These high flow rates will not be
needed elsewhere in the system. With the storage facility offshore, the size
of the pipeline to the coast can be geared to the shore-based needs.

To obtain a storage capacity of about 26 million barrels, 20 separate
units will be required using 50 kt explosions at about 3,000 feet depth. To
avoid interlocking of the fractures surrounding each chimney, the distance
between the units is kept to about 1, 500 feet. An example of an offshore NGS
is illustrated in Figure 3.

The construction time for a large NGS installation will take at least two
or three years. Figure 4 shows an approximate time schedule for the drilling
and construction effort. Seasonal weather problems may stretch the total
construction time out over a longer period. In this particular example, a
prototype unit is completed before starting the rest of the units.

It might be expedient to use a 25 kt charge for the prototype shot. This
will make it possible to accurately scale the seismic effects for the full size
shots. After successful completion of the first unit, the rest of the program
goes on an assembly line basis. The emplacement holes probably are best
drilled from a floating drillship. Two or more separate work barges and
crews could handle the dummy runs, trial checkout, emplacement, stemming
and preparation for firing. The firing itself probably will be done by radio
from a shore-based operational headquarters.

The extensive safety measures that have to be taken at shot-time make
this a costly part of the operation. For that reason in this example, it is
assumed that groups of five shots will be fired with short delays on a single
day. Although all five charges would be fired on a single day, a week-long
firing "window" has been inserted in the planning schedule to absorb the
influence of possible adverse sea and weather conditions.
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If explosives are available that can be left stemmed underground for as
long as six months, all the shots after the prototype could be fired on a single
day at the end of the preparatory drilling and stemming program. This would
further reduce the cost of the total project.

In the case of firing in small groups, reentry drilling would be carried
out in the same sequence as the firing to assure that a six-month time lag
between the shot and reentry is maintained for each unit. The delay is
scheduled to allow for the decay of short-lived radioactive material.

All units would be completed with two holes each. The well for the
handling of the crude oil would be connected to the top of the chimney. The
cased emplacement hole could be cleaned out and completed for this use.
Another hole would be drilled to near the bottom of the chimney and would
serve as a hydraulic line. These slant wells can be drilled from one or two
permanent central platforms upon which would be located the booster pumps,
oil-water separators, other needed equipment, and which could also house
the loading crews. The same platform could also replace existing radar and
light ships and serve as a sea base for harbor pilots.

Before putting the storage chimneys into operation, they have to be
flushed thoroughly with seawater to remove the last remaining traces of
mobile radioactive material. This flushing operation would have to be con-
trolled carefully to assure that during all operations acceptably low radiation
levels are maintained.

Filling the units would be accomplished by displacing the seawater in
them with oil. This will generally be done by the tanker's loading pumps, the
pumps on the platform or a combination of both. To avoid unacceptable
pressure build up in the chimneys, due to the high pumping rates, it probably
will be necessary, to maintain a minimum back pressure, to apply a certain
amount of suction to the waterlines at the separator platforms.

The differential pressure of water and oil would aid in forcing the oil
out of the reservoirs and into the pipeline or transfer hoses. A 24-inch line
should prove adequate to connect the storage units with the shore stations.
The booster pumps on the platform would provide the propulsive power by
pumping seawater into the units via the hydraulic wells.

The project operation must be designed so that at no time pollution of
the seawater can occur. It will be standard procedure to keep the oil-water
interface within the confines of the chimney at all times and maintain safe
chimney pressures. During loading operations, the water coming out of the
chimney will be run through separators on the central platforms. The clean
water will be returned to the sea, while oil-contaminated water could be
pumped back to the tanker for ballast purposes. The large tankers must take
on ballast to maintain at least a 40 feet draft at berth, to reduce the amount of
hull exposed to the wind. These ships have on-board separators to remove
oil from their ballast tanks. 4) If necessary, one of the NGS units can be used
as a temporary storage for dirty ballast. To avoid any chance of an accidental
release of oil from the reservoirs into the sea, all wells will be protected by
storm valves.

1331



The total cost of such an installation depends to a large extent on the
circumstances peculiar to the chosen site. However, an estimate for a
general case is presented in Figure 5. The emplacement and firing services
are not included under the heading - - explosives, and the cost of a 50 kt
device is estimated on the basis of the existing AEC schedule. It is hoped
that eventually a 50 kt standard industrial nuclear explosive will be available
for about $150,000.

The example is based on a site where 3,000 feet holes can be drilled
and cased in one week, and a daily drilling expense of $14, 000, including
materiels, has been used to arrive at drilling costs. Half a week was
assumed to be needed to clean the cased reentry hole and complete it to the
top of the chimney. Additional time has been allowed for rig moves. 6)

The post-shot construction costs of offshore terminal facilities and the
pipeline to the coast are heavily dependent on local conditions, the existing
facilities, and the ultimate owner's requirements. The cost of eventual
shore-based installations are not considered in this estimate. The construc-
tion of the NGS itself amounts to $0. 77 per barrel. If the costs of the central
platforms, equipped with separators and pumps, the mooring buoy and the
pipeline to the coast are added, the cost per barrel would come to just over
a dollar ($1. 08).

To put this in perspective, a comparison with a roughly 4. 5 million
barrel tank farm facility constructed for BP in Rotterdam is instructive.
The total cost for this facility was reported as $12. 6 million or about $2. 80
per barreL

The Rapid Access System Concept

A special application of the crude oil storage concept is that of one
close to an offshore oil field that is so far from the nearest shore that a pipe-
line to the coast would not be an economical proposition. Loading tankers at
a centrally located production platform straight from producing wells would
generally be inefficient because of the extended loading times. An economical
offshore storage system, which will be called a Rapid Access System, (RAS)
would solve this problem.

According to Dr. Dunlap of Atlantic Richfield, 8) who advocated such a
system a few years ago, a ten day storage capacity would be adequate in the
case of Persian Gulf fields. In general, a RAS would have to have a capacity
of about 1 to 10 million barrels, depending on the production rate of the field
they would serve and the size of the tankers used.

As these fields are far away from shore, larger yield explosives can be
used, if subsurface conditions are suitable. This would have a favorable
influence on the cost per barrel of such an installation. Other cost reduction
factors are: 1. the geology of the area is already well known, thus reducing
the expense of site evaluation work, and 2. the absence of populated areas
reduces the cost of the safety program and practically eliminates claim
investigations and payment expenses.
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COST-ESTIMATE FOR A 20-UNIT OFFSHORE N.G.S.

(Capacity - 26 million barrels or 4.2 million cubic meters . )

1. Feasibility Studies and Pre-shot Expenses

2. Emplacement Holes

3. Explosives 20 @ 300

4. Emplacement, Stemming, Firing

5. Completion of all Oil and Water Lines

6. Final Testing, Flushing of all Units

7. Engineering Support and Logistics

Total Nuclear Operations

8. Gathering System

9. Production Platforms (2)

10. Single Point Mooring System

11. 20 km 24" Diameter Pipeline to Shore

Total Project Cost

In 1, 000 Dollar

1,

3,

1,

2,

000

000

500

500

1,000

2,900

6,000

1,200

4,000

900

4,000

$20,000 ($0.

8,000

$28,000 ($1.08/barrel)

Figure 5
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Figure 6 presents a cost estimate for two solutions to a 6 million barrel
Rapid Access System in Persian Gulf offshore conditions. The difference in
the drilling costs between solution A and B is not only due to the difference in
depth but also a result of the larger diameter required for the first solution.
The diameter of the 200 kt emplacement holes does not only have to be larger
to accommodate a slightly larger charge. However, as only two wells connect
the loading platform with the reservoirs, the high tanker loading rates dictate
a larger well diameter. In the second solution, five 12-inch lines are
adequate for the loading function. Solution A leads to a $1. 28 per barrel cost
for such an installation, while solution B comes to $1.63 per barrel.

Recently a very interesting conventional storage equivalent to the RAS
was constructed in the Persian Gulf by Chicago Bridge and Iron Corp. for
a Continental Oil subsidiary. 9) It consisted of a large steel and concrete
funnel-shaped container which was suspended in the water with the wide part
of the funnel open and pointing down. Figure 7 shows this structure being
towed to its final location. This 15, 000 ton structure has a storage capacity
of 500,000 barrels and has cost a total of $7 million or $14 per barrel. In
this case, an equivalent onshore installation with pipelines to the field would
have cost $11 million or $22 per barrel. In this particular location, the
subsurface geological conditions were considered unsuitable for a nuclear
solution. This is unfortunate, since about 1 to 1. 5 million barrel storage
capacity will ultimately be needed near the field under consideration, and
costs for a nuclear Rapid Access System would have proved very competitive
indeed. A submarine storage system consisting of prestressed concrete
tanks moored on the seabottom has been suggested recently. 10) The cost of
the storage alone was estimated at about $10 per barrel.

Advantages of the Nuclear Approach

The choice of a particular storage method depends, of course, on the
circumstances surrounding each particular case. Economic considerations
are clearly among the most important ones. In this respect NGS appear to
be very competitive compared with steel tank systems and mined caverns.
Only salt dome storage systems are cheaper or similar in cost to the nuclear
solution. However, salt domes are often not available in the most suitable
locations. Figure 8 shows a general comparison of the cost of various
possible storage options. 11), 12), 13)

However, other considerations can be of importance, and in some cases,
where the economics are not clear cut, these may swing the balance to a
choice for nuclear geostorage. Items to be considered are:

1. Economics
2. Safety
3. Strategic value
4. Aesthetics
5. More valuable land use needed
6. Ease of access
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COST ESTIMATE FOR A 6-MILLION BARREL

RAPID-ACCESS-SYSTEM

SOLUTION A SOLUTION B

1. Preshot and Peripheral

2. Emplacement Holes

3. Explosives

4. Emplacement Stemming, Firing

5. Completion Oil and Water Lines

6. Final Testing, Flushing

7. Gathering Systems, Platform, Buoy

Cost per barrel

Cost per cubic meter

(Based on Persian Gulf-type cost estimates.)

2 units 200 kt @
5000 ft.

In 1000 dollars

600

1,000

800

200

1,500

100

3,500

7,700

$1.28

$8.05

5 units 50 kt @
3000 ft.

In 1000 dollars

800

2,000

1,500

400

3,000

200

3,500

11,400

$1.63

$10.25

Figure 6
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Figure 7

COST IN U.S. DOLLARS PER BARREL
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COST COMPARISON OF CRUDE OIL STORAGE SYSTEMS.

Figure 8
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WHY CHOOSE A NUCLEAR GEOSTORAGE
SYSTEM FOR CRUDE OIL?

1. ECONOMICS.

2. SAFETY

3. STRATEGIC VALUE

4. AESTHETICS.

5. MORE VALUABLE LAND USE INDICATED.

6. EASE OF ACCESS.

Figure 9
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The inherent safety of a nuclear geostorage system is obvious and of
major improtance. Too often fires occur in tank farms, and besides the
possible loss of lives, the cost of such a fire can be tremendous. (Figure 10)
In peacetime such fires occur by accident. However, under war conditions
the adversary seeks to destroy tank farms as soon as possible, and sometimes
the entire oil reserve of a country can be annihilated. The recent Middle
East war has been a very vivid reminder of this. Obviously, nuclear geo-
storage systems are an ideal solution. With only some added defense
features, the NGS site can be made to withstand conventional attacks.

Large tank farms are sometimes clustered in potentially very beautiful
spots, near the shore of large bodies of water. They, certainly, do not
contribute to the beauty of the landscape. The surface installations of onshore
NGS can be made very small and inconspicuous and consequently would not
clash with the natural surroundings (Figure 11). Placing the facility offshore
would completely eliminate this problem. Modern offshore technology makes
it possible to dispense completely with platform based facilities and is able
to provide all needed systems on the seafloor or flush with it. In such a case
only the mooring buoy would be visible at the surface.

In somewhat the same context, it may become more and more difficult
to find the required space on land for extensive tank farms near old estab-
lished harbor towns in the U. S. and Europe. Gulf's 8. 2 million barrel
Bantry Bay tank farm in Ireland takes up 325 acres for the tank emplacements
alone. 4) Between Rotterdam and the sea, a rough estimate shows about
10,000 acres given over to tank farm storage systems with a total capacity of
about 36 to 40 million barrels (Figure 12). This is about half the size of the
actual city of Rotterdam, a town with approximately 1 million inhabitants.
It is obvious that precious land space can often be put to much more valuable
use than to serve as the foundation of a steel tank.

The ease of access of offshore NGS has been mentioned before. An
example may illustrate this somewhat more clearly. At Bantry Bay the loading
dock is situated in an ideal position. A large jetty has been constructed 1, 200
feet offshore from the coast in amply deep water. In docking, the super-
tankers have to approach the facility slowly and as nearly parallel as possible
to the feeder system. Four powerful tugboats are then needed to assist in the
final docking maneuver. 4) This may seem cumbersome, but it is nothing
compared with the effort needed to berth such a ship in harbors like New York,
Baytown, Long Beach, LeHavre, Liverpool, Rotterdam, Hamburg and many
others.

If we compare this with the ease of mooring a tanker under its own
power at a loading buoy in open water, (Figure 13) it becomes apparent that
turn around time for these costly dockings can be cut drastically by avoiding
the need for mooring at dock side. 14) 15)

Conclusion

A nuclear geostorage system should be considered a very attractive
solution to petroleum storage problems. This especially is valid in situations
where large volume storage facilities are required near harbors, offshore
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Figure 10

Figure 11: The pump installation in the foreground is the only-

surface equipment of a 5,000,000 barrel underground storage

cavity for L.P.G. The tanks in the background have a capacity

of 50,000 barrels each.
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ROTTERDAM - EUROPOORT

Figure 12: Tank Farms and refineries cover about half of the strip of land between the two rivers and stretching

from the sea to the town of Rotterdam. A comparison with the area of the town itself and its closest suburbs

brings out the tremendous size of these installations.
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oilfields or strategically placed naval bunkering stations.

Potential NGS sites must be carefully evaluated. Not only must the
rock properties, and structural and hydrological conditions be determined,
but seismic effects, radiation and public and political response must be taken
into consideration. In many cases economics and optimum land use consid-
erations will make a nuclear geostorage system the first choice among
various possible alternatives.
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