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I. INTRODUCTION 

This report, prepared by Brookhaven National Laboratory and 

Oak Ridge National Laboratory for the Atomic Energy Commission, compares 

the civil defense capabilities of 300-MWe nuclear and coal-fired power 

generating stations. The report evaluates the economics and feasibility 

of plant protection from nuclear attack by (a) plant hardening, (b) re

mote siting, and (c) utilizing optional fueling concepts for the coal-

fired plant, 

Sargent & Lundy and Burns and Roe, Inc. provided assistance to 

the Laboratories in the preparation of the report. 
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II. SUMMARY AND CONCLUSIONS 

This report compares the nuclear defense capabilities and 

relative costs of 300-megawatt pressurized-water reactor plants and con

ventional coal-fired electric power generating stations. Since power 

generating costs vary in different sections of the United States, three 

areas were selected for study, specifically: the Southeast, Midwest 

and the Southern New England states. 

An initial study was made of several 100- and 300-electrical 

megawatt reactor plant concepts to compare their relative costs and 

their ability to resist the effects of nuclear weapons. The study re

vealed that a nuclear power plant of less than 300-megawatt output could 

not economically compete with a coal-fired plant of similar rating. The 

study also revealed that both the pressurized-water and boiling-water 

reactor plant concepts provide the most inherent resistance to nuclear 

weapons. In addition, these reactors are the most economical and the 

most highly developed from a technological standpoint. 

The pressurized-water reactor was selected for the final study 

only in order to limit the study effort to one specific reactor type. 

Results for the boiling-water reactor would closely parallel those of 

the pressurized-water plant. 

The main advantage of a nuclear power plant from a national 

defense standpoint is, as expected, its independence from the need of a 

continuous large tonnage fuel supply. For a coal-fired plant, this 

amounts to approximately 2.5 million tons of coal annually for each 1000 
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megawatts of installed base generating capacity. This would impose a 

very serious burden on the limited transportation facilities which might 

survive a nuclear attack, since these facilities must be utilized to 

transport food, medicines, war material, troops, and critical industrial 

supplies. 

A second advantage of the nuclear plant is the inherent resist

ance of the reactor portion against nuclear weapons, due primarily to the 

containment vessel and its massive internal concrete structures. In 

addition, the nuclear safety requirements for remote siting (i.e., 15 miles 

from the load center) makes the cost of hardening of the conventional 

portions of the nuclear plant nominal. 

On the other hand, an unhardened coal-fired plant must be 

located at least twice as far away (30 miles) from the load center in 

order to survive nuclear blast effects. The cost increment due to longer 

electrical transmission lines is relatively small, but the cost of access 

roads and rail spurs, also the availability of the required amounts of 

water, presents problems common to those of the remotely sited nuclear 

plant. 

A third advantage of the nuclear plant is the fact that its 

fuel supply is contained within the reactor at all times. The reactor 

plant is therefore capable of producing power under sustained fallout 

conditions following nuclear attack. The coal-fired plant, however, 

normally holds but a two-to three-day supply of coal in the bunkers. 

Under sustained fallout conditions, the outside coal storage and handling 

equipment would be unapproachable because of radiation hazards. Power 
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generation would therefore cease until activity levels were sufficiently 

low to permit filling the bunkers. Although the majority of coal-burning 

plants are equipped with either auxiliary gas or oil firing equipment, 

it is questionable whether the oil storage tanks or gas lines would sur

vive nuclear attack. Fallout shelters must be available in each plant. 

Three concepts of alleviating fuel transportation problems were 

considered for the coal-fired plant, and the resultant total power gener

ating costs compared with those of the nuclear plant. 

These concepts consist of: 

a. Stockpiling a 1-to 5-year supply of coal. 

b. Pipeline pumping of coal slurry. 

c. Mine-mouth plant siting. 

Both above and underground hardened construction was investigated 

as a means of protecting the nuclear and conventional plants against 

nuclear attack; however, the cost increments are so high for all that 

they do not appear to be reasonable methods except in very special cases. 

Specific conclusions brought out by the study are summarized 

below: 

1. An unhardened 300-MWe pressurized-water reactor plant can 

be constructed to produce electric power at a total power generating cost 

of approximately 7.4 ra/kwh. A comparable coal-fired plant can produce 

power at 6 to 10 m/kwh, depending upon the cost of fuel and method of 

firing. 

2. Providing fuel delivery during a national crisis would 

impose a severe penalty on a conventional coal-fired plant. For example. 
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a 300-raw plant located 350 miles from the coal supply would require 

approximately 267,050,000 ton-miles of fuel shipment annually. The 

nuclear plant is self-sufficient in that it may operate for as many as 

five years with one core loading. In addition, reloading requires only 

a very few railcars or truckloads of fuel, 

3. Need for coal delivery to new plants during wartime may 

be circumvented by: 

a. Stockpiling of coal during peacetime. The nuclear 

plant is more economical when an excess of 2-year or 3-1/2-year coal 

stockpile is required for the Southeastern and Midwestern plants, re

spectively. The nuclear plant is more economical in the New England 

area under any stockpile assumptions. 

b. Mine-mouth siting of plants for furnishing power to 

Southeastern and Midwestern U.S. Power producing costs for mine-mouth 

plants are estimated at 6.48 and 6.24 m/kwh for these areas, respectively. 

The remote locations also provide the plants with protection against 

nuclear attack on the load centers. However, the number or size of plants 

that can be built at such sites is unknown, since water availability and 

transportation facilities must be investigated for each specific plant 

considered. Mine-mouth siting is not economical for New England because 

of the long transmission distances req'̂ ired. 

c. Pumping coal slurry by pipeline from the mine to the 

plant location. The cost of power production in plants burning coal 

slurry is lower than nuclear power generation in the Southeast and 

Midwestern U.S. By siting the plant 30 miles from the load center to 
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escape nuclear blasts, these plants can produce power at 7.2 to 7.3 

m/kwh, compared to 7.4-mill nuclear power. Site availability is a problem 

as in (b) and there is the further consideration of maintenance of pump

ing stations and pipeline in event of nuclear attack. Again, this 

is not an economical alternative for New England because of the long 

pipeline transmission distance. The costs of slurry pumping are based 

on individual pipelines to each plant. When this method of fueling 

becomes more fully developed, pipeline networks serving several plants 

may be utilized, thus permitting a reduction in the power generating 

costs of the plants tied into the system (see Appendix C). 

4. Nuclear power at 7.4 mills/kwh is the most economical 

method of power generation for the New England area, regardless of the 

fueling methods applied to the coal-fired plant. 

5. In order to survive a 20-megaton nuclear blast, a coal-

fired plant must either be hardened or remotely sited (30 miles) from 

the load center. Plant hardening, either by aboveground or underground 

construction,is expensive. Remote siting therefore becomes the preferred 

method of protection, provided an adequate site can be found. 

6. A pressurized-water reactor plant does not require hardening 

to survive a 20-megaton nuclear blast detonated at the load center, since 

it must be remotely sited at least 15 miles from the load center for 

safety reasons. If it is desired to move the plant closer to load centers, 

or if larger weapon yields are anticipated, the conventional portion of the 

plant can be hardened to 10 psi for relatively small incremental cost. 
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III. PURPOSE AND SCOPE 

This study was undertaken to evaluate the apparent advantages 

of the construction of nuclear rather than coal-fired power plants, in 

order to strengthen our national defense capabilities. The stringent 

requirements for remote plant siting, coupled with the inherent integri

ty of the reactor containment vessel against nuclear blast, provide 

nuclear plants with a degree of built-in blast resistance which is nor

mally not encountered in coal-burning plants. Economics usually dictate 

that coal-fired plants be located adjacent to the load centers which 

they serve. This results in highly vulnerable installations which would 

be severely crippled, if not completely demolished, under nuclear attack. 

In addition, the requirements for continuous large tonnage fuel deliveries 

during wartime, when transportation facilities would be severely cur

tailed, impose a severe handicap on the coal-fired plant. 

The scope of the study is summarized as follows: 

1. Determine total power generating costs of 300-MWe (net) 

nuclear power plants capable of being constructed under current technol

ogy. Typical plants include pressurized-water, boiling-water, sodium-

graphite, fast-breeder and gas-cooled reactors. As discussed later, 

primary emphasis was given to pressurized-water reactors, 

2. Determine the relative resistance of each plant type to 

nuclear attack. 

3. Determine total power generating costs of a typical 300-

MWe coal-fired plant, also its capability of resisting nuclear attack. 
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4, Determine the costs of protecting each plant type to 

equally resist the effects of nuclear attack. This may be accomplished 

by remotely siting the plants from the load centers or by either above-

ground or underground hardened plant construction. 

5, Investigate the various fueling concepts which might be 

utilized to decrease the vulnerability of the coal-fired plant, as well 

as relieve the drain on fuel transportation facilities during wartime. 

These include: 

a. Remotely siting the power plant and stockpiling a 

one-to five-year supply of coal during peacetime. 

b. Remotely siting the power plant and delivering fuel 

through a coal slurry pipeline, 

c. Locating the power plant at a mine mouth, with longe 

transmission lines to industrial load centers. 

6, Integrate power generating costs for alternate methods 

of fueling into the overall cost analysis. 
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IV. GROUND RULES 

The attainment of the outlined objectives required that 

specific ground rules be-employed in the development of the data. The 

following are the basic rules and assumptions employed: 

1. Results of Nuclear Attack 

a. Railway transport facilities have been disrupted 

after initial and secondary attacks. Rail operations are curtailed and 

required for services other than fuel transport for an indefinite period 

of time, 

b. The power plants considered for the fueling aspects 

of this study are those which have suffered no major damage and are 

capable of delivering rated output upon receipt of an adequate fuel 

supply, 

c. Power requirements following the nuclear attacks are 

such that the plants under consideration will be required to operate for 

1-to 5-year periods at a plant factor of 80 percent, 

2, Plant Location 

Thermoelectric plants shall be located either within areas 

of major coal deposits or adjacent to major industrial centers. Based on 

this criterion, specific coal-fired, thermoelectric plants were selected 

for study in three general areas of the continental United States: 

1, Mid-Southeastern States 

2, Midwest 

3, Southern New England 
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Plants in other regions of the United States either obtain 

power from gas or oil, or else are located in what are not considered 

major industrial areas. 

3, Plant Selection 

The plants studied are rated at 300-MWe (net) generation, 

operating at 80 percent plant factor, 

4, Coal Supply 

Coal is stockpiled for a period of from 1 to 5 years at 

or near the station. Stockpiling at the mine is also considered. In 

the case of alternate fueling by a coal slurry pipeline, a 70-day supply 

of slurry is maintained at the plant site, 

5, Price of Coal 

The cost of coal to the utility varies in magnitude 

significantly within the continental United States, The average cost of 

coal as-delivered, as well as estimated at-mine costs, is presented in 

the study for those states utilizing coal as a fuel. 

6, Cost and Fixed Charge Rate Analysis 

Economic rules for calculating fixed charges and other 

costs are consistent with those contained within the USAEC Nuclear Power 

Plant Cost Evaluation Handbook, December, 1960. 
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V. GENERAL APPROACH AND ASSUMPTIONS 

Much of this study was based on Reports SL-1674 and TID-

(2) 

8516 , which provide normal cost data for both the nuclear and coal-

fired power plants considered in the study. The first-mentioned report 

also furnishes basic nuclear plant layouts, from which the effects of 

(3) 
nuclear blast damage were estimated. Sargent & Lundy Report SL-1925 

provides cost data on fueling concepts for the coal-fired plant. 

This report is included herein as Appendix C, 

Since a prime function of this study is to compare national de

fense capabilities, each plant was analyzed to find the type with the 

greatest built-in degree of "hardness," or resistance to nuclear weapons. 

Nuclear blast effects depend upon many variables, including 

pattern of attack, weapon yields, height of burst, distance and orienta

tion of target from ground zero and nature of the terrain. The analysis 

of blast effects on structures therefore becomes extremely complex, and 

the predicted results are at best close approximations. Time did not 

permit detailed mathematical analysis of the many structures found in 

the plants under investigation, nor were actual structural designs 

available which are pertinent to such analysis. The simplified analysis 

included in Appendix A is of sufficient accuracy to predict structural 

response under blast loadings. By application of data presented in "The 

Effects of Nuclear Weapons" and other references , reasonable 

blast effects were determined and extrapolated to the plants in question. 

It was determined that the power generating equipment and 
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plant auxiliaries (turbogenerator, switchgear, feedwater pumps and 

heaters, circulating water equipment, etc.) were equally vulnerable, 

regardless of the type of plant considered. The problem therefore re

solved itself into investigating the steam generating equipment and 

appurtenances of both plant types, e.g., boiler, breeching, fans and 

coal handling equipment for the conventional plants, and the reactor, 

steam generator and primary pumps for the nuclear plant. This investi

gation revealed that the conventional steam boiler and accessories were 

the weakest structures in either plant. 

Since the nuclear plant was found to be inherently harder 

than the coal-fired plant, an investigation was made into the methods 

and costs of hardening the coal-fired plant to the same degree as that 

of the nuclear plant. Three concepts were evaluated: (a) reinforcing 

the building structure to resist the expected blast overpressures, (b) 

constructing the plant underground and (c) remotely siting the plant to 

reduce the intensity of overpressures. 

Although designing around these concepts would increase the 

plant's resistance to weapons damage, the problem of fuel delivery during 

wartime would present a serious problem, since transportation facilities 

could be expected to suffer severe damage. Surviving facilities would 

in all likelihood be heavily burdened by requirements for delivery of 

food, medical supplies, war materials, troop transport and essential 

industrial materials. Fuel handling by stockpiling and by pipeline 

delivery of coal slurry were studied as possible solutions to this 

problem. Mine-head plant location was also considered as a means of 
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eliminating fuel transportation problems. 

The following sections of the report analyze these concepts 

and evaluate the strategic and economic importance of each. 
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VI. EFFECTS OF NUCLEAR WEAPONS 

A. General Characteristics of Nuclear Explosions 

A nuclear explosion is defined as a very rapid release of 

energy produced by a fission or fusion reaction. Approximately 507o of 

the energy produced by an air burst is emitted in the form of shock and 

blast, about one third appears as thermal radiation and the remainder 

is propagated as various nuclear radiations. Figure 1 illustrates some 

of the phenomena which accompany a nuclear weapon detonation. 

The multiplicity of effects and the tremendous force of ex

plosion are the most formidable aspects of nuclear weapons. Knowledge 

and understanding of the basic phenomena associated with nuclear ex

plosions are essential for planning the protective measures to minimize 

the effects of nuclear blast. 

The subject has been discussed intensively and many standard 

(4 
references are available, in particular "The Effects of Nuclear Weapons." 

This section is therefore confined to a brief description of those as

pects of nuclear blast upon which the report is founded. It is assumed 

that personnel protection against fallout would be provided in the plant 

design. 

Almost at the instant of a nuclear explosion, the hot gases pro

duced by the burst form the characteristic luminous mass or "fireball." 

In a typical air burst the fireball, at the time of its maximum brilliance, 

does not reach the earth. As the fireball grows it cools and the vapor

ized products condense, forming a radioactive cloud. At the same time, 

the fireball rises rapidly. A strong updraft is produced which may suck 
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varying amounts of dirt and debris from the earth's surface into the cloud. 

Approximately a minute after detonation, the fireball cools to such an 

extent that it is no longer visible. As the radioactive cloud ascends it 

spreads out horizontally. The characteristic mushroom cloud generally 

remains visible for an hour or longer before it is dispersed by the winds, 

A fraction of a second after the explosion, a high-pressure 

blast wave moves outward from the growing fireball. When the explosion 

occurs above the earth, the shock front strikes the surface of the earth 

and is reflected. The direct and reflected shock fronts fuse and form a 

nearly vertical wave front (Mach stem) which behaves like a wall of highly 

compressed air moving outward approximately with the speed of sound. 

At a given location with respect to ground zero, the air pressure 

increases abruptly at the arrival of the shock front. This peak over

pressure then diminishes, passes through a negative phase, and finally 

attenuates to the ambient level. The air behind the shock front moves 

with considerable velocity and exerts a dynamic pressure on objects in 

its path. 

Most of the material damage caused by a nuclear explosion is 

due to the overpressure (the excess over atmospheric pressure) and the 

dynamic or drag pressure. The magnitude of the peak overpressure and 

the dynamic pressure and their duration depend upon the weapon size, type 

of burst and the distance from the explosion center. 

Since structures are primarily affected by blast and shock, 

their degree of resistance or so-called hardness is generally expressed 

in terms of capacity to resist a specific overpressure. Conversely, the 

15 



overpressure generated by a blast, in pounds per square inch, is indica

tive of a degree of destruction which might be expected. This is only 

an approximation, however, since the duration of positive phase also 

affects, to some degree, the resistance of the structures. 

Large buildings, having a moderately small window and door 

area and fairly strong exterior walls, respond mainly to the loading 

generated by the overpressure. In contrast, structures such as smoke 

stacks, transmission towers or open frameworks in which structural com

ponents are rapidly engulfed by the shock wave, are generally more sensi

tive to dynamic pressure loading. Serious damage to any residential 

building would be expected to occur at about 2 psi overpressure; while 

few industrial-type structures could withstand an overpressure of 5 psi 

or more. The shock front moves essentially at the speed of sound, but 

thermal radiation is propagated at velocities comparable to the speed of 

light. Consequently, at any point distant from ground zero, the radia

tion effects will be felt before arrival of the blast wave. More impor

tant, thermal radiation can cause skin burns on exposed individuals at 

such distances from the nuclear explosion that the effects of blast and 

nuclear radiation are not significant. 

Thermal radiation is emitted by the fireball which attains tem

peratures comparable to those in the center of the sun. The heat flash 

lasts no longer than a few tenths of a second but its intensity is suffi

cient to cause distant ignition of kindling fuels such as dry grass, leaves, 

shredded paper and rotting wood. Under normal atmospheric conditions. 
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for example, a thermal energy level of 10 calories per square centimeter 

would be experienced at a distance of as much as 30 miles from the point 

of explosion of a 20-megaton bomb. Most thin flammable fabrics, as well 

as paper, grass, etc,, will ignite when exposed to this amount of thermal 

radiation. Within a range of 20 miles almost all ignitable materials will 

actually flame and any exposed person will suffer third-degree burns. 

Multiple small fires, sustained under certain conditions, can easily 

become a mass fire and spread over large areas. It should be noted, however, 

that any opaque noncombustible material will constitute an effective shield 

against thermal radiation. 

In contrast to thermal radiation, shielding from nuclear radia

tion is not a simple matter. The gamma rays given off by an atomic de

tonation will traverse great distances in air and penetrate through a 

considerable thickness of dense materials such as concrete and steel 

before being reduced to a harmless intensity. However, the effective in

jury range of initial nuclear radiation is much smaller than that of 

thermal radiation. 

The initial nuclear radiation consists of gamma rays and neutrons 

emitted from both the fireball and the atomic cloud within the first 

minute after the explosion. Alpha and beta particles are not included 

since their effective range hardly extends beyond the contour of the 

atomic cloud. As the fireball and the atomic cloud ascend, the intensity 

of nuclear radiation on the earth's surface diminishes. A minute after 

explosion, this source of radiation is so distant that the amount of 

gamma rays and neutrons received on the ground is no longer significant. 
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Nuclear radiation, however, is not limited to this initial period. 

Under the influence of gravity, the radioactive bomb residues and other 

particles contained in the radioactive cloud will soon start to descend. 

This so-called residual or fallout radiation continues over a prolonged 

period during "decay" of the radioactive matter. 

The amount and distribution of this contaminated debris that 

reaches the ground depend on many factors, such as the height of burst, 

the wind speed and its direction following the burst. Most of the heavy 

particles will be deposited near ground zero; hence, the radiation in" 

tensity will be the highest in that area. Some of the radioactive debris 

will drift with the wind and can contaminate large areas hundreds of miles 

downwind. Such distant fallout will usually start several hours after 

the explosion and continue for many hours. When the fallout first arrives, 

the exposure dose rate is small, but it increases steadily as more and 

more fallout descends. In a few hours the fallout will be essentially 

complete and then the radioactive decay of the fission products will be 

accompanied by a steady decrease in the dose rate. Forty-eight hours 

after explosion the radiation dose rate will be reduced to approximately 

17o of the dose rate emitted one hour after explosion. 

Prediction of the fallout path is difficult, however, since it 

depends on wind speeds and directions at all altitudes between the ground 

and the top of the atomic cloud. 

Nuclear radiation does not seriously affect structures or 

equipment, but it is harmful to human beings. The biological effects of 

radiation exposure are cumulative with additional exposure but also de-
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pend on such factors as the exposure rate and the extent of the body ex

posed. A dose as low as 100 roentgens received over a 24-hour period may 

cause sickness, while a dose of 700 roentgens absorbed in this period 

would almost certainly prove fatal to an individual. 

The other sources of damage, such as earth shock and cratering, 

generally occur within the same area where the more important thermal 

radiation and blast cause virtually complete destruction, 

B, Damage To Structures 

1, Overpressure 

(4) 

"The Effects of Nuclear Weapons" provides data for 

estimating blast effects on building structures and equipment. The data 

is based on a combination of mathematical analysis, laboratory tests and 

the results of actual nuclear explosions, both in Japan and at various 

test sites. It is pointed out in Reference (4) that it is impossible to 

accurately predict the effects of blast on structures, and that the 

data furnished is considered only as being representative for the average 

situation, i.e., sea-level targets on flat terrain, with structures of 

average size and strength. 

Reference (4) classifies damage to a particular structure 

by degrees A, B, C and D. The definitions are as follows: 

Degree Effect 

A Structure virtually demolished 

B Damage so severe that complete reconstruction is 

required prior to reuse of structure (or equipment) 

C Major repairs required prior to reuse 
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Degree Effect 

D Light damage, minor makeshift repair (or no repair) 

necessary 

Charts for estimating the degree of damage to various 

structures in terms of weapon yield and distance from ground zero are 

also furnished. 

Other data, applicable to a specific conventional power 

plant installation, is also available, Reference(5). The data was com

piled through the results of both experimental and mathematical analysis. 

Reference (5) also cautions that the analysis applies only to the reference 

plant and that the results are by no means applicable to all types of 

structures. 

Extrapolation of the data published in References (4) and 

(5) permits the following general conclusions to be drawn: 

a. The most vulnerable pieces of equipment found in 

conventional power plants are the boiler sidewalls, air preheater and 

economizer walls and dust precipitator; these may be expected to fail 

completely with an overpressure (internal or external) of from 2 to 3 

psi. This is due to the large surface areas and relatively light 

bracing requirements of the boiler casing and breeching. The damage may 

be classified as type C. 

b. With an overpressure of approximately 7 psi, type A 

damage occurs and the steam generator as well as the coal conveying and 

transfer structures may be expected to be completely demolished. 
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c. Another factor to be considered is the effect of blast 

on the building main structural members. Modern central station boilers 

are supported at the top of these members to permit unrestricted thermal 

expansion of the units in the downward direction. Buckling of the sup

port members may result in complete boiler collapse at overpressures of 

7 to 10 psi. 

From the foregoing, and by reference to Table I below, 

it becomes apparent that the boiler is the most critical item in the 

conventional power plant from the standpoint of vulnerability to nuclear 

blast. 

TABLE I 

DYNAMIC RESPONSE OF EQUIPMENT TO OVERPRESSURE (5) 

Equipment 

Turbogenerator 

Boiler side walls 

Stack breeching 

Air Preheater walls 

Economizer walls 

Boiler stack 

Outside coal conveyor 

Outside 1 
pressure 

30 

2 

6 

3 

3 

4-6 

7 

Over-
(psi) 

\ 

Description 
of failure* 

None 

Upper walls 
caved in 

Walls caved 

Walls caved 

Walls caved 

Overturned 

Collapsed 

in 

in 

in 

Main building structure 

Main building structure 

10 

15 

Partial collapse 
of building 

Complete collapse 
of building 

Failure depends upon orientation of equipment with respect 
to blast front, or Mach stem. 
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The structural design of the turbine and service buildings 

are somewhat similar for both the coal-fired and nuclear plants con

sidered in this study. The effects of blast overpressures on these 

structures are therefore comparable, although much less damaging than 

those to the steam boiler structure. 

Analysis of the nuclear plant (Appendix A) reveals that 

the spherical containment vessel which houses the reactor components can 

safely withstand an overpressure of 10 psi with no serious consequences. 

The structural requirements and costs of hardening the boiler plant to 

the same degree as that of the containment vessel therefore become 

objectives of the study. 

2, Thermal Effects 

For overpressures of 1 to 3 psi, and considering air bursts 

with weapon yields of 1 to 20 MT, corresponding thermal energies received 

2 
at a remotely sited power plant would be on the order of 5 to 30 Cal/cm . 

Although this amount of thermal energy would cause third-degree burns on 

exposed skin and would ignite such items as paper, fabric and dry vegeta

tion, no significant thermal damage would occur to materials such as 

structural steel and reinforced concrete unless the plant was in the 

direct path of a "fire storm." The ignition temperature of the coal 

pile is about 765° F, but the duration of the thermal pulse would not be 

sufficient to sustain combustion, A foot of earth cover over the coal 

pile would provide additional protection against fire. 

When designing plants to 10 psi overpressure, thermal 

radiation becomes more important than in the 1 to 3 psi range. However, 
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by utilizing materials that are adequate to provide the required blast 

resistance, together with high reflectivity surfaces, significant ther

mal damage would not occur to the power plant structures. 

Thermal radiation is therefore not a governing factor in 

power plant vulnerability. 

C, Radiation Effects 

Unhardened nuclear and coal-fired plants must be located 

15 and 30 miles, respectively, from the nearest industrial complex or 

o^her military target in order to escape the blast effects of nuclear 

weapons directed at these objectives. The major radiation hazard which 

would be encountered at such distances would be due to fallout. Radiation 

steams from the fallout particles themselves, and presents serious health 

hazards to plant personnel. In order to minimize the fallout hazard, 

some sort of fallout shelter would be required for plant personnel in 

both the nuclear and coal-fired plant. 

Even if it is assumed that both plant types are relatively 

airtight, fallout particles can still enter the plant through various 

sources. The first source, which is common to the two plant types, is 

the condenser circulating water system. The activity in the water may 

be expected to be approximately one to one and one-half times that of 

the outside environment. The water activity will decay at about the 

same rate as the outside activity. Thus, if personnel must be shielded 

from outside radiation, they may find some of the plant components un

approachable as well. If the levels outside are such that little or no 
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hazard exists, the plant circulating water system may be equally as safe. 

The foregoing is based on the exterior gamma hazard, not the problem of 

breathing air or drinking water. 

A second source of plant activity, common to both the 

nuclear and coal-fired plant is the outside ventilating air supply. 

Absolute filters could be used at the inlet plenums to minimize activity 

ingress. Here again, however, if outside activity levels are such that 

personnel must take shelter, the activity of the ventilating system com

ponents is not a serious matter. The shelter ventilating system must of 

course be suitable for personnel protection under all conditions, 

A third source of activity, unique to the coal-fired 

plant, is the boiler combustion air supply. This is perhaps not as 

serious as it appears, for reasons which follow. 

1. The scrubbing action of the coal particles on the furnace 

walls would, to some extent, assist in keeping the walls free of activated 

particles. 

2. The soot blowers, which are normally remotely operated 

from the control room, would clean much of the activity from the boiler 

passages and discharge it to the stack. 

3. CBR-type filters could be installed in the forced draft 

fan inlet to limit activated particle ingress. 

It is outside the scope of this study to predict the 

source and nature of power outages following nuclear attack or to 

predict power plant load requirements and distribution system re-

cuperability trends following attack. If the simplified assumption 
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is made that the power plant will be capable of providing some small per

centage of full load soon after attack, the nuclear plant has a distinct 

advantage over the coal-fired plant. The fact that nuclear fuel is in 

the reactor at all times permits the plant to be operated from the control 

room shelter under sustained fallout conditions. The coal-fired plant, 

on the other hand, carries a limited supply of fuel in the bunkers, and 

unless the bunkers were full at all times, which is normally not the case, 

fuel replenishment would present problems under fallout conditions. 

The problem of fallout, although perhaps somewhat less in 

the nuclear plant, is one of personnel protection rather than equipment 

protection. Long-range planning would be necessary to initiate and carry 

out normal plant operations under fallout conditions, regardless of the 

type of plant considered. 
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VII. PLANT DESCRIPTIONS 

A, Reactor Plants 

1, Containment Vessels 

At the present time, several types of nuclear reactor 

plants are in varying stages of technological development and show 

promise of economic power generation. For the purposes of this study, 

in which the structure housing the reactor is of paramount concern from 

a nuclear blast standpoint, the various nuclear plants may be divided 

into three groups: 

a. Reactors utilizing high-pressure liquid coolant, e.g., 

pressurized-water and boiling-water reactors. 

b. Reactors utilizing low-pressure liquid coolants, e.g., 

fast-breeder, sodium-graphite reactors, 

c. Natural uranium reactors utilizing gas coolants. 

These groups may be further identified by the type of vapor 

containment provided to prevent leakage of radioactive matter to the at

mosphere in the event of a serious nuclear mishap, or excursion. 

Spherical or cylindrical steel structures are used as 

vapor containment for the pressurized-and boiling-water-cooled reactors 

in the United States. These reactors are compact and operate at rela

tively high power densities. These characteristics allow the use of 

reasonably small and relatively inexpensive containment vessels. Since 

the prevention of fuel melting in the case of a major break in the reactor 

primary cooling system is very difficult, the desirability of a vapor 
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containment structure is apparent. The Yankee Atomic Electric Plant, 

Rowe, Mass., is typical of this category of nuclear plant. 

The second type of power reactor is sodium cooled. This 

category includes the fast-breeder and sodium-graphite reactors, as ex

emplified by the Fermi and Hallam plants, respectively. The difference 

in the containment structures designed for these two reactors emphasizes 

the effects of the postulated maximum credible accident on plant design. 

The sodium coolant in both reactors is circulated at near-atmospheric 

pressure. Sodium is, however, extremely reactive in the presence of 

moisture, and if a reaction between the two is considered credible, vapor 

containment is indicated. The Hallam designers believed that such a 

reaction would be avoided in any credible circumstances, thus the con

tainment in this plant consists of individual steel-lined concrete shells 

within which the primary system components are located, blanketed by a 

nitrogen atmosphere. A measure of secondary containment is afforded by 

the partially evacuated conventional building structure, which permits in-

leakage of air rather than outleakage of activity to the atmosphere. The 

containment for the Fermi fast-breeder plant, on the other hand, is de

signed to withstand 32 psig pressure from the sodium-air reaction, even 

though the sodium system components will operate in a low oxygen environ

ment. Thus the design of the plant containment is similar to that of 

the water-cooled reactors. 

The British gas-cooled, natural-uranium reactors are 

large in size and operate at low power densities. They are not provided 

with secondary containment structures and it is questionable whether such 
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structures for these large reactors would be economically practical. The 

question of containment for advanced, high-temperature gas-cooled reactors 

will not be considered here since these advanced concept reactors are be

yond the scope of the report. 

For the purpose of this study, it is imperative that the 

nuclear plants be comparable in output, location and economic evaluation 

so that a reasonable estimate of their relative costs as well as resistance 

(2) 
to blast may be made. The Atomic Energy Commission publication TID-8516 

places "Current Status" reactors of different types on the same basis. 

This publication is supplemented by Report SL-1674 which contains a 

brief description of each plant, together with more detailed information 

on plant layout and construction. The report utilizes a hypothetical 

site common to all reactor installations. A plot plan of the site is 

shown in Figure 2, 

In this report a 300-MWe plant of each of four types was 

considered. Studies were also made on lOO-MWe plants, but initial results 

showed that plants of such small capacity were not economically competi

tive with coal-fired plants. The four reactor types studied include: 

a. Pressurized-water reactor, typical of type a. con

tainment described previously. See Fig. 3. 

b. Fast-breeder reactor, typical of a sodium-cooled 

reactor with a secondary containment shell. See Fig. 5. 

c. Sodium-graphite reactor, typical of a sodium-cooled 

reactor without a secondary containment shell. See Fig. 5. 

d. Gas-cooled reactor, typical of a plant without 
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secondary vapor containment. See Fig. 6. 

For a closer analysis of the building structures than is 

possible from the drawings in SL-1674 alone, additional material was 

utilized: in particular, plans and photos of existing plants. In this 

manner a realistic picture of each plant was obtained, and the effects 

of nuclear blast damage were determined. 

2. Pressurized-Water Reactor 

a. General 

The pressurized-water and boiling-water reactors are the 

most technologically advanced of the current reactor concepts. Much ex

perience has been gained in the design and operation of power generating 

plants of both types. This experience has enabled both pressurized-

water and boiling-water reactor manufacturers to offer economically com

petitive firm prices on large capacity power generating plants. These 

prices are in line with those predicted by Civilian Power Reactor Program 

^ (6) reports. 

Both the pressurized-water and boiling-water reactor plants 

are characterized by the use of a steel containment vessel to house the 

reactor components. The strength of the containment vessel is pertinent 

to the vulnerability study, and since the costs of the two plant types are 

nearly comparable, the pressurized-water plant was arbitrarily selected 

for detailed study. The conclusions reached would in all probability apply 

very nearly equally to the boiling-water concept. No consideration was 

given to advanced design concepts, such as the use of pressure suppression 

to reduce the size of the containment vessel. Normalized reactor plant 
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designs, which appear in SL-1674, were utilized for comparison purposes, 

b. Plant Description 

The pressurized-water reactor is a light-water 

cooled and moderated type, fueled with slightly enriched uranium dioxide 

contained in stainless-steel tubes. The core assembly is contained within 

a carbon-steel, stainless-steel-clad pressure vessel designed to contain 

2500 psig. The reactor is controlled by control rods actuated from the 

top of the reactor vessel. 

The primary cooling water transports heat from the 

reactor to the steam generators, which produce saturated steam for driving 

the turbines. Canned pumps circulate the coolant from the steam gener

ators through the reactor and back to the steam generator, A pressurizer 

floating on the circuit maintains the primary system pressure within the 

allowable limits. Figure 3 shows the general configuration of the reactor, 

the containment vessel and the turbine building. The service buildings 

are arranged as shown on Figure 2, 

The turbine exhaust is condensed in a conventional 

surface condenser and pumped by condensate and feedwater pumps through a 

series of extraction feedwater heaters and back to the steam generator 

for further heat pick-up. Each feedwater heater is connected in such a 

way that the extraction steam is all cascaded to the main condenser for 

deaeration, thus eliminating the need for a deaerating-type heater, 

Feedwater treatment is conventional. 

The circulating water system consists of vertical 

circulating pumps located in an insulated metal panel crib house. Intake 
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screens, screen washing equipment, circulating water piping, and discharge 

flumes are of conventional power plant construction. 

Service water for component cooling is supplied by 

dual half-capacity service water pumps located in the crib house. Also 

located in the crib house are the normal electric and diesel-powered fire 

pumps for normal and emergency operations respectively, A diesel-powered 

motor generator has been provided to supply emergency power in the event 

of normal power supply failure. 

On-site radioactive waste disposal facilities for 

solid, liquid and gaseous wastes have been provided and are located as shown 

on Figure 2. High-activity solid and liquid wastes are permanently dis

posed of in on-site underground storage containers. Low-level liquid 

wastes are held up for decay and then discharged into a waste disposal 

stack where they are diluted to tolerable levels by building ventilation 

or dilution air discharging through the stack. 

Adjacent to the reactor building a fuel handling 

building has been provided to store, ship and receive both spent and 

fresh fuel elements. 

Vapor containment for the pressurized water plant 

consists of a steel sphere which surrounds the highly radioactive plant 

components, and prevents the release of radioactivity to the atmosphere 

in the unlikely event of a rupture of pipelines or equipment containing 

radioactive fluids or gases. During reactor operations the vapor con

tainer is sealed, with no personnel access permitted. This type of con

tainment presents a completely enclosed building which protects the nuclear 
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components inside from the effects of overpressure and the drag and 

dynamic loadings following a nuclear blast, 

c. Plant Hardening 

Three alternatives exist in the planning of nuclear 

plants to minimize the effects of overpressure. The first, and least 

costly, consists of locating the entire plant at some distance far 

enough removed from suspected prime target areas to escape the effects 

of the blast. The second alternative consists of locating the plant 

closer to the load center and hardening the conventional portion of the 

plant to 10 psi in order to equal the resistance of the containment 

vessel. The third, and most expensive alternative, consists of construct 

ing the plant underground or in the side of a mountain. 

Alternative No, 1 - Remote Siting 

Extrapolation of data provided in Reference (4) 

indicates that the overpressure due to a 20-Mr typical air burst will be 

approximately 3 psi at a distance of 15 miles from ground zero. Infor

mation obtained from Reference (5) shows that the conventional building 

structures and equipment in the nuclear plant can safely withstand an 

overpressure of this magnitude without the need for additional hardening. 

Appendix B points out that a 300-mw pressurized-

water plant must be located at least 15 miles from the nearest population 

center to satisfy the Atomic Energy Commission safety requirements. It 

may therefore be concluded that the nuclear plant, with no penalties in 

siting costs or hardening costs, can safely withstand the blast effects 

of a 20-MT nuclear weapon, due to its normal siting requirements. 
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Alternative No. 2 - Aboveground Plant Hardening 

The 300-mw nuclear plant has been analyzed to deter

mine the maximum overpressure to which the 200-foot-diameter containment 

vessel could be subjected without failure (see Appendix A). It was es

tablished that an overpressure of 10 psi will cause buckling of the 

vessel, without damaging the components within the vessel. Although 

the primary system components will be protected, the conventional build

ings (turbine building, waste handling building, crib house, etc,) as 

well as much of the conventional equipment will suffer from moderate to 

severe damage at the 10 psi overpressure. 

Should it be desirable to place the nuclear plant 

closer to target areas than presently permitted, or should protection 

against much larger weapons be required, the conventional portions of the 

plant may be hardened to 10 psi to equal the strength of the containment 

vessel. This requires a relatively airtight building, constructed of 

welded metal panels or reinforced concrete. Although this type of con

struction is extremely costly, it will be shown in Section IX that it is 

economically competitive with a coal-fired plant hardened by the same 

method. 

Alternative No, 3 - Underground Construction 

Additional hardening of the nuclear plant may also be 

accomplished by placing the entire plant underground or in the side of 

a mountain of suitable rock strata. Although the latter is the more 

economical, a suitable site of this nature is not always available near 

the electrical load centers, A small-capacity nuclear installation is 
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now being constructed in Halden, Norway, where the terrain is 

adaptable to this type of construction. 

In order to make the underground nuclear plant de

signs directly comparable to the aboveground plants, the site conditions 

specified by the AEC basic rules in Report SL-1674 were assumed. 

Figure 4 provides a simplified layout of a 300-mw pressurized-water under 

ground plant, used for cost estimating purposes. This layout is by no 

means intended to represent the configuration of the final design. Many 

factors beyond the scope of this study must be investigated for optimum 

economic plant design. This applies not only to the nuclear plant but 

to conventional coal-fired plants as well. In the absence of such 

studies, the same building volumes were assumed for both the above and 

underground nuclear plants. No consideration was given to reducing the 

nuclear plant containment volume by utilizing pressure suppression or 

taking advantage of higher containment pressures permitted by the rock 

formation, since the conventional plant volume could also be reduced by 

utilizing a "once-through" boiler and otherwise modifying plant and 

equipment design to minimize volume requirements. 

The underground plant was provided with 50 feet of 

earth cover, in accordance with data assimilated from AECU-3779 . 

The open cut method of excavating the reactor compartment would be 

utilized, followed by tunneling of the turbine room and auxiliary areas. 

The reactor cell would be constructed in the form of a reinforced con

crete silo with a hemispherical head, and would be backfilled. The cir

culating water intake structure, the pumps, piping and condenser must be 
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suitably designed and reinforced to withstand the full blast overpressure. 

Figure 4 shows the plant so arranged that a single 

tunnel provides convenient access to all buildings and process areas. 

The access tunnel is not continued to ground level since a reasonable 

slope would require an inordinate length. An elevator is therefore used 

to convey personnel and equipment to and from the access tunnel. During 

the plant construction period, before the elevator is installed, large 

equipment items, such as the generator stator, can be lowered through the 

elevator shaft. The top of the elevator terminates about 50 feet below 

ground level so that the shaft and its mechanism will be protected from 

blast effects. The top platform of the elevator is reached by means of 

a short, hardened entry tunnel, which is sealed from the outside by a 

series of three blast doors interlocked so that only one can be opened 

at a time. All openings to the outside, such as air and cooling water 

inlets and outlets, are protected by hardened structures. In addition, 

the air ducts will be supplied with blast valves designed to close before 

the full impact of the pressure wave arrives. 

The only aboveground opening without special blast 

protection is the stack. It is believed that, in an emergency, the 

plant could operate satisfactorily without a stack. 

Protection against contaminated seepage from the re

actor building into the ground is afforded by a concrete liner against 

the rock, plus a light-gaged metal liner inside the concrete. The liners 

will also give increased protection against rock spalling and "popping 

rock" which sometimes results from locked-in stresses in the rock. 
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Further protection against contamination of ground water is provided by 

effectively lowering the ground water level around the buildings. This 

is accomplished by means of drainage tunnels set below the buildings. 

Vertical holes 2 inches in diameter are drilled in the rock outside of, 

and parallel to, the building walls to carry water seepage into the 

drainage tunnels. These drainage holes will help control migrating 

activity and will relieve the concrete lining from outside water pressure. 

The drainage tunnels lead to a sump from which the water is either pumped 

to the cooling water discharge system or sent to storage tanks for decay 

of radioactivity, if required. 

During normal operation the reactor building is 

placed on 100 percent air recirculation and is sealed off from the other 

plant areas and from the outside air. Heat is removed from the recircu

lated air by space coolers. 

Just prior to and during maintenance operations, the 

reactor building is purged and ventilated with outside air. For such 

service the ventilation equipment is designed to provide one air change 

per hour. 

Both inlet and outlet air ducts leading to the outside 

are provided with radiological filters. The inlet ducts have filters to 

prevent radioactive dust from entering the plant in the event of an 

attack, and the outlet filters are provided to protect the outside at

mosphere in the event of a nuclear incident within the plant. 

Living quarters are provided in the turbogenerator 

building so that the plant can serve as a fallout shelter for operating 
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and maintenance personnel should the need arise. 

In an aboveground plant, equipment located in the 

switchyard is most vulnerable to damage from nuclear blasts. The under

ground plant, therefore, includes a buried chamber for switchyard facili 

ties. 

3. Sodium-Graphite Reactor 

Figure 5 illustrates the 300-mw sodium-graphite reactor 

plant normalized in Report SL-1674. 

The reactor, reactor auxiliaries and secondary steam 

generating equipment are housed in a conventional steel frame building 

structure with insulated metal panel siding. The turbine generator and 

steam cycle components are housed in a similar structure. No separate 

fuel handling building has been provided since adequate facilities have 

been incorporated in the reactor building. 

As indicated in Figure 5, all reactor primary components 

are located below grade in reinforced concrete stainless-steel-lined 

shielded cells. By being below grade, these structures offer con

siderable resistance to blast overpressures. The building superstruc

ture and abovegrade equipment, however, are highly vulnerable to blast 

overpressures of the magnitude considered in this study. Reference (4) 

indicates that at overpressures of approximately 10 psi a critical or 

threshold pressure is reached which is capable of causing severe damage 

to structures of this type, as well as to the equipment, due to failure 

of the supports. For this reason, a detailed analysis was not made on 
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the effects of a 10 psi overpressure on the sodium-graphite reactor 

plant. It is obvious however, in view of the above, that the reactor 

building is a much weaker structure than the pressurized-water contain

ment vessel, which will withstand the 10 psi design overpressure with

out failure. 

The soditom-graphite reactor is also penalized from an 

economic standpoint. Estimated power generating costs of a 300-MWe 

sodium-graphite reactor plant are given as 11.22 mills/kwh in AEC 

(2) 
Report TID-8516.^ ' The projected cost of a 300-MWe plant placed in 

operation in 1969, utilizing all the advancements currently known, is 

given as 7.42 mills/kwh in AEC Report TID-8517.^ ' The latter cost 

equals the present-day cost of the 300-mw pressurized-water plant 

evaluated in this study. In the light of current technology, the 

sodium-graphite reactor is not as fully developed as the pressurized-

water plant. Inasmuch as the sodium-graphite plant is also the more 

vulnerable to nuclear explosions, no further consideration was given 

to this reactor concept in the study. 

4. Fast-Breeder Reactor 

The design of the fast-breeder plant used for vulner

ability comparisons in this report is similar to the Enrico Fermi 

Power Plant at Lagoona Beach, Michigan. Plant layout and equipment 

(2) 
arrangements were obtained from Report SL-1674 and are as shown 

in Figure 5. 

The reactor core and blanket are contained within a 

stainless-steel reactor vessel, which in turn is surrounded by a 
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series of layers of graphite and boron-graphite neutron shield 

material. The reactor, neutron shield, control mechanisms, fuel 

handling mechanisms and fuel storage facilities are all contained 

within a sealed primary shield tank. 

The reactor, reactor auxiliaries and intermediate heat 

exchangers are contained within a cylindrical steel containment build

ing 80 ft in diameter and 140 ft high. 

The secondary steam generating equipment is located in 

a building situated between the turbine building and reactor contain

ment structure. 

The containment vessel, like that of the pressurized-

water plant, is relatively stable against nuclear blast. The turbine 

buildings for the pressurized-water and fast-breeder plants are nearly 

comparable; however, the addition of the steam generator bay to the 

fast-breeder plant increases the vulnerability of this plant. 

The total power generating cost of a fast-breeder 

reactor plant placed in operation in 1969 is estimated at 7.46 mills/ 

kwh , which is essentially the same as the estimated present-day 

cost of 7.42 mills/kwh for the pressurized-water plant considered in 

this study. Because of the steam generator bay's vulnerability to 

nuclear blast, the fast-breeder reactor plant appears less attractive 

than the pressurized-water plant from a national defense standpoint. 

For this reason, no further consideration was given to the fast-breede 

reactor concept in the study. 
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5. Gas-Cooled Reactor 

The 300-MWe gas-cooled reactor used for vulnerability 

comparisons is a natural-uranium-fueled, CO„-cooled, graphite-

moderated indirect cycle unit. The entire reactor core is contained 

within a spherical carbon-steel pressure vessel, as shown in Figure 6. 

C0„ coolant is circulated to steam generating units, 

where steam is produced at two pressure levels for supply to high-

and low-pressure turbines. The C0„ gas is returned to the reactor via 

blowers. As part of the primary system, complete gas purifying and 

makeup and storage facilities are supplied. No unusual features are 

incorporated in the condensate system or conventional auxiliary systems. 

The reactor building contains a 12-ft-thick ordinary 

concrete biological shield around the reactor. Steam generators are 

outdoors. A fuel handling area equipped to store, ship and receive 

both spent and fresh fuel elements is located within the reactor 

building. 

No special containment is provided beyond that provided 

by the reactor vessel. The coolant blowers are enclosed in conventional 

building structures, making them highly susceptible to damage at the 

10 psi overpressure following a nuclear explosion. 

The projected (1968) power generating cost of a 300-

MWe gas-cooled reactor plant of this type, realizing all possible advance

ments in the technology, is estimated at 7.98 mills/kwh, as compared 

to the present-day estimate of 7.42 mills/kwh for the 300-mw pressurized-

water plant. 
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The higher plant costs, coupled with the vulnerability 

of the steam generators, makes this type gas-cooled reactor less attractive 

than the pressurized-water plant both economically and from a national 

defense standpoint. For these reasons, no further consideration was 

given to the gas-cooled reactor concept in the study. 

B. Coal-Fired Plant 

1. General 

Figure 7 represents the general configuration of the coal-

fired plant used in determining the costs of plant hardening. This con

figuration is typical of modern central stations located in northeastern 

areas of the United States. In many other sections of the country out

door or semi-outdoor plants are very often constructed in order to reduce 

building costs. Various other innovations may be made in plant design 

and construction to lower total power generating costs. 

If the plant is specifically designed to resist nuclear 

blasts, low profile boilers would in all probability be utilized, and 

special consideration given to methods of reducing aboveground building 

volumes. Such designs require extensive optimization studies, which ex

ceed the scope of this report (see Section IX ). 

The plant depicted in Figure 7 can, by slight design 

modifications, be constructed at a cost of $50,500,000 in the majority of 

industrial areas in the United States. The modifications which would be 

required for any specific area would be subject to detailed analysis. 

As in the case of the pressurized-water nuclear plant, the capital cost 

and operating costs of the coal-fired plant are assumed to be nearly 

kl 



equal for any area of the country, since small variations in either would 

but slightly affect the overall total power generating costs. 

The coal-fired plant utilizes a reheat steam cycle, with 

2000 psi turbine throttle pressure and 1000/1000° F steam conditions. 

The boiler efficiency is assumed to be 88,57o and the net plant heat rate 

to be 9,600 Btu/kwh. 

The building structures are conventional in nature, with 

insulated metal panel siding. The switchyard, circulating water intake 

and outside coal storage, transfer and handling equipment are also con

ventional, although not shown on the drawing. 

The building structural details i. ve been omitted. Appen

dix A assumes simplified structural configurations in order to simplify 

the analysis of hardening requirements. 

2, Plant Hardening 

As discussed in Section VI, the steam boiler and appurte

nances are subject to severe damage from nuclear blast overpressures of 

2 to 3 psi. This damage can occur if the overpressure is either internal 

or external to the boiler casing and breeching. The plant hardening 

problem therefore becomes one of protecting the boiler from this over

pressure. 

The most economical manner of protecting the coal-fired 

plant from nuclear blast is by remote plant siting. If the plant is to 

be capable of withstanding the effects of a 20 MT nuclear air blast, 

the plant must be located approximately 30 miles from ground zero. The 

overpressure at this distance will be around 1 psi, which is within the 
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boiler's resistive capabilities. No hardening would be required in this 

instance; however, the problems associated with selecting a suitable 

site with sufficient water supply, access roads and rail spurs are the 

same problems encountered by the plant designers in nuclear plant site 

selection. 

If it is desired to locate the coal-fired plant closer to 

the load center (ground zero), or if weapon yields larger than 20 MT are 

anticipated, the plant must be hardened in order to protect the boiler. 

To place cost estimates on the same basis as hardened nuclear plant costs, 

it is assumed that the coal-fired plant will also be hardened to with

stand a 10 psi overpressure. 

Protection of the boiler from external pressure is 

accomplished by making the entire building relatively airtight to prevent 

the blast overpressure from entering the building and collapsing the 

boiler. Welded metal panels are utilized to seal the building. The 

panels are of sufficient thickness and strength to withstand the dynamic 

effects of blast overpressure (see Appendix A). The panels are treated 

with a reflective coating to minimize thermal effects of the nuclear 

explosion. For additional structural strength, the building foundations 

and footings, together with columns, beams and girders, must be increased 

in size to withstand the blast effects. 

Protection of the boiler from internal overpressure is 

accomplished by installing quick-closure blast valves in the forced 

draft fan inlet ducts and the induced draft fan ductwork to the stack. 

These valves are designed to slam closed prior to arrival of the over-
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pressure created by a bomb's shock front. The precipitator and induced 

draft fans are enclosed in a relatively airtight building for protection 

against external overpressure. The stack is considered expendable, in 

that the plant may continue to operate after collapse of the stack, which 

could be expected at 4-6 psi overpressures. The stack is located far 

enough from the plant to ensure that its collapse will not cause damage 

to the building proper, 

CBR filters may be installed in the forced draft fan inlet 

ducts to filter out particulate radioactive matter, or fallout, follow

ing nuclear attack, and thus minimize boiler contamination by the com

bustion air. 

The outdoor coal handling structures and equipment must 

be suitably protected against the dynamic and drag effects of the ex

plosion. The crusher house, for example, together with other outstruc-

tures, must be adequately reinforced structurally to withstand these 

effects. Coal conveyors may be installed in deep trenches. 

Consideration was given to constructing the plant and 

switchyard in underground rock strata. As discussed in Section VII-A, 

this type of construction for such a large-capacity plant is extremely 

costly. Detailed plant optimization studies would be needed to prepare 

designs which result in minimum costs. To arrive at order-of-magnitude 

construction costs, it was assumed that the volume required by the under

ground plant would be the same as that of the aboveground plant. Simple 

studies were made to determine tunneling and access requirements. The 

studies revealed that the volume requirements and construction details 
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very closely paralleled those of the underground nuclear plant, and that 

approximately the same cost incrementals could be applied. Since more 

practical methods of providing resistance to nuclear blast were found, 

no refinements were made in the underground plant studies. 
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VIII. FUELING OF COAL-FIRED PLANTS 

A. General 

It is well recognized by the military that a nuclear attack on 

the United States would severely cripple rail and water transportation 

facilities as well as terminal unloading and handling facilities. The 

shipment of critical items such as food, medicines, war material, in

dustrial supplies and troops would be seriously hampered by lack of 

adequate transportation facilities. The demand for electric power during 

this period would still exist. The requirements for large tonnage fuel 

deliveries to coal-fired plants would therefore present a severe problem 

to the already overtaxed transportation complex. This problem is not 

encountered in the nuclear plant, since the fuel in the core is sufficient 

to produce power for a period of up to five years without resorting to 

austerity measures, such as "brownouts." 

Various concepts have been considered which would alleviate 

coal transportation difficulties during wartime. Each concept requires 

relatively large capital expenditures; the costs of applying these con

cepts are compared with the cost of nuclear power generation in Section IX 

As part of the vulnerability study, Sargent & Lundy prepared 

Report SL-1925 entitled "Fueling of Thermal-Electric Plants to Meet 

Civil Defense Requirements." A copy of this report is included herein 

as Appendix C. The report is based on three alternative methods: a) the 

stockpiling of coal for one-year, three-year and five-year periods, b) 

coal-slurry pumping ""̂f fuel, and c) mine-mouth plant locations with 
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transmission lines feeding remote load centers. 

The report establishes the plant heat rates, losses of coal 

due to degradation, coal costs and heating values throughout the United 

States, and a review of current experiences and practices in the stock

piling and slurry pumping of coal for the generation of electrical 

power. A study of the reliability and vulnerability of the systems was 

made, and estimated capital and operating costs were prepared. 

Three areas of the United States were studied: the Southeast, 

Midwest and Southern New England States, 

B, Coal Stockpiling 

The Sargent & Lundy report evaluates two methods of stockpiling, 

i,e,, underwater storage and aboveground storage. Each method has its 

advantages; however, underwater storage has the disadvantage of higher 

capital costs, reduced boiler efficiency due to moisture in the fuel, 

and higher auxiliary power requirements for dewatering. Underwater 

storage, though feasible, is seldom used, the conventional dry storage 

method being more economical as well as practical. 

Conventional power plants normally stockpile a 70- to 120-day 

coal supply aboveground. The requirements for storing and handling a 

1- to 5-year supply result in the need for additional storage area and 

handling equipment, but impose little else on normal stockpiling facili

ties except two or three additional carryalls. 

The stockpiled coal reserve may be considered relatively safe 

from nuclear attack, unless the plant were close to ground zero. The 

ignition temperature of bituminous coal is about 765° F and, considering 
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the short duration of the thermal radiation effects of the nuclear blast, 

any fires started would probably not be sustained. Additional protection 

could be provided, if required, by a foot or more of earth cover. Trans

fer and conveying equipment could be protected from the blast by in

stallation in deep trenches. 

C, Coal-Slurry Piping 

A description of a coal-slurry piping plant is provided in 

detail in Appendix C, In essence, the system consists of pumping a coal-

water slurry from a mine mouth or other source, to the plant in question, 

where the coal is dewatered and fired in the boilers. This method is 

now in use in the United States on a limited scale. 

The vulnerability of the coal-slurry system is greater than the 

stockpile method of fuel storage simply because the equipment, pipelines 

and pipeline booster stations are spread out over a much greater area. 

Major disruption to any part of the pumping system will disrupt the 

flow of fuel to the plant. 

D, Mine-Mouth Plants 

The mine-mouth method of providing a fuel supply to thermo

electric plants after nuclear attack utilizes the coal mine itself as the 

stockpile of emergency coal. The electric loads must be fed by long

distance, high-voltage transmission lines originating at the power plant 

sites. 

The technological and economic feasibility of this concept is 

well established. The designs considered would have a high degree of 

reliability in that full power transmission could be maintained with 
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the loss of one circuit. 

The transmission voltage is a function of the distance between 

plant and local center. For long-distance transmission, voltages of 500 

kv or more are presently being considered. For this study the voltage 

used varies from 230 kv for 100-mile transmission lines to 500 kv for 

the 350-mile lines, 

Virginia Electric & Power Co. will build the nation's first 

commercial 500-kv transmission system, which will extend from a new 

mine-mouth power station in Grant County, W. Va., forming a 350-mile 

loop from the station to the Washington, D,C, suburbs in northern 

Virginia, south to Richmond, and back to the station by way of the 

Waynesboro-Staunton area. 

This marks the first move in the United States to construct 

lines of this voltage to transmit large blocks of power from remote coal

fields to distant load centers. 

Construction of the first legs of the line will be completed 

in 1964, and the entire project is expected to be in operation by eerly 

1966, 
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IX. COST ANALYSIS 

A. Nuclear Plant 

1. General 

An exploratory study was made of several 100- and 300-MWe 

reactor plant concepts to evaluate their resistance to nuclear attack. 

The study also compared the relative costs of these plants. Early in the 

study it was found that both the boiling-water and pressurized-water 

reactor concepts provided the most inherent resistance to nuclear attack. 

These reactors were also found to be the most economical and most highly 

developed. The pressuriz^ed-water plant was selected for the final economic 

study only in order to limit the study to one reactor type. Results for 

the boiling-water reactor would closely parallel those of the pressurized-

water plant. 

Investigations revealed that nuclear power reactors of 

lOO-MWe rating cannot compete economically with coal-fired plants of the 

same output; hence, no further consideration was given to plants of this 

size. 

2. Base Plant Costs 

Base plant costs may be defined as those of the normally 

constructed, or unhardened, facilities, and do not include costs of the 

switchyard, transmission system or terminal facilities. 

Several manufacturers are now offering the complete design 

and construction of boiling-water and pressurized-water nuclear plants 

under a turnkey contract at guaranteed prices. These prices include the 
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cost of nuclear fuel. Analysis of one such bona fide proposal indicates 

a capital cost of $60,050,000, or $200/kw for a 300-MWe (net) pressurized-

water plant for a New Jersey location. Nuclear fuel cost is quoted at 

2.5 mills per kwh. This cost is in close agreement with that derived and 

reported by the Oak Ridge National Laboratory in ORNL Central Files Nuiriber 

61-12-20 (Revised). This report is included herein as Appendix D. 

By utilizing the operating and maintenance cost (0.59 

mills/kwh) and nuclear insurance cost (0.26 mills/kwh) provided by 

(2) 
TID-8516, the total nuclear power generating costs are estimated at 

7.42 mills/kwh, assuming an 807. plant factor and 14.37. fixed charges on 

capital. 

The 7.42 mills/kwh total power generating cost is used in 

this study for comparison with coal-fired plant costs. It is recognized 

that both coal-fired plant and nuclear plant power generating costs will 

vary slightly, depending upon plant location and variations in labor and 

construction costs. In the absence of firm construction cost quotations 

for various locations, the 7.42 mill cost figure is considered representa

tive, and of sufficient accuracy to provide a common basis for economic 

comparison with the coal-fired plant. 

3. Hardened Plant Costs 

a. Aboveground Construction 

Mathematical analysis reveals that a typical 300-raw 

pressurized-water containment sphere 200 feet in diameter can safely 

withstand an external nuclear blast overpressure of 10 psi (see Appendix A). 

At this overpressure the vessel may be expected to buckle, but with no 
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permanent damage and with no malfunctioning of internal components. On 

the other hand, the turbine building, offices and circulating water pump 

house may be expected to suffer from moderate to severe damage. Considera

tion was therefore given to hardening the conventional portion of the 

plant to withstand the lO-psi overpressure. 

Power plant building structures are normally designed to 

2 2 
withstand a wind load of 20 lb/ft , or 0.14 lb/in. , The phenomenon of 

reflected overpressure resulting from a blast overpressure of 10 psi will 
2 2 

produce a loading of 23.7 lb/in. , or 3410 lb/ft on the nuclear plant 

conventional building structures (see Appendix A), The reflected over

pressure is caused by the blast wave striking the building and being re

flected back, similar to a sound wave producing an echo. 

An analysis was made on the 300-mw normalized pressurized-

water plant conventional building structures to determine the amount of 

2 

reinforcement necessary to withstand the 23.7 lb/in. reflected over

pressure. 

A detailed analysis would necessitate considering alternate 

framing schemes and materials of construction - such as a reinforced 

concrete shear wall structure vs a steel framed structure with heavy 

metal siding. Time did not permit the consideration of the various 

alternates that might be chosen in order to optimize the design, so for 

the purpose of this study, the hardened structure was considered to be 

of the same type and material of construction as the base or unhardened 

structure, i.e., steel framed with metal siding. By utilizing the same 

type and material, and estimating on a pound basis the necessity of 
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introducing additional assumed unit prices in the cost estimate was 

eliminated. Thus, relative differences in cost of base and hardened 

structures are not significantly affected by the selection of the unit 

prices used, as they might be if different materials were to be considered. 

Special welded metal panel siding (Robertson DK12-12) was 

selected for reinforcement. The panels are specially reinforced with 

steel plate, with the outer surface given a reflective coating to mini

mize thermal effects of nuclear weapons. The same-type construction was 

utilized for roof panels. Structural columns, girders and trusses were 

increased in size to withstand dynamic loadings of the expected magnitude. 

The estimated incremental cost of hardening the nuclear 

plant conventional structures is $2,774,000. The total capital cost of 

the hardened plant thus becomes $62,^24,000, Table II below is a break

down of the cost estimate: 

TABLE II 

INCREMENTAL COST OF HARDENING ABOVEGROUND 
300-MW PRESSURIZED-WATER REACTOR PLANT 

Unit 
No, Item Unit Quantity Cost Amount 

1. Columns, Girders, Beams, 
Plates, Trusses and Misc. 
Steel Shapes ton 5,600 $375 $2,100,000 

2. Girts, Channels, Angles, 
etc. ton 330 450 148,500 

3. Panel, Siding, Robertson, 
DH12-12 - 1-1/2" insula
tion. Steel Plate Welded 
to DK12-12. Voids Filled 
with Insulation; 2 Surfaces 
Coated. sq ft 53,000 4.50 238,500 
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4, Roof Panels, DK12-12 
Reinforced with Steel 
Plate Welded to DK12-12; 
one Surface Coated sq ft 26,300 3,10 81,530 

Total $2,568,530 

Contractors' Profit 87. 205,470 

Total Incremental Cost $2,774,000 

b. Underground Construction 

Although there is no economic incentive for under

ground hardening, studies were made on the cost of constructing the 300-

raw pressurized-water plant underground in rock strata. For cost esti

mating purposes, the normalized site conditions provided in Reference (1) 

were used. Insofar as is known, no nuclear plants of such large capacity 

have been seriously considered for underground construction in rock 

strata; such plants would require detailed optimization studies in order 

to conserve space and lower construction costs. In all probability, 

pressure suppression methods would be used to reduce reactor containment 

volume. The extremely large physical size of plant components would re

quire inordinate tunnel sizes, which might not be compatible with rock 

strata characteristics of the site. Since investigations of this nature 

are beyond the scope of this study, cost estimates were based on re

taining the same building volumes for both above and belowground reactor 

plants. These costs are therefore incremental, and are order of magnitude 

only; however, they suffice to point out the economic penalties of plant 

hardening by underground construction. Table III below summarizes and 

compares underground construction cost estimates with those for the above-

ground plant. The underground plant description is given in Section VII. 
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A flat 10 percent was added to the aboveground plant equip

ment and systems costs and applied to underground plant costs. This was 

to allow for the extra and more difficult erection and assembly problems 

incurred in underground construction, as well as to account for the more 

elaborate lighting and ventilating requirements. 

TABLE III 

CAPITAL COST BREAKDOWN 
300-MW PRESSURIZED-WATER REACTOR PLANT 

Account 
No. 

Account 
Description 

20 Land and Land Rights 

21 Structures and Improvements 

22 Reactor Plant Equipment 

23 Turbogenerator Unit 

24 Accessory Electrical Equip 

25 Misc. Power Plant Equip 

52-53 Main Power Transformer 

Direct Total Construction 
Costs 

Indirect Construction 
Costs (? 14.67. 

Sub-total 

Startup Costs 

Subtotal 

Contingencies - 107, 

Aboveground 
Plant 

$ 360,000 

6,302,400 

37,137,600 

$43,800,000 

6,400,000 

50,200,000 

300,000 

50,500,000 

5,050,000 

Underground 
Plant 

$ 360,000 

16,898,600 

40,851,400 

$58,110,000 

8,490,000 

66,600,000 

330,000 

66,930,000 

6,693,000 

55,550,000 73,623,000 
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715 Interest (67. Annual Rate) -
8.17. 4,500,000 5,960,000 

Total Capital Cost $60,050,000 $79,583,000 

Total Capital Cost ($/kwe) $200 $265 

Table IV provides a breakdown of the underground excavation 

and building construction costs, which have been integrated into Cost 

Account No. 21 in Table III. 

TABLE IV 

UNDERGROUND CONSTRUCTION COSTS 
300-MW PRESSURIZED-WATER REACTOR PLANT 

Unit 
Item Unit Quantity Cost Amount 

Excavation - Alluvial Soil and cu yd 12,000 $ 0,50 $ 6,000 
Rock Fill 

Brassfield Limestone cu yd 33,000 4,00 132,000 

Weathered Shale and Fossiliferous 

Richmond Limestone cu yd 29,000 $4,00 $ 116,000 

Bed Rock cu yd 560,000 7.00 3,520,000 

Sheeting sq ft 35,000 5,00 175,000 

Bracing 

Pumping 

Spot Grouting 

Backfill 

Concrete - including Formwork 
and Reinforcing Steel 

Structural Steel 

Membrane Waterproofing 

Rock Bolting 

Misc. Architectural Work -
including Partitions, Ceilings, 
Painting, Doors, etc, LS -- -- 750,000 

Ton 

Allow 

sq ft 

cu yd 

cu yd 

Ton 

sq ft 

Allow 

370 

— 

12,000 

200,000 

50,000 

500 

300,000 

--

400,00 

— 

2,00 

2.00 

150.00 

450.00 

0,40 

--

148,000 

90,000 

24,000 

400,000 

7,500,000 

225,000 

120,000 

50,000 
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Unit 
Item Unit Quantity Cost Amount 

Misc. Iron LS — -- 250,000 

Elevators (including rock excava
tion) - Freight 

- Personnel 

Airlock 

Blast Valves 6e Personnel 
Doors 

5'-0" Dia Steel Stack -
Including Rock Excavation 

Electrical - Lighting, Small 
Power, etc. 

Mechanical - Air Ducts, 
Controls, etc, LS — — 700,000 

lin ft 

lin ft 

LS 

— 

lin ft 

LS 

250 800.00 

250 400,00 

__ 

30 20,000,00 

450 150,00 

.. 

200,000 

100,000 

60,000 

600,000 

67,500 

500,000 

Total $16,133,500 

The results of the estimate indicate that the capital 

cost of the underground plant is roughly $79,583,000, or $19,533,000 

(32.57.) higher than the aboveground unhardened plant. The underground 

plant capital costs are $16,759,000 higher than the aboveground hardened 

plant. 

It is obvious from the foregoing that there is no economic 

justification at the overpressure under consideration for constructing 

underground nuclear plants of the size considered in this study. Should 

more serious thought be given to doing so, from a national defense 

standpoint, optimized plant designs; must be intensively studied in order 

to lower the estimated costs provided herein. 
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B. Coal-Fired Plant 

1. Base Plant Costs 

Base plant costs may be defined as those of the normally 

constructed, normally fueled plant, and do not include costs of trans

mission system or terminal facilities. 

The capital cost, as well as the total power generating 

costs of a coal-fired power plant, varies throughout the country. In those 

areas of high fuel costs, for example, a higher capital expenditure may 

be justified in order to obtain a better plant heat rate; also, in 

warmer climates outdoor-type plants are frequently constructed to lower 

capital costs. In view of the many variables which influence plant costs, 

a typical 300-raw coal-fired plant was selected for the economic evalua

tions derived in this study. Plant cost data was extrapolated from 
(2) 

USAEC Report TID-8516. The capital cost is $50,500,000 and the total 

power generating costs for this plant vary from 6 to 7.5 mills/kwh, de

pending upon fuel price. These costs do not include hardening. 

2. Aboveground Plant Hardening 

It was pointed out in Section VI that the boiler plant is 

highly vulnerable to nuclear blast overpressures of 2 psi and above. 

Plant hardening to resist these overpressures consists of constructing 

a structurally sound, relatively airtight building, devoid of windows 

or other openings. The openings which are required for normal plant 

operation, such as combustion air inlet and flue gas outlet, must be 

suitably protected by blast valves, which close immediately upon sensing 

overpressure. Outdoor coal conveying equipment must be installed in 

deep trenches to resist the drag loading following a nuclear explosion. 

Loss of the boiler stack should have no effect on plant operations. 
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The design of a blast-resistant building for a specific 

application requires extensive investigation far beyond the scope of 

this study. The large building surface areas normally encountered in 

large-capacity coal-fired plants make these plants highly vulnerable to 

nuclear attack. Design of a new blast-resistant structure would there

fore include detailed optimization studies to reduce the building profile. 

Special design low head boilers would in all likelihood be installed and 

other building volume reduction schemes would be closely analyzed. A 

cost estimate of a hardened plant of this type has been prepared 

by the Atomic Energy Commission's Division of Construction, 

The plant profile is reduced by utilizing a low-profile boiler and by 

placing the basement 30 feet below grade. This reduces the building 

height to 90 feet. Windowless reinforced concrete is used for the 

building walls and shear walls. The design reflected overpressure is 

in the order of 10 psi, canpared to roughly 24 psi used in this study. 

The incremental cost of hardening the plant is given as $7,397,000, 

Obviously, this design cannot be properly compared to the design used 

in this report. However it does indicate that further studies which 

could not be made at this time would probably reduce some of the estimated 

costs for the hardened plant. 

The derivation of costs for aboveground plant hardening 

provided herein are based upon stiructural analysis furnished in Appendix 

A, for the normal design of boiler plant, and are order of magnitude 

only, lacking detailed plant optimization designs. No effort was made 

to scale the costs down, since it was found to be more economical to 

harden the plant by other means, which are discussed hereinafter. 
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Table V is a breakdown of hardened plant incremental costs. 

Panels of the same type used in the hardened nuclear plant have been 

selected. To the estimate must be added approximately $500,000 for air 

intake and stack blast valves, as well as CBR filters for fan inlets. The 

total capital cost of the hardened plant thus becomes $65,572,000. 

TABLE V 

INCREMENTAL COST OF ABOVEGROUND HARDENING 
300-MW COAL-FIRED PLANT 

Unit 
No. Item Unit Quantity Cost Amount 

1 Bunker Plates, Girders 
& Stiffeners (Steel) Ton 6,000 $480.00 $ 2,880,000 

2 Building Columns, Girders, 
Beams, Plates, etc. Ton 32,000 $375.00 $12,000,000 

Moment Connections, 
Welded Ton 760 385.00 

or 
Diaphragms, of Robertson 
Panels DK12-12 Reinforced sq ft 86,000 Avg.Cost 

292,600 

Girts, Channels, Angles, 
etc. Ton 840 450.00 378,000 

Panels, Siding, Robertson, 
DK12-12 Outer Sheet 
Coated 1-1/2" Insulation, 
with Steel Plate Welded to 
DK12-12. Voids Filled with 
Insulation. Exposed Face 
Coated sq ft 140,000 4.50 630,000 

Roof Panels, DK12-12 
Reinforced with Steel 
Plate Welded to DK12-12. 
One Surface Coated sq ft 40,000 3.10 124,000 

Total $16,304,600 

Contractors' Profit 87. 1,304,370 

Total Incremental Cost 17,608,970 

Less Conventional Structure Cost 3,036,970 

Net Incremental Cost $14,572,000 
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3. Underground Construction 

Underground construction in rock formation has proven to 

be feasible both in this hemisphere and in Europe. Consideration was 

therefore given to placing the coal-fired plant in underground rock as a 

protection against nuclear attack. 

Hydroelectric and relatively small steam power plants have 

been or are now being constructed in rock. However, no large-scale steam 

plants of 300-mw size have been planned, insofar as is known. The physica 

sizes of components for a plant of this rating are much greater than those 

of comparable hydroelectric components. This results in excessive spans 

and arches in the rock formation, which require special reinforcing de

sign and construction. Literature surveys indicate normal arch spans in 

the order of 40 to 60 feet, which hardly appear sufficient for a 300-mw 

steam plant. Optimized plant design is an absolute necessity in esti

mating underground construction costs. This in itself entails a complete 

study beyond the scope of this report. 

To obtain order of magnitude estimates, it was assumed 

that the coal-fired plant would retain its same volume when placed under

ground. The steam generator bay was constructed by the cut-and-cover 

method, with 50 feet of backfill. The bay was lined with a reinforced 

concrete cylinder with a domed top. Arched switchyard areas were included 

in the underground cost estimate. Calculations were made on the strength 

of rock formation and reinforcement requirements. The cost estimates re

flect these requirements. 

Approximately $79,583,000 would be required for the con

struction of a 300-mw underground nuclear facility, compared to 
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$60,050,000 for a comparable aboveground facility. Incremental costs of 

the underground conventional plant would closely approximate $16,500,000 

resulting in a total capital cost of $67,000,000. 

When evaluating the economics of underground construction 

and comparing with other methods of decreasing plant vulnerability, this 

type of plant cannot be justified. No further analysis was therefore 

given to this concept. 

4. Fueling Costs 

a. General 

To increase the resistance of the coal-fired plant to 

nuclear attack, various fueling concepts and siting methods were investi

gated. The resultant costs of power production were lower than those 

incurred by either aboveground or underground hardened plant construction 

Plants located in three areas of the United States were studied: the 

Midwest, the Southeast and New England. Although not strictly true, it 

was assumed that plant capital and normal operating costs were similar 

for all areas studied. These costs are 3.42 and 0.38 mills/kwh respec-

(2) 
tively. Slight variations in these costs have but a slight effect on 

total power generation costs. 

b. Coal Stockpiling 

A detailed description of stockpiling will be found 

in Report SL-1925 which is included herein as Appendix C. 

Table VI suramarizes cost data extrapolated from this 

report. Fixed charges of 14.37. were applied to the coal handling system 

and 12.57. to the stockpile inventory value. 
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TABLE VI 

STOCKPILED 

Annual Costs 

Capital Cost (? 14.37, 

Stockpile Cost (? 12.57. 

Oper. and Maint. 

Fuel Cost 

Total Power Generating 

Capital Cost (? 14.37, 

Stockpile Cost (3 12.57, 

Oper. and Maint. 

Fuel Cost 

Total Power Generating 

Capital Cost (? 14.37. 

Stockpile Cost (? 12.57, 

Oper. and Maint. 

Fuel Cost 

COAL-

ONE 

Cost 

•FIRED PLANT COSTS (300 MWE) 

YEAR STOCKPILE 

Southeast 

3.42 

0.38 

0.38 

2.84 

7.02 

THREE YEAR STOCKPILE 

Cost 

3.42 

1.13 

0.38 

2.84 

7.77 

FIVE YEAR STOCKPILE 

3.42 

1.86 

0.38 

2.84 

Plant Locat] 

Midwest 

3.42 

0.34 

0.38 

2.40 

6.54 

3.42 

0.98 

0.38 

2.40 

7.18 

3.42 

1.64 

0.38 

2.40 

Lon 

New England 

3.42 

0.49 

0.38 

3.65 

7.94 

3.42 

1.43 

0.38 

3.65 

8.88 

3.42 

2.38 

0.38 

3.65 

Total Power Generating Cost 8.50 7.84 9.83 

NOTE: All costs in mills/kwh. 
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From Table VI it may be seen that stockpiling leads 

to the smallest economic penalty in the Midwest, followed by the Southeast 

and New England in that order. 

c. Coal-Slurry Fueling 

Table VII summarizes costs of coal-slurry pumping 

to three plant locations in the United States. System descriptions 

and capital costs for slurry pumping are provided in Appendix C. The 

cost of conventional coal handling equipment has been deducted from the 

plant capital cost. In calculating fuel costs for the three specific 

locations, at-mine prices were used for the state from which the slurry 

was pumped. The costs given in Table VII are based upon an individual 

pumping and pipeline system serving each plant, and a 70-day slurry 

supply on hand at each plant. 

TABLE VII 

COAL-SLURRY FIRED PLANT COSTS (300 MWe) 

Plant Location 

Southeast Midwest New England 

Length of Pipeline - Miles 150 100 350 

Annual Costs -

Plant Capital Cost Q 14.37, 3.41 3.41 3.41 

Slurry System Capi 
(a 14.37. 

Oper. and Maint. 

Fuel Cost 

tal Cost 
0.85 

1.37 

1.55 

0.73 

1.36 

1.78 

1.46 

1.57 

1.54 

Total Power Ge.ierating Cost 7.18 7.28 7.98 

NOTE: All costs in mills/kwh. See Appendix C for Annual Costs. 
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Analysis of the table reveals that coal-slurry 

pumping is more economical in the Southeast, followed by the Midwest, 

than New England. 

A comparison of Tables VI and VII shows that stock

piling a one-year supply of coal at any of the three plant locations is 

more economical than the coal-slurry pumping method of fueling. Com

pared to a three-year stockpile, coal-slurry pumping is more economical 

in the Southeast and New England areas. Coal-slurry pumping is more 

economical in all three areas when costs of a five-year stockpile are 

considered. Plot 1 illustrates the variations in cost of these two 

fueling methods. 

d. Remote Plant Siting 

The extremely high cost of hardening coal-fired 

plants to resist nuclear blast suggests that it might be more economical 

to site the plant at some remote distance from the load center and in

crease the investment in transmission lines and equipment. The ideal 

situation would be to locate the plants at mine mouths, thus assuring a 

continuous supply of coal following nuclear attack. 

Table VIII sxommarizes total power generation costs 

for mine-mouth plants serving three areas of the United States. The fuel 

costs are based upon at-mine prices. Details of mine-mouth plants and the 

attendant costs of power generation and transmission are given in Appen

dix C. 
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TABLE VIII 

MINE-MOUTH POWER PLANT 

Southeast 

Length of Transmission Lines -
Miles 150 

Transmission Voltage - kv 345 

COSTS (300 MWe) 

Plant Locat 

Midwest 

100 

230 

ion 

New England 

350 

500 

Annual Costs 

Plant Capital Cost (a 14.37, 3.42 

Transmission Lines, 
Substations, Transformers, 1.15 
Line Loss (? 14.37, 

Operation and Maintenance 0.38 

Fuel Cost 1.53 

3.42 

0.68 

0.38 

1.76 

3.42 

4.17 

0.38 

1.51 

Total Power Generating Costs 6.48 6.24 9.48 

NOTE: All costs in mills/kwh. See Appendix C for Capital Costs. 

It is seen from Table VIII that mine-mouth plant location is 

more economical for the Midwestern plant, followed by the Southeast, then 

the New England plant. 

Analysis of Tables VI, VII and VIII reveals that: 

1. The most economical method of fueling the coal-fired 

plant in the Southeast area is by mine-mouth plant location, followed by 

one-year coal stockpiling. 

2. The most economical method of fueling the Midwestern 

plant is also mine-mouth location, followed by one-year stockpiling. 

3. The most economical method of fueling the New England 

plant is by stockpiling a one-year supply of coal, followed very closely 

by slurry pumping. 
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X. COST COMPARISON 

A. Hardened Plants 

Section IX provides capital costs of both unhardened and 

hardened nuclear and coal-fired plants. These costs are summarized in 

Table IX below: 

TABLE IX 

Nuclear Plant Coal-Fired Plant 

Base (unhardened) plant $ 60,050,000 $ 50,500,000 

Hardened aboveground plant $ 62,824,000 $ 65,572,000 

Hardened underground plant $ 79,583,000 $ 67,000,000 

As pointed out in Section IX, the estimated costs of hardened 

construction are order of magnitude only, since extensive plant optimiza

tion studies are necessary in order to derive true costs. The table 

serves to illustrate the high cost of hardening the conventional coal-

fired plant, either above or belowground. The initial hardness built 

into the nuclear plant makes additional hardening costs aboveground a 

small incremental of total cost. 

Since methods other than plant hardening were found to be more 

economical in protecting against nuclear bomb damage, no further detailed 

analysis was given to plant hardening concepts and costs. 

B. Alternate Fueling Systems Costs 

Plot 1 is a summary of total power generation costs of the 300-

mw coal-fired plant when (1) utilizing various fueling concepts and (2) 

remotely siting the plant from the load center. The 300-mw nuclear plant 

power generation cost of 7.42 mills/kwh is indicated as a reference line 
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by which to compare nuclear and coal-fired plant costs. This section 

of the report deals only with costs. Plant vulnerability mast be 

factored into the cost analysis before final conclusions pertaining to 

defense capabilities can be drawn. Such conclusions are provided in 

Section II. 

The heavy solid lines indicate the effect of stock-piling coal 

for 1-to 5-year periods on total power generating costs. The plot in

dicates: 

a. Coal-fired plants located in the New England area 

cannot stockpile coal beyond the normal storage period and compete 

economically with 7.42 mills/kwh nuclear power. 

b. Coal-fired plants located in the Southeast can 

stockpile slightly over a 2-year supply of coal, after which nuclear 

power becomes economically competitive. 

c. Coal-fired plants located in the Midwest can stock

pile between 3-1/2 and 4 years' supply of coal, after which nuclear 

power becomes economically competitive. Plot 1 illustrates that the cost 

of coal slurry piping for plants located in the Midwest and Southeast are 

7.28 and 7.18 mills/kwh respectively. Nuclear power at 7.42 mills/kwh 

cannot economically compete under these conditions. Nuclear power in 

New England is cheaper than the cost of coal-slurry firing (7.98 mills/ 

kwh) for the coal-fired plant in the same area. 

The costs of generating power by locating the coal-fired plants 

at mine raouths and distributing power to the load centers over long 

distances are tabulated on Plot 1. It is seen that this method of power 
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distribution is considerably cheaper than nuclear power production in the 

Midwestern and Southeastern areas of the United States. New England, on 

the other hand, cannot be provided with power by this method as econom

ically as it can with nuclear power at 7.42 mills/kwh. 

Plot 1 emphasizes that nuclear power at 7.42 mills is un

doubtedly the most economical manner in which to provide New England 

with electric power. 
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APPENDIX A 

I. Spherical Containment Vessel Investigation 

A. Description 

The spherical containment vessel of the 300-MW pressurized-

water reactor referred to in the main body of the report is shown in 

Figure A-1. The containment vessel is 200 feet in diameter and is sunk 

into the ground to a depth of 34 ft 8 in., its equator being 65 ft 4 in. 

above groimd level and 29 ft 4 in. above the concrete slab. 

B. Assumed Data 

The vessel shell is assumed to be constructed of carbon steel, 

ASTM Specification A 201 - Grade B, Firebox Quality. The steel plates 

used for the shell are assumed to meet ASTM Specifications and to be heat-

treated (normalized) according to ASTM A 300 Specifications, with keyhole 

Charpy impact tests taken at minus 50° F. 

The allowable unit stresses specified in the ASME Unfired Pres

sure Vessel Code for A 201 - Grade B are as follows: 

Ultimate stress mininHom 60,000 psi 

Allowable unit stress 15,000 psi 

Yield point minimum 32,000 psi 

The vessel shell is assumed to be designed to withstand internal 

and external pressures of 25 psi and 1 psi, respectively. 

C. Vessel Plate Thickness 

The ASME Code formula, 

PR 
t = 2SE - 0.2P 
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for spherical shells subjected to internal pressures, yields for the 

numerical values of the data given above, a thickness of: 

25x100x12 = 1 11 • 
^ 2(907,)15000-0.2x25 ' ^^' 

Adding 1/16" for corrosion allowance (although not imperative for this 

type of vessel) the total, t, is approximately 1-3/16 inches. Actually 

the plate thickness may vary from 1-1/8 inches at the head of the upper 

hemisphere, to 1-3/16 inches at the equator, and 1-1/4 inches at the head 

of the lower hemisphere. 

The sphere is assumed to be supported entirely on steel columns 

during the first pressure test and to be embedded in concrete up to the 

required height after satisfactory completion of the first test. 

D. Dynamic Unit Stresses 

The static unit stresses specified by the ASME Unfired Pressure 

Vessel Code for A-201 steel were used to determine the average thickness 

of the spherical vessel. No other unit stresses could have been used 

without deviating rationally from the directives which have been establish

ed for designing structures loaded either statically or dynamically by 

usual moving loads. On the other hand, it would be irrational to use the 

same static unit stresses in the investigation of the same vessel when 

subjected to blast overpressures. 

Physical properties of materials, such as yield stress and 

ultimate strength for rapidly applied loads, are much different from those 

obtained f.rom slowly applied loads. 

By using a 25% increase for all unit stresses to be used for 
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blast loadings the following values are obtained for A 201 - Grade B 

material: 

Dynamic yield point = 32000x1.25 = 40,000 psi 

Tension = 40,000 psi 

Compression = 40,000 psi 

Shear = 60% of 40,000 = 24,000 psi 

E. Stability Criterion for Combined Overpressure and Weight Proper 

of Hemisphere 

The distribution of the overpressure over the surface of the 

spherical shell is such that a true exact mathematical analysis for de

termining the buckling strength of the vessel plate is practically impos

sible. However, a reliable approximate value for the critical overpres

sure can be found, see Reference (6), if the compression mode average 

pressure, p = l/2(p + p ) is used. At each instant of time, the follow

ing quantities can be determined: 

p = average overpressure on near half of sphere 

PJ: = average overpressure on far half of sphere 

The problem of elastic stability of spherical shells subjected 

to uniform external pressure within the scope of average engineering work 

has been solved, except for the value of a constant, K, which is still 

under theorical and experimental study. 

From the "Classical Theory" as established by Zoelly, Timoshenko 

References (1) and (2) and others obtained a buckling stress for unstif-

fened spherical shells of radius R and thickness t. The general formula 

is : 
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^rit = ^[^(1- -'>] ''(-f-) (1> 

Since the pressure stress, S, is equal to pR/2t, formula (1) can be trans

formed thus : 

Pcrit = 2E[3(l-v2)]''(-^)2 (2) 

or to a more general expression: 

Pcrit = ^ ( f ) ' 3̂> 

where K is a constant dependent upon Poisson's ratio, v. 

For a Poisson's ratio equal to 0.3, the value of K approaches 1.21. 

Experimental results have not verified this value of K, References (3), 

(4) and (5). Von KArmAn, Reference (3), by means of an approach involving 

finite deflections has obtained a value of K equal to .365. Shen-Tsien 

Reference (4), by a refinement of Von KArmAn's theory, has shown that K 

varies as a function of R/t and approaches values of: 

K = 0.4 for R/t = 450 

and 

K = 0.28 for R/t = 1500 

The ASCE Manual Reference (11) gives K equal to 1.2. For an actual design 

a value more consistent with the true experimental findings would be used. 

Buckling of the shell would produce waving in some regions of 

the upper hemisphere; however, actual collapse of the dome would not occur 

for this condition of loading, as will be shown below. 

In order to prove that the weight of the shell does not contrib-
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ute significantly to the buckling of the shell, let 

S = s -h s (4) 
p w ' 

The unit stress for a uniform pressure is: 

s = pR/2t (5) 

The unit stress for the shell weight is: 

s = W R/t, where W = unit weight of shell . . . (6) 
w s s 

From (5) and (6), s = 2W s /p (7) 
w s p 

S = pR/2t(l + 2W /p ) (8) 
5 

The unit weight for 1-3/16" plate is 48.5 psf or 0.337 psi, therefore, 

S = pR/2t(l + 0.674/p) (8b) 

By equating (8b) to (1) 

p .̂  (1 + 0.674/p _ ) = KE ( ^ ) ^ (9) 

crxt '̂ crit R ^ ' 

By introducing the proper numerical values in the second member of (9) 

Pcrit ^^ + °-^^^/Pcrit> = 1.2x30xl0^-^)^ = 30.8 psi 

From which p .̂  equals 30.1 psi. *̂ crit 

The actual critical pressure without considering the effect of the shell 

weight would be 30.8 psi or almost 2% more. Overpressures of 30-psi 

magnitude occur very close to a nuclear bombs "fireball." Although the 
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containment vessel might withstand overpressures of this magnitude, the 

intense heat could cause severe damage to the vessel. An overpressure of 

10 psi was therefore selected as the criterion on which costs of plant 

hardening would be derived. This is also more in line with critical pres

sure calculations obtained by using experimentally derived K factors of 

less than 1.2. 

F. Resistance of Sphere to other Modes of Failure 

As explained in many publications on the subject of Elasto-

Plastic behavior of structures or parts of structures subjected to blast 

overpressure, see References (7), (8), (9), (10), (11), the resistance of 

a given structure is determined by establishing its limit loading and the 

mode of yielding. This procedure, which is dissimilar from the procedure 

of designing a structure for a specified loading, will be followed here 

to find the sphere resistance for the different modes. 

1) Compression Mode - The unit stress for a sphere subjected 

to a uniform pressure is given by: 

S = p R/2t (10) 

ys '̂c 

or 

_ 2t S .,,. 

By s u b s t i t u t i n g nvmierical v a l u e s : 

2(1 .11)40 ,000 ^, 
Pc = 1200 = ^^ P^" 

2) Flexural Mode - The maximum unit stress for an asymmetrical

ly loaded dome is given by: 
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yd t 

The pressure p^ is then given by 

t ^ 1.11 X 40,000 -̂, 
Pf = R V ^ 1200 = 2̂  P̂ " 

3) Shear Mode - The maximum unit stress for an asymmetrically 

loaded dome is given by: 

2p R 
s 

yd 3t 

From which 

3t ^ 1.5x l.llx 24,000 „„ „ 
Ps = ̂ F- V ^ 1200 = ''•' P^^ 

From the above, it is seen that buckling of the vessel will be 

the critical mode of failure. 
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II. PWR Turbine Building Structure 

A. General 

It was established in Section I that the ?\4R containment vessel 

could withstand a 10-psi overpressure with resultant buckling, but with

out collapse of the dome. No damage to components within the sphere 

would be expected. It now becomes necessary to determine the capability 

of the turbine building to withstand this 10-psi overpressure. 

A simplified structural configuration was assumed in order to 

minimize mathematical investigation and manipulation. A cross section 

of the turbine building is shown in Figure A-2. 

B. Material Requirements - Unhardened Plant 

An approximation of steel tonnages for the normally designed 

or unhardened plant is derived below. Bents were assumed to be spaced 

at 15 feet, and a roof load of 70 psf was assumed. 

Uniform Roof load = 70x15 = 1050 lb/ft 

Roof Girder load = 220 lb/ft 

1270 lb/ft 

Girder Section: 12WF 40 = 11.77 sq in. 

16WF 76 = 22.35 sq in. 

web, 49.2x1/2 = 24.60 sq in. 

area = 58.72 sq in. 

Weight = 220 lb/ft 

I = 46640 in.^ 

Min. Sect. Mod. = 1060 in. 

Column Section 2-St.T-16WF 76 = 44.70 sq in. 

1-Web 20.8x1/2 = 10.4 

area = 55.10 sq in. 
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Weight = 200 lb/ft 

I = 24660 in. 
3 

Min Sect. Mod. =910 in. 

Moment at center of girder 1770 kip-ft 

Required Sect. Mod. = 1770x12/20 = 1062 in. 

Moment at the top of column - 1110 kip-ft 

3 
Required Sect. Mod. = 1110x12/20 = 666 in. 

Since the bent is satisfactory we have: 

2x75x200 = 30,000 lb 

1x146x220= 32,200 

62,200 lb 

62,200/15x146 

Roof purlins 

Floor beams & columns 

Total 

Total Structural Steel = 

Girt = 53,000x4.15 

= 28.4 Ib/sq ft 

= 10.0 Ib/sq ft 

= 24.0 Ib/sq ft 

62.4 Ib/sq ft 

62.4x263,000 = 1,640,000 lb = 820 tons 

220,000 lb = 110 tons 

Siding= 53,000x sq ft yA3-Elem. Robertson 

Roof precast concrete slab = 26,300 sq ft 

C. Material Requirements - Hardened Plant 

The phenomenon of reflected overpressure is discussed in detail 

in Reference (6). The magnitude of the reflected overpressure for an 

overpressure of 10 psi is obtained from the formula: 

P = P 
so 

6 P 
2 -I- so 7P + P 

o so 

Thus, P = 10 2 +. 6 X 10 

and P =23.7 psi 
r '^ 

7 x 14.7 + 6 xlO 
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For a reflected overpressure of 23.7 psi, the uniform load on 

the turbine room structure would be equal to 3410 psf. An approximation 

of steel tonnages for the hardened turbine structure is derived below: 

Uniform roof load = 3410 lb/ft 

Girder roof load = 220 

3630 lb/ft 

For the same bents spaced 1 foot on centers, the moment at the 

center of the girder would be equal to 5050 kip-ft. 

3 
Required Sect. Mod. = 5050 x 12/42 = 1440 in. 

For the column, the moment at the top near the bottom of the 

girder would be equal to 3180 kip-ft. 

3 
Required Sect. Mod. = 3180 x 12/42 = 905 in. 

The bent is satisfactory, therefore we have: 

62200/146 = 426 Ib/sq ft 

Total structural steel = 426 x 26,300 = 11,200,000 lb = 5600 tons 

Roof panels = 26,300 sq ft of DK-12-12 Robertson 

Siding = 53,000 sq ft of DK-12-12 Robertson 

For the overpressure applied laterally against the frame, the 

same approximate results are obtained. Thus: 

Bent lateral load = 3.41 x 20 = 68.2 kips at top joint 

3.41 X 35/2 + 68.2 = 127.7 kips at the intermediate joint 

Bent shear = 98 kips 

Moment = 98 x 35 =3430 kip-ft 

3 
Required Sect. Mod. = 1030 in. (approximately) 
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D. Dynamic Analysis of Tujrbine Building Frame 

The masses are lumped at the roof and the floor levels and 

have the magnitude indicated below. 

Girder = 220 x 146 = 32,200 lb 

70 X 146 = 10,200 

2 X 40 X 220 = 17,600 

W = 60,000 lb 

M2 = W/g 

= 60,000/386 = 155 Ib-sec^/in. 

M^ = 155 

The spring constants, k, for the second and the third story are 

determined as follows: 

1 10T7T /u3 12 X 30 X 10^ X 46,640 , .„„ i„5 ^. ,. 
k2 = 12El2/h = (40) (40) (40) x 1728 = ^'"^ ^ 10 Ib/m. 

= 12 X 30 X 10^ X 46,640 ^ ̂ .27 x 10^ 

(35)-̂  X (12)-* 

The equations of motion for the frame are: 
II 

M2 x- = - k, X2 -I- k- ( X- - x. ) 

M3 X3 = - k2 ( X3 - X2 ) 

If X = X cos ( pt -I- a ) 

X2 = X cos ( pt + a ) 

then 

" 2 
X.. = - p X.. cos ( pt + a ) 

It 2 
X2 = - p X2 cos ( pt + a ) 

and by substitution 
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^2 h - ̂ 2 X3 = M3 p X3 

( k̂  + k2) X2 + k2 X3 = M2 p X2 

therefore 

379,000 X2 - 152,000 X3 = 155 p X2 

-152,000 X2 -f- 152,000 X = 155 p X3 

Using the form a X = M p X 

a = 

379,000 - 152,000 

- 152,000 + 152,000 

155 0 
0 155 ; M = 

By collecting terms and setting the determinant associated with 

the form: 

= 0 

( a - M p X ) = 0 

and dividing by 155, we have: 

2440 - p^ -980 

- 980 980 -

from which by expansion 

( 2440 - p^) ( 980 - p^ ) - ( 980 )^ = 0 

p^ = 3420 p^ -1- 1,430,800 = 0 

2 3420 ± ( 3420^ - 4 x 1,430,800 ) ^ ^ ' ^ 
p = _ 

3420 ± 2440 
2 
P = 

p^ = 22.2 Rdn/sec 

p„ = 54.0 Rdn/sec 
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f = 21.1/11^= 3.54 cps ; T̂ ^ = 0.28 sec 

f = 54.0/27r= 8.60 cps ; T2 = 0.12 sec 

T/T = 0.26/0.28 = 0.94 
n 

or a magnification factor of about 1.5 

For this simplified analysis the previous calculated values are 

satisfactory. 

Table A-I 
300-MW Pressurized Water Reactor 

Turbine and Office Building 
Structural Requirements 

Normal Structure 

1) Structural Steel (trusses, girders, beams and columns) 820 tons 

2) Girts 110 tons 

3) Siding 53,000 sq ft Robertson Panels 
Outer Sheet: #3 Element 16 B&S 
Inner Sheet #8 Element 18 Ga Steel Metal Coated 
Insulation: 1-1/2 in. thick x 3# Density Therma Fiber 

24-1/2 in. X 4'0" R.M. Board 

4) Roof Slab: 26,300 sq ft 

Precast Roof Slab (T&G) 2-3/4 in. thick (? 18 Ib/sq ft 

Hardened Structure 

1) Structural Steel 5600 tons 

2) Girts 330 tons 
3) Siding 53,000 sq ft 

Outer Sheet: DK 12-12 Robertson Panel 
Inner Sheet: #8 Element 18 Ga. Steel Metal Coated 
Insulation: 1-1/2 in. thick X 3# Density Therma Fiber 

24-1/2 in. X 4*0" R.M. Board 

4) Roof Panels: 26,300 sq ft DK-12-12 (as number 3) 
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m . Coal - Fired Plant Building Structure 

A. General 

The feature of the outstanding structural interest in the 

coal-fired plant is the main plant building, which measures approximate

ly 233 feet by 160 feet. The plant is made up of four general areas: 

(a) the turbine bay, 83 feet high; (b) the boiler room, 180 feet high; 

(c) the coal bunkers, 130 feet high, and (d) the office bay, which is 

80 feet high. 

A simplified arrangement of the plant is provided by Figure 

7 in the main body of this report. Figure A-3 of this appendix indicates 

the simplified framing plan utilized for estimating structural require

ments . 

The boiler house framing is built around the boiler. The 

exposed steel framework forms a tall tower from which the boiler is hung 

at about 200 feet above the foundation mat. The framing is normally 

designed for loads consisting of the boiler, coal bunkers, water tanks, 

plant equipment, the weight of the structure, and all live loads including 

wind. Some of the heavy columns may weigh around 1100 pounds per foot of 

length and may carry about 4500 kips. 

Perhaps it will be possible, in the future, to orient a struct

ure so as to limit the extent of the damage resulting from an explosion. 

For the present it is justified to assume that any wall may be exposed 

directly to the blast. Therefore, the loading conditions will be the same 

for all wall panels. 

The boiler room is practically a completely closed structure, 

and the walls and framing must be capable of resisting not only the 
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effects of the positive overpressure, but also the effects of the negative 

differential pressure resulting from the negative phase of the blast. The 

peak negative overpressure is approximately one eighth of the peak positive 

overpressure, p , and the duration of the negative phase is approximately 

four times the duration of the positive phase of the air blast for low 

overpressures. 

The magnitude of the reflected overpressure p , (Reference 

(4), for an overpressure of 10 psi is obtained from the formula: 

6P. . - p r 
r so 

2 + - ^ 
^Po +Pso 

where p = existing barometric pressure, thus; 

[ in I o ^^10 
p = 10 2 -H r -- - T 7x14.7 + 6x10 

p = 10 ( 2 + 0.37 ) = 23.7 psi 

For a more exact analysis, the formula: 

7p + 4p 

P. = 2PI 
yPo + P 

given in Reference (6) would be more appropriate; and in such a case the 

reflected pressure would approach the value of 25.3 psi. The pressure 

decay curve, however, would be more complicated and not warranted, in 

view of the simplified analysis made herein. 

The reflected pressure drops rapidly to a value p , which is 
s 

that of the incident blast wave overpressure. The time (t ) required 

to reach this value is determined from the relationship: 

t = 3h7c .1 s refl 

9̂+ 



where h' is equal to either the height of the boiler wall or one half 

the width of same. In this case h' = 75. 

C ,̂ = velocity of sound in reflected region. Its value 
refl 

is given by the formula; 

C ., = 422 
refl 

1.088p + 70p + 720 
'^ so so 

-, 1, 
2 

102.9 -1- 6p 
so 

Thus 

therefore 

C 4:1 = -^22 refl 
1.088x10 + 70x10 + 720 

102.9 + 6x10 
= 1296 ft/sec 

t = 3x75/1296 = 0,174 sec 
s 

From the appropriate formulas given in Reference (6); it is found that 

at t = zero, p is equal to about 12 psi and the value of t is equal 
* *̂ so o 

to 0,26 sec. 

The front wall pressure curve may be approximated, see Refer

ence (6), by a single triangle extending from p to zero in a time T. 

This time can be determined from the expression 

6S 

^ ^ U + 3S/t' 
s 

or 

6S 

4U/3 

if U/3 < 3S/t' 

In this case U/3 = 1300/3, which evidently is smaller than 

3x75/0.18. 
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Therefore 

„ 6x75 n r,£_ 
^ * 4x1300/3 = °-2^ ̂ "'̂  

B. Dynamic Analysis of Panel 

The dynamic analysis of the panel for the triangular loading 

as the pressure-vs-time variation can now be made. 

The total weight per foot of panel, including insulation, is 

24 lb per sq ft; the total mass is then 

m̂ . = 24x8.5/32.2 = 6.3 Ib-sec^/ft 

the total panel load for a span of 8 ft 6 in. is equal to 

B = 23.7x144x8.5 = 29,000 lb 

6 4 
With E= 30x10 psi and I = 46.68 in, , the spring constant, k 

is determined thus 

k = 384EI/5L^ = 384x30x10^x46.68 ^ i.215x10^ lb/ft 

5x(8,5) xl44 

the spring constant for the equivalent system is 

k^ = K^k = (16/25)xl,215x10^= 0.776x10^ lb/ft 

The equivalent mass and the peak load are: 

m = K m = 0.5x 6.3 = 3.15 Ib-sec^/ft 
e m t 

B^ = K^ B = (16/25)x29,000 = 18,600 - lb 

The natural period of the equivalent system is: 

T = 2ir( m /k )^/^ 
n e e 

or 
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2 T 3 15 ^^"^ 

T/T = 0,26/0.0127 = 20.4 
n 

DLF = 2 
m 

t /T = 0.06 m 

R = 2x18,600 = 
me 

37,200 lb 

X = R /k 37200/776000 = 0,048 ft = 0.575 in. 
m me e 

The maximum allowable deflection is xsx. 
y 

where 

X = 5BL^/384EI 
y 

therefore: 

5x29,00Qx(8,5)\l728 _ ^ ,„, . X = —7 = u.Zoo in. 

^ 384x30x10 X46.68 

for u = 5 

UX = 5x0.286 = 1.430 in. 
y 

For the real beam w( have: 

R = R /k, = 37,200(25/16) = 58,000 lb 
m me R 

Dynamic load = 2x29,000 = 58,000 lb 

Maximum bending moment = RL/8=58,000x8.5/8 = 61,600 Ib-ft 

Maximum bending stress = M/S = 61,600x12/10.0 = 74,000 psi 

This occurs at t = 0.06T = 0.06x0.26 = 0.0156 sec 
m 
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Reaction (shear in the panel) 

R = 58,000 lb m 

P = 0.020x29,000/0,26 = 22,300 

Maximum V = 0.39xR + O.llxP 
m 

V = 0.39x58,000 + 0.11x22,300 

V = 25,060 lb 

maximum shear stress = 25,000/4x9x0.1 = 6950 psi 

The panel will have to be supported on girts spaced at least 4 ft on 

centers. 

C. Wall Girt Loading 

For an overpressure of 23.7 psi and a girt spacing of 2 ft 

8 in., the uniform load on the girt is: 
p = 3410x2.67 = 9100 lb/ft 
•̂ so 

For an assvmied magnification factor of 1.8, the load on the girt is: 

W = 9100x1.8 = 16,000 lb 

2 
The moment M = 16,400x10 /8 = 205,000 Ib-ft 

Required section modulus: 

S = 205,000x12/42,000 = 58.5 in."̂  

Try 18x4- 42.7, I = 549.2, S = 61.0 

T, as before, equals 0.26 sec 

2 
Total mass m = 107x10/32.2 = 33.3 lb-sec /ft 

Total girt load B = 9100x10 = 91,000 lb 

k = 384x30x10^x549.2/5xl0-^xl44 = 8,800,000 lb/ft 

For the equivalent system we have: 

kg = K^k = (16/25)x8,800,000 = 5,640,000 lb/ft 
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m = k m^ = 0.5x33.3 = 16.67 Ib-sec^/ft e m t 

Bg = Kĵ B = (16/25)x91,000 = 58,100 lb 

T^ = 2 T (m /k )^^^ = 2 ir(16.67/5,640,000)^''^ = 0.0108 

T/T = 0.26/0.0108 = 24 
n 

DLF = 2 
m 

t /T = 0.06 
m 

R = DLF xB = 2x58100 = 116,200 lb 
me m e 

X = R /k = 116,200/ 5,640,000 = 0,0206 ft = 0,248 in, 
m me e 

For the real beam we have: 

R = R /K„ = 116200x25/16 = 181,000 lb 
m me R 

Dynamic load = 2x91,000 = 182,000 lb 

Maximum bending moment = RL/8 = 182,000:{10/8 = 228,000 Ib-ft 

Maximum bending stress = M/S = 228,000x12/61 = 44,700 psi 

Maximimi beam shear occurs at t = 0,06x0,25 = 0.02 sec 
m 

R = 182,000 lb 
m 

P = 0.23x91000/0.26 = 80,500 lb 

Maximum V = 0.39x182,000 + 0.11x80,500 = 79,850 lb 

Maximum shear stress = 79,850/0.45x18 = 9,350 psi 

A plastic analysis can now be made, 

M = l,05fj S = 1,05x42,000x61 = 2,690,000 Ib-in, p dy 

The maximvmi resistance of the beam is: 

R = 8M /L = 8x2.69x10^/120 = 1.79x10^ lb 
m p 

The limiting elastic deflection is: 

X T = R /k = 1.79x10^/8.8x10^ = 0.0215 ft ei m 
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Using the average of elastic and plastic values we have: 

K^ = 1^(16/25) + (1/2)J /2 = 0.57 

k = (0.50 + 0,33)/2 = 0,415 m 

Peak load B = 0,57x9100 = 51,750 lb 
e 

m = 0,415x33,3=13,8 I b - s e c ^ / f t 
e 

ft ft 
k = K,xk = 0.57x8,8x10 = 5x10 
me T. 

T = 2 i r (13 ,8/5x10^)^ ' '^ = 0.0104 sec 

R = 0.56x1.79x10^ = 0.32x10^ lb 
me 

T/T = 0.26/0.0104 = 25 n 

C = R /B = 320,000/58150 = 5.5. Behavior is purely elastic. 

D. Boiler Building Frame 

An accurate dynamic analysis of the huge and very irregular 

structure would certainly be feasible and desirable only under certain 

conditions. The effort required to obtain an answer well within the 

practical engineering limits of accuracy would probably be so great as t 

Impose upon the analyst a burden inconsistent with reality. Even the 

determination of the frame pressure as a function of the time would be 

too difficult. On the other hand it is possible to determine the sizes 

of the frame members by isolating a bent and determine its strength as a 

function of an equivalent static load. 

The time, T, for an equivalent triangular pressure is: 

T = L + 3S ^ 100 + 3 ( 150/2) ^ 
^ 4U/3 4x1300/3 '^ 
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The hypothetical multistory boiler building, see Figure A-3 (a), 

is assvmed to consist of three-bay, nine-story-high frames. Each frame 

is approximately 100 ft wide and 180 ft high. 

Similar frames, when analyzed by lumping masses at each level, 

and by applying Newton's second law to their equivalent multidegree free

dom system, suggest that natural fundamental frequencies oscillate between 

values of 1 and 3 cps, with respective periods of 1 and 0.3 sec. See 

Figure A-3 (b). Other higher frequencies (harmonics) are close to 5 and 

7 cps, with periods of 0.2 to 0.13 sec. See Figure A-3 (c) and (d). 

If we use T equal to 0.5, the ratio T/T equals 0.19/0,5, or 

0,4, which means that the maximum dynamic load factor would be close to 

1; the frame then can be analyzed for the equivalent static load. 

For these conditions the frame load at each joint except that 

at the top is about 68,0 kips, the load at the top being approximately 

34,0 kips. 

An approximate bent analysis yields the following results. 

Point M, in kip-ft P, in kips 

0 90 0 

1 260 14 

2 430 34 

3 600 102 

4 770 181 

5 940 283 

6 1110 408 

7 1280 526 

8 1450 725 

9 918 
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For a dynamic unit stress of 40 kip/sq in. we have; 

3 
Sect Mod., in." 

27 

78 

129 

180 

231 

282 

333 

384 

435 

Weight, lb/ft 

29 

72 

99 

119 

150 

176 

211 

246 

287 

Weights 

Columns = 4x20(120+72+99+119+150+176+211+246+287) 

Floors = 100(120+72+99+119+150+176+211+246+287) 

118,400 

148,000 

266,400 

Unit weight = 266,400/100 = 2664 Ib/sq ft 

Boiler Building Frame 

Turbine Frame 

Office 

14,100x2664 

16,400x430 

4,200x450 

107, 

Due to normal load 

37,600,000 lb 

7,100,000 

1,900,000 

46,600,000 

4,600,000 

51,200,000 lb 

9,800,000 

61,000,000 lb 

By including the foundation change in terms of steel we have 

Foundation Change 5% 

61,000,000 

3,000,000 

64,000,000 lb 

or 32,000 tons of steel for the building 
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For the bunker frame the steel is as follows: 

Frame due to pressure 8,900,000 lb = 54,000 x 1650 

890,000 = 10% 

9,790,000 lb 

Regular normal load 2,280,000 

12,070,000 lb 

or 6,000 tons 

The total steel weights and panel requirements for the unhardened and 

hardened coal-fired plant are given in Table A-II. 

103 



Table A-II 
300-MW Conventional Power Plant 

Boiler Room, Bunkers, Turbine Room and Office 
Structural Requirements 

Normal Structure 

1) Structural Steel 
a. Bunker Plates, Bunker Girders and Stiffeners 1,140 tons 
b. Building Columns, Girders and Beams 4,880 tons 

2) Girts 280 tons 

3) Siding: 140,000 sq ft Robertson Panels 
Outer Sheet: #3 Element 16 B&S 
Inner Sheet: #8 Element 18 Ga Steel Metal Coated 
Insulation: 1-1/2 in. thick X 3# Density Therma Fiber 

24-1/2" X 4'0" R.M. Board 

4) Roof Slab: 40,000 sq ft 
Precast Roof Slab (T&G) 2-3/4 in. thick Q 18 Ib/sq ft 

Hardened Structure 

1) Structural Steel 
a. Bunker Plates, Girders and Stiffeners 6,000 tons 
b. Building Columns, Girders and Beams 32,000 tons 

2) Girts 840 tons 

3) Siding 140,000 sq ft Robertson Panels 
Outer Sheet: DK 12-12 
Inner Sheet: #8 Element 18 Ga. Steel Metal Coated 
Insulation: 1-1/2 in. thick X 3# Density Therma Fiber 

24-1/2" X 4'0" R.M. Board 

4) Roof Panels: 40,000 sq ft DK-12-12 (as number 3) 

5) Diaphragms (or Moment Connections) 
86,000 sq ft of Robertson Panels DK-12-12 
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APPENDIX B 

REACTOR SITE SELECTION 

The Atomic Energy Commission has established guides. To 

familiarize industry, state and local officials as well as the general 

public with the factors which are considered by the Commission in judging 

proposed sites for nuclear reactor installations. The objective of these 

guides is to keep the exposure of individuals to radiation to a minimum 

in the event, however unlikely, of a nuclear reactor excursion or accident. 

It is recognized that reactor plant hazards analysis is not an 

exact science, and that precise values cannot be assigned to the many 

variables necessary for consideration in such an analysis. Each par

ticular reactor type and station design must be evaluated on its own 

merit with regard to many factors, several of which are enumerated below: 

1. Characteristics of reactor design and operation. 

a. Power level and nature and inventory of contained 

radioactive material. 

b. Physical characteristics, i.e. reactivity coefficients, 

core characteristics, etc. 

c. Safety systems. 

d. Integrity of components and containment. 

2. Population density of surrounding areas. 

3. Meteorology, geology, hydrology, seismology and other 

site characteristics. 

(1) 

"Notice of Proposed Guides" Reactor Site Criteria, Atomic 
Energy Commission, (10 CFR Part 100), issued with Press 
Release No. D-38, February 10, 1961. 
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From a consideration of all factors involved an "ex

clusion area," a "low population" and a "population center distance" 

may be determined. In essence, the Commission defines the exclusion 

area as the area surrounding the reactor and which is under full control 

of the reactor owner. Normally this area would have no residents. If 

residence is permitted, evacuation must be possible with a minimum time 

delay. 

The low population zone is considered as that area 

immediately surrounding the exclusion area, from whence the small number 

of residents may be quickly evacuated or otherwide furnished suitable pro

tection in the event of a serious nuclear accident. 

The population center distance is the distance from the 

reactor to the nearest boundary of a densely populated area containing 

more than about 25,000 residents. 

Distances which can be used for estimating the required 

exclusion distance, low population zone and population center distances 

for a hypothetical reactor installation are furnished by Reference 1 and 

repeated in Table B-I. 

TABLE B-I REACTOR POWER VS SITING REQUIREMENT 

Reactor 
Power Leve1 

(Thernal Nec;av7atts) 

1200 (say 300 MWe) 

600 (say 150 MWe) 

400 (say 100 MWe) 

300 (say 75 MWe) 

Exclusion 
Distance 
(Miles) 

.60 

.38 

.29 

.24 

Low 
Zone 

Population 
! Distance 
(Miles) 

11.5 

7.2 

5.4 

4.5 

Population 
Center Distance 

(Miles) 

15.3 

9.6 

7.2 

6.0 
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It should be pointed out that the tabulation above is only 

a guide, and the Commission recognizes that the distances can be adjusted 

either upward or downward depending upon the physical characteristics of 

the reactor. The Commission has invited comments and suggestions on the 

Site Criteria Guide from all interested persons. The Guide, as written, 

is therefore subject to modification. For lack of more up-to-date crite

ria, the data given in the Guide was used in the study for illustration 

purposes only. 

Approximate distances of several reactor plants now 

built or under construction to the center of the largest neighboring 

community have been investigated and summarized in Table B-II. 

TABLE B-II EXISTING REACTOR PLANT LOCATIONS 

Plant 

Shipping-
port 

Yankee 

Dresden 

Hallam 

Location 

Shipping-
port, Pa. 

Rowe, Mass 

Dresden, 111. 

Hallam, Nebr. 

Reactor 
Output 

(Thermal MW) 

225 

392 - 482 

626 

254 

Nearest 
Population 
Center 

Aliquippa 

North Adams 

Juliet 

Lincoln 

Distance of 
Plant From 
Population 
Center 
(Miles) 

10 

10.5 

22 

19 

From a comparison of Tables B-I and B-II it is evident 

that the specific reactors considered are sited well beyond the Popula

tion Center Distances specified in Table B-I. It must be pointed out 

again however, that the distances given in the Commission's guide are 

not specific nor standardized criteria. 

The predictions of nuclear attack patterns, weapon yields. 
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etc. which would be utilized by an aggressor in an attack on the United 

States is beyond the scope of this study. Details of this nature have 

(2) 
been hypothesized and reported on by others . It is generally assumed 

that military retaliatory installations will comprise the main targets, 

followed by industrial and communication complexes and population centers, 

in that order. The assumed attack pattern outlined in Reference 2 contains 

the information listed in Tables B-III and B-IV. 

TABLE B-III 

Size of Weapons 

10 

8 

3 

2 

1 

(megatons) 

We: ight of the Attack 

Number Used 

60 

74 

44 

37 

48 

Weight of 
Attack (megatons) 

600 

592 

132 

74 

48 

TOTAL 263 1446 

(2) 

Hearings Before the Special Subcommittee on Radiation of 
the Joint Committee on Atomic Energy, U.S. Government 
Printing Office, June 1959. 
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No. of Weapons 

111 

110 

21 

12 

5 

4 

(megatons) 

645 

567 

168 

24 

28 

4 

TABLE B-IV 

Targets of the Attack 

Weight 
Number and Type of Target 

111 Air Force Installations 

71 Critical Target Areas 

21 AEC Installations 

12 Army Installations 

5 Navy Installations 

4 Marine Corp. Installations 

263 1446>'-

-'" Incorrect total as given in (2), B-4 

Table B-IV indicates that roughly 39 percent of the total 

bomb yield would conceivably be directed at critical target areas, com

prised of industrial and communication complexes with relatively large 

population centers. It is these areas which consume large blocks of 

electrical power, thus necessitating the construction of high-capacity 

base-loaded central power plants. Economics dictates that these plants 

be located in relatively close proximity to the load source. Consequently 

the fossil-fired power plant would normally be expected to be constructed 

well within the target area of destruction, and may be subject to severe, 

even total damage without its actually being selected as a prime target. 

A nuclear plant, on the other hand, cannot be located 

within a specified distance of a highly populated area without violating 

the requirements of the Atomic Energy Commission Advisory Committee on 
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Reactor Safeguards. As indicated in Table B-II, the nuclear power plants 

of the type under consideration in the study, which have been or are now 

being built, are located at distances ranging from 10 to 22 miles from 

the nearest population center. This inherently makes them less vulner

able to damage by nuclear attack, provided of course that there are no 

military targets within the low population zone surrounding the reactor 

site. The possibility exists however that the enemy may consider the 

nuclear plant of sufficient importance to influence the target point, 

in which case severe damage could be imposed on both the proposed target 

and the nuclear plant by selecting a target area midway between the two 

objectives. 
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FUELING OF THERMAL-ELECTRIC PLANTS 
TO MEET CIVIL DEFENSE REQUIREMENTS 

INTRODUCTION 

In a meeting held at Oak Ridge National Laboratory, October 31, 1961, 
Mr. J. A. Lane, Oak Ridge National Laboratory, requested that Sargent & 
Lundy provide certain specific assistance to the Laboratory in their 
evaluation of the national defense capability of nuclear and coal-fired 
thermal power plants after nuclear attack. 

The objectives of the work as performed by Sargent & Lundy were twofold: 

1. To study the economics of fueling coal-fired, thermal-electric power 
plants in the United States to meet civil defense requirements. The 
study is based on the stockpiling of fuel for 1 year, 3 year and 
5 year periods. 

2. To evaluate the utilization of alternate methods of plant fueling. 
The alternatives considered are indicated below. 

a. Coal slurry pumping of fuel to thermal-electric plants. 

b. Thermal-electric plants sited at mine-mouth locations with 
transmission lines feeding remote load centers. 

c. Natural gas and oil firing of thermal-electric plants. 

This report presents the results of the work performed to attain these 
objectives. 
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II. SUMMARY 

Preliminary work for the study was concerned with the establishing of 
plant heat rates, losses of coal due to degradation, determination of coa 
costs and heating values throughout the United States, and a review of 
current practices and experience in the stockpiling and slurry pumping of 
coal and for the electrical transmission of power. 

A study of the reliability and vulnerability of the systems was made, and 
estimated capital and operating costs were prepared. In addition, the 
capital costs associated with gas firing of coal fired steam generators 
were estimated. The feasibility of oil firing was also considered. 

All methods of fueling analyzed are considered reliable for normal 
operation. The storage of coal at or near the power plant represents the 
least vulnerable method of fueling in the event of nuclear attack. 

Three areas of the United States were studied specifically - the South
east, Midwest and Southern New England states. In these areas, stock
piling for a 1 year period adds about 0.3 to 0.5 Mills/kwh to the annual 
cost of the plants considered. 

For the same areas of the United States, coal slurry pumping adds about 
1.7 to 2.1 Mills/kwh, 0.4 to 0.9 Mills/kwh and 0.1 to 0.6 Mills/kwh in 
the 100 MWe, 300 MWe and 500 MWe plant sizes, respectively. Continuing 
research in slurry piping systems should result in reduced slurry pumping 
costs in the future. 

The siting of plants at the mine mouth appeared economically attractive 
for the 300 and 500 MWe in Southeast and Midwest where costs appear about 
equal or lower than conventional plant fueling. 
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GROUND RULES 

The attainment of the outlined objectives required that specific ground 
rules be employed in the development of the data. The following are the 
ground rules and assumptions employed: 

1. Results of Nuclear Attack 

a. Railway transport facilities have been disrupted after initial and 
secondary attacks. Rail operations are curtailed and required for 
services other than fuel transport for an indefinite period of time. 

b. The power plants under study have suffered no major damage and are 
capable of delivering rated output upon receipt of an adequate fuel 
supply. 

c. Power requirements following the nuclear attacks are such that the 
plants under consideration will be required to operate for 1 to 5 
year periods at a plant factor of 80 per cent. 

2. Plant Location 

a. Thermal-electric plants shall be located within an area of major 
coal deposits and industrial centers in the United States. Based on 
this criterion, specific coal-fired, thermal-electric plants were 
selected for study in three general areas of the continental United 
States: 

1. Mid-Southeastern States 

2. Midwest 

3. Southern New England 

Other major regions of the United States obtain power from gas or 
oil fired plants, or are not considered major industrial areas. 

3. Plant Selection 

The plants studied are rated at 100 MWe, 300 MWe and 500 MWe (net) 
generation operating at 80 per cent plant factor. Fueling of above 
ground and underground plants is considered in the study. 

4. Coal Supply 

Coal is stockpiled for a period of either 1, 3 or 5 years at or near 
the station. Stockpiling at the mine is also considered. In the case 
of alternate fueling by a coal slurry pipeline, a 70 day supply of 
slurry is maintained at the plant site. 
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5. Price of Coal 

The cost of coal to the utility varies in magnitude significantly 
within the continental United States. The average cost of coal as-
delivered as well as estimated at-mine costs are presented in the 
study for those states utilizing coal as a fuel. 

6. Cost and Fixed Charge Rate Analysis 

Economic ground rules for calculating fixed charges and other costs 
are consistent with those contained within the USAEC Nuclear Power 
Plant Cost Evaluation Handbook, December, 1960. 
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REFERENCE PLANTS AND DESIGN DATA 

The reference plants studied are rated at 100 MWe, 300 MWe and 500 MWe 
net, respectively, based on a reheat turbine cycle. Steam temperatures, 
pressure, and other cycle operating parameters and design data are con
sistent with modern power plant practice in the fuel cost areas of the 
United States being considered. 

Exhibit 1 compares the plant operating parameters used for calculating 
the annual fuel requirements of plants fueled by coal or coal-slurry. As 
shown in this table, the net plant heat rates for the coal-slurry supplied 
plants are slightly higher because of decreased boiler efficiency and 
higher auxiliary power requirements. 

The heat rates used for the reference plants are typical of modern techno
logy. However, in specific cases, heat rates may be higher or lower as a 
result of optimizing the design for minimxjm overall power cost. For 
plants situated in high fuel cost areas, there will be a tendency to 
design for lower heat rates as a means of minimizing annual fuel require
ments. Therefore, the effect of heat rate on overall cost has been 
investigated as part of the study. The results are discussed in the 
section on cost analysis. 
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V. COAL SUPPLIES 

Exhibit 2 is a map of the continental United States showing the location 
of major bituminous coal deposits. ^^7 it can be seen that major coal 
mining areas are in the midwest and east central states. 

Exhibit 3 is a graphic representation of the variation in the delivered 
cost of coal to utilities (cents/million Btu) throughout the United 
States. ^^7 From the map, it can be seen that the major Industrial centers 
which are supplied with power from coal-fired plants are the three areas 
specified under the ground rules. The specific sites in these areas which 
are studied are located at Atlanta, Georgia; Chicago, Illinois; and 
Hartford, Connecticut. 

Exhibit 4 Is a tabulation of heating values and costs of coal. The as-
delivered values for a given state are averaged for all coal delivered 
to the utilities within the state regardless of the source of the coal 
supply, 'i' The at-mine values, on the other hand, have been approximated 
for coal supplied to utilities from mines located in the states tabu-
lated.(2>3) Only those states which have coal-fired plants are tabulated 
for the as-delivered values, and only coal mining states are tabulated 
for the at-mlne values. 

The successful operation of coal-slurry pumping in providing coal for the 
Eastlake Station of Cleveland Illuminating Company has proven the econo
mic potential of this system. As a result, railroads have made significant 
reductions in freight charges to several utilities during the present 
year. The reductions will probably be extended to other utilities and 
should be reflected in lower average costs of delivered coal being reported 
for some of the states in the years to follow. 
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STOCKPILING OF COAL 

An obvious solution to the problem of providing fuel for a power plant 
for 1 to 5 year periods is to stockpile a sufficient supply of coal at 
or near the plant site. Two methods of storage can be considered, i.e., 
above-ground and under-water storage. 

A. Above-Ground Storage 

1. General 

The above-ground storage method is quite simple. The coal received 
at the plant would be stocked out, compacted in one or more large 
piles which would be properly prepared for long term storage. Then, 
as coal is required, it would be reclaimed from the pile for burn
ing in the plant. 

Normally, a supply of 70 to 120 days is maintained at a coal-fired 
plant, and as a result the techniques of storage are well established 
as discussed below. 

2. Technical Feasibility 

Since above-ground storage techniques are well known, this method 
of fueling is entirely feasible. The fuel storage problems involved 
in the design and operation of a plant utilizing above-ground 
storage are: 

a. Siting, i.e., providing the necessary large tract of land for 
storage. 

b. Minimizing losses due to degradation of coal. 

c. Prevention of spontaneous combustion. 

d. Providing the necessary equipment for stocking-out and re
claiming. 

3. Siting 

In calculating the area required for storage, a 50 foot high pile 
was assumed which is toward the upper range of heights normally 
used for long term storage. 

On this basis, land areas varied from about 5 to 100 acres for 
extreme ranges of plant size and stockpiling period. The areas, 
which also vary with the heating value of the coal, are tabulated 
in Exhibit 5. 

Location of the storage area at the plant or relatively near the 
plant is dependent on the availability of land at a particular 
site. 
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4. Degradation of Coal in Storage 

Degradation of coal in storage may be considered to fall into three 
categories, i.e., Btu losses from wind, due to oxidation of coal, 
and loss in plant efficiency by addition of water to the coal. 

Losses from wind result from the fines in the coal being blown away. 
This loss occurs chiefly during stocking-out and reclaiming. The 
quantity lost depends upon the amount of fines in the coal and 
varies with the coal being handled. In general, losses are greater 
for the Western bituminous coals than for Eastern coals.'*) 

Oxidation may proceed to the point where spontaneous combustion 
occurs. However, spontaneous combustion can be minimized by proper 
compaction. Periodic temperature measurements by means of thermo
couples embedded in the pile assist in the prevention of burning. 

Addition of moisture also reduces the heating value of the coal 
and lowers boiler efficiency. Proper compaction and sealing will 
normally reduce these losses to a low value. The pile must be crowned 
for drainage of rain water. 

While the exact amount of all losses due to degradation is the func
tion of many variables, a reasonable figure for Eastern coals 
appears to be about 2 per cent for 1 and 3 year storage and 2.5 per 
cent for 5 years. Comparable figures for Western coals are 5 per 
cent for 1 and 3 years and 6 per cent for 5 years. 

5. Coal Handling Facilities 

A conventional coal-fired plant receiving coal by rail will have 
most of the coal handling facilities required for the stockpiled 
plants under consideration. These facilities will include car 
pullers, car shakeout, car unloading hoppers, breakers and convey
ors for transporting coal to the bunkers or to a point for stocking-
out. For the stockpiled plants, therefore, it would only be neces
sary to add carryalls for transporting the coal to and from the 
stockpile and a bulldozer at the pile for compacting and to assist 
in loading the carryalls. 

The carryalls can be purchased to handle 30 to 35 cubic yards of 
coal. The number of carryalls required will vary with the size of 
plant and distance of the stockpile from the plant. For a 100 MWe 
plant, one carryall and one bulldozer would be sufficient for 
reclaiming the coal if the pile were adjacent to the plant. The 
same equipment could stock-out a 1 year pile in 9 months and, 
operating on two shifts, could stock-out the 3 year pile in about 
a year and the 5 year pile in about 21 months. For the 300 MWe 
plant, 3 carryalls and one bulldozer would handle the reclaiming of 
coal and, operating on a two shift basis, could stock-out the 1 year 
pile in 8 months, the 3 year pile in about 21 months and the 5 year 
pile in about 3 years. For the 500 MWe plant, 5 carryalls and 2 
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bulldozers are needed for reclaiming and, operating on a two shift 
basis, could stock-out the 1 year pile in about 9 months, the 3 
year pile in 2-1/4 years and the 5 year pile in 3-3/4 years. 

If the stockpile were located 2 or 3 miles from the plant, the same 
equipment and time periods would apply, but the number of carryalls 
would have to be doubled. 

6. Size of Coal Piles 

The amount of coal required for 1, 3 and 5 year storage piles is 
dependent primarily on the size and efficiency of the plant and 
heating value of the coal, and secondarily on the losses due to 
degradation. Exhibit 5 shows the tonnage as well as land areas 
required for the 100, 300 and 500 MWe plant stockpiles in the three 
principal areas of the United States considered in this report. In 
each case the height of the pile is taken as 50 feet. 

. Underwater Storage 

1. General 

The underwater method of coal storage has had very limited use as 
compared to the above-ground method. Coal received at the plant 
would be placed in storage completely submerged under water. With 
this method of storage, facilities for partial water removal are 
required prior to burning in the plant. 

2. Technical Feasibility 

The underwater method of storing coai is an established procedure 
and can be classified as being technically feasible. This method of 
storage has particular advantages over other methods, i.e., prevent
ing spontaneous combustion and reduced losses from oxidation and 
deterioration due to weathering. The need for water removal equip
ment is, however, a disadvantage of the underwater method. 

3. Coal Handling Facilities 

Coal would be received either by railroad or barge. If delivered 
by barge, the coal would be unloaded by a grab bucket operated from 
a high coal tower. If delivered by railroad, the coal could be 
unloaded by conventional facilities. Transportation to the coal 
pit would be by conveyors or carryalls. An alternate method would 
be to unload the railroad cars directly into the storage pit from 
elevated trestles. 

Coal for burning would be moved from the underwater storage pit by 
drag line scrapers into the reclaiming hoppers, onto conveyor belts 
or into carryalls, and transported into the dewatering section of 
the plant. In the event that the stcrage area was located several 
miles away from the plant, additional conveying equipment would be 

129 



required to move the coal to the plant. 

4. Tonnage and Size of Coal Storage Pits 

The amount of coal in storage for 1, 3 and 5 year periods would be 
about the same as for above-ground storage. Losses from degradation 
would be less, but losses during stocking-out and reclaiming would 
be of the same order of magnitude. Plant efficiency would be some
what less because of the moisture. 

The coal pit would probably require a larger area than above-ground 
storage, as the depth of the pit would probably not approach the 50 
foot height of the above-ground stockpiles. 

5. Reliability 

The under-water system should have a high degree of reliability as 
the mechanical components are those in common use for other 
services. 

6. Economic Feasibility 

Although under-water storage is considered technically feasible and 
is reliable, it is not as economical as above-ground storage. 
Capital costs for an under-water storage system are appreciably 
more than above-ground storage. In addition, the auxiliary power 
load would be larger due to the additional equipment required for the 
dewatering process and also due to the reduced heating value of 
the coal as fired and the reduced efficiency of the steam generating 
unit. Operating costs are, therefore, also higher than for above-
ground storage. Hence,its use cannot be justified for a conventional 
power plant. 
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VII. PIPELINE TRANSPORTATION OF COAL 

A. Technical Feasibility 

The pipeline transportation of coal has had a proven record of 
technical feasibility that dates back to the beginning of the 
twentieth century. In 1899, Wallace C. Andrews, founder of the New 
York Steam Corporation, built a pilot installation of a coal slurry 
pipeline that is identical in many respects with installations being 
built for the utility industry today. While this pilot installation 
built in New York City was operated successfully for a period of time, 
it never resulted in the erection of a commercial installation. A 
short pipeline approximately seven miles long has been built in France. 
This line is used to convey coal from a coal cleaning plant to a power 
plant. The major difference between this plant and plants having 
longer pipe runs is that the coal flow depends primarily on gravity 
rather than on mechanical pumping equipment. 

The slurrying and pumping of ash, which is a problem closely related 
to pumping of coal, has been one of the most successful and economical 
methods of transporting this material from boilers to the point of 
ultimate disposal. 

The basic process flow characteristics of a coal pipeline system are 
embodied in a modern day coal cleaning plant. The practice in the 
coal cleaning plant is to make a coal-water slurry for processing, 
followed by dewatering and drying. 

For the coal pipeline system, the slurry preparation is kept at the 
source of the coal supply, the drying and dewatering facilities are 
transferred to the point of coal consumption, and the additional 
equipment required is a longer pipeline and pumps. 

In 1949, the first major steps toward developing a commercial coal-
slurry pipeline system in the United States were taken by the manage
ment of the Pittsburgh Consolidation Coal Company and the Cleveland 
Electric Illuminating Company. (̂  ,®,'''.̂ ) At that time, the Cleveland 
Electric Illuminating Company required a long term supply of coal for 
delivery to their Eastlake Station on Laike Erie. Increasing freight 
charges encouraged the search for a means of reducing these costs. 
The Cleveland Electric Illuminating Company was buying coal at that 
time from the Hanna Coal Company, a division of Pittsburgh Consolida
tion, and this was found to be a suitable source for a long term 
supply. The distance between the source of supply and the Eastlake 
plant was about 100 miles. 

Preliminary analytical studies clearly indicated that a pipeline 
carrying a coal-water slurry offered appreciably greater potential 
savings over other possible modes of transportation. A long series 
of pilot plant tests followed directed toward a large scale demonstra
tion plant. Factors such as size of coal particles, pumping velocities, 
slurry concentrations and pipe diameters were investigated to establish 
feasibility of the system. By mid-1953, the technical problems had 
been resolved and by 1954 the design and economic evaluation of a coal 
pipeline from Cadiz, Ohio to the Eastlake Station had been completed. 
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In August of 1954, a contract was signed with CEI to supply the East-
lake plant with 1,250,000 tons of coal annually for a 15-year period 
and construction work was begun in 1955. The pipeline and attendant 
facilities were placed in operation in 1957 and have transported a 
total of approximately 5,000,000 tons of coal to this date. A schematic 
of the pipeline system is shown in Exhibit 6. 

B. Technical Problems 

1. Corrosion 

A major problem encountered in the design of coal-slurry pipelines 
is corrosion. Corrosion can occur on either interior or exterior 
surfaces. Freezing conditions prevalent throughout much of the 
United States would make burial of the pipe below the frost line 
mandatory. Exterior corrosion which is common to all underground 
piping is minimized by the application of an enamel coating rein
forced with glass cloth over the exterior surface. In addition, 
there is the need for cathodic protection of the line after a period 
of operation. 

Interior corrosion is caused by two constituents of the slurry; one, 
the acid solution formed by the leaching of sulfur compounds from 
the coal, and two, dissolved oxygen. Chemical treatment methods are 
required in order to minimize their reaction with the metal. 
Caustic addition to the slurry is employed to neutralize the acid and 
yield a pH of 6.5. Oxidation is arrested by introducing an inhibitor. 
Nitrogen is utilized in the vapor spaces above surge tanks to further 
reduce oxygen corrosion. Chemical additives are injected at the 
Individual pumping stations rather than at the source to achieve 
better control. 

2. Erosion 

Some erosion will occur in coal slurry pipelines. However, experi
ence indicates this will not be as serious as might be expected^ 
The coal that Is handled is much cleaner than normally handled. 
The ash and silt found in coal as received from the mine, which are 
the ingredients that contribute to excessive erosion, are removed 
in the preparation plant. Coal has self-lubricating properties. In 
addition, erosion decreases after coal is pumped a short distance 
because attrition wears off the sharp corners and the coal particles 
become spherical in shape. The erosion of the interior surface of 
coal pipelines can be compensated for by a sufficient allowance In 
pipe wall thicloiess when design conditions are specified. 

C. Technical Status 

1. Description of Pipeline System 

The three major components of the pipeline system are: 

Preparation Plant 
Pipeline and Pumping Stations 
Dewitering and Drying Terminal 
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a. Slurry Preparation Plant 

A schematic flow diagram of the slurry preparation plant is shown 
on Exhibit 7. The principal equipment in the slurry preparation 
plant consists of screens, crushers, storage tanks, drag tanks and 
the required equipment for slurry mixing. Fine coal, pumped from 
the cleaning plant, flows to the screens where the undersize flows 
to a drag tank. The oversize coal is carried to the crusher where 
it is reduced to the proper dimensions or conveyed to a storage 
pile. The product from the crusher may be either returned to the 
drag tank or to a storage pond. Coal in excess of pipeline needs 
may be diverted to any one of three storage ponds. The first 
storage pond takes any fine coal which overflows from the drag 
tank. The second pond is for excess products from the drag tank 
discharge. The third pond is for storage of the oversize particles 
from the screens. 

The coal is stored in separate ponds to minimize particle segrega-
gatlon which would occur if all fractions were sent to the same 
pond. The run of mine coal required to make up the deficiency 
between total needed and the table fines is crushed and then flows 
to the first crusher for further reduction in size before flowing 
to the 14 mesh sizing screens. 

The storage ponds will permit continuous operation of the pipeline 
when the cleaning plant is out of service. The pipeline operates 
on a 24 hour, seven day week basis, while the cleaning plant is on 
a 2 or 3 shaft operation, 5 days a week. 

The discharge from the drag tanks is processed in a mixer to 
insure A proper slurry mixture of water and coal. 

b. Pumping Stations 

Slurry from the slurry tank flows to the inlet of the pumps in 
the initial pumping station. There are three pumps located at 
each of the pumping stations. Each pumping unit consists of a 
half capacity, reciprocating, double action pump driven by an 
electric motor connected through a fluid coupling and speed 
reducer. The third pump in each station is a stand-by unit. 
Discharge pressure is about 1000 psig with the effluent from the 
pumps flowing to a single surge tank and thence to the pipeline. 
The hydraulic coupling insures automatic compensation for pump 
wear. Automatic controls bypass any of the booster stations 
having a power failure and the upstream stations are adjusted to 
carry the additional load. 

c. Coal Pipeline 

The pipeline is a single line leading from each of the pumping 
plants and is made up of all welded steel pipe. Wall thickness 
is a function of pressure and pipe size with an allowance for 
corrosion and erosion. The entire line is buried 4 to 5 ft. 
below grade in areas where freezing conditions exists. Maximum 
Inclination is 10 degrees, and pipeline velocity is 4.5 ft/sec. 
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Settling and compaction of coal in the pipeline after a shutdown 
has not proven to be a problem. The increase in water velocity 
caused by the partial blocking of the pipe due to any coal which 
may have settled is sufficient to reslurry the coal and the water. 

d. Dewatering and Drying Plant 

Exhibit 8 is a simplified flow diagram of the dewatering and 
drying plant. Coal slurry from the pipeline is discharged to 
Dorr thickeners. The coal drops to the bottom of the thickeners 
and water decants over the rim of the tank. The decanted water 
flows to a rotating paddle flocculator. The slow speed paddles 
in the flocculator impart motion to the suspended particles which 
tends to agglomerate the particles. An agglomerating agent is 
added to accelerate this operation. The enlarged coal particles 
float out into the outer section of the flocculator tank and 
gradually drop to the bottom. The overflow from the flocculator is 
diluted by mixing with the circulating water discharged from the 
power plant. 

The sludge from the Dorr thickeners and the clarri-f locculator is 
pumped to vacuum disc filters. The coal cake formed on the 
filter discs contains approximately 20 per cent moisture. In 
order to reduce the moisture further, flash dryers are employed. 
The dryers are provided with warm air from the plant boiler or 
a special furnace. A portion of the pulverized coal supplied to 
the plant is required for the drying process. The heated gases 
leaving the furnaces are tempered with room air and flow up into 
the drying columns. The filter cake is fed into the bottom of 
the columns and is entrained by the gas being drawn up through the 
columns. A large portion of the moisture in the coal evaporates 
and mixes with the heated gases* The gas and coal mixture flows 
into a cyclone collector where the coal falls to the bottom and 
the moist gases go out through the top. The coal moisture content 
is now reduced to approximately 5 per cent. The hot gases from 
the dryer cyclone flow to a second cyclone collector system and 
thence to a water washer. Gases are drawn through the system by 
induced draft fans discharging into the power plant stack. At 
the Eastlake plant, effect of reduced ash in the coal reduces the 
solids discharged from the stack to 65 per cent of what it was 
before pipeline coal was utilized. 

The coal from the initial cyclone separators discharges to a belt 
conveyor and then to a surge bin. Coal is weighed by an automatic 
weighing system Integral with the conveyor system. The coal from 
the surge bin is fed to the power plant coal storage bunkers. 

2. Direct Firing of Coal-Slurry 

For the past several years, Babcock & Wilcox Company, Consolidation 
Coal Company and the Texas Eastern Transmission Corporation have 
combined in a joint research project directed toward the firing of 
coal-slurry directly into a boiler without the necessity of dewatering. 
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A successful test of this method was made in a trial at the E. H. 
Werner Station of Jersey Central Power & Light Company from October 
18 through November 10, 1961.(3) 

The slurry was burned in a Babcock 6e Wilcox cyclone boiler. The 
coal-water ratio was increased to a 70/30 weight per cent mixture 
which is the maximum concentration which can presently be handled 
as a liquid. The slurry was introduced as a hollow conical spray 
in the cyclone burners. Hot air entering the burner produces a 
spinning or "cyclone" within the burner. Coal particles are dried, 
ignited, and burned within 0.01 second. Flame temperature is over 
3,000 F. 

During the test run the boiler operated 450 hours. Over 22,000,000 
kwh of electric power were generated, and about 2 million gallons 
of slurry were consumed which is equivalent to about 7,200 tons of 
coal. 

Direct firing eliminates the need for the dewatering and drying 
plant. However, the high moisture content decreases boiler efficiency 
by 3-4 per cent, increasing the size and power requirements of boiler 
auxiliary equipment. It appears that the net result of direct 
burning will be an appreciable savings in overall plant cost. 

3. Pipeline System Reliability 

The pipeline and supporting facilities have proven to be successful 
from the standpoint of reliability and mechanical integrity. The 
use factor for pipeline systems is expected to be at least 90 per 
cent. Although arrangement of equipment is unique, individual 
components have been used with excellent results in other processes 
for long periods of time. The same type of equipment is found in 
modern coal cleaning plants, sewage treating plants, water treating 
plants and chemical plants. 

The use of a 30 to 70 day slurry storage at the plant would Insure 
an uninterrupted supply of fuel for the boiler in the event of 
temporary breakdown of the pipeline system. 
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VIII. MINE MOUTH THERMAL-ELECTRIC PLANTS 

The mine mouth method of providing a fuel supply to thermal-electric 
plants after nuclear attack utilizes the coal mine itself as the stockpile 
of emergency coal. The electrical loads must be fed by long distance high 
voltage transmission lines originating at the power plant sites. The 
additional capital and annual costs above a conventional plant thus become 
the costs accrued when high voltage transmission lines, transformers and 
substations are installed. 

The technical and economic feasibility of this concept is well established 
as a number of plants have been constructed at the mine mouth in cases 
where a net annual reduction in cost could be achieved. The designs 
considered would have a high degree of reliability in that full power 
transmission can be maintained with the loss of one circuit. 

The transmission voltage is a function of the distance between plant and 
load center. For long distance transmission, voltages of 500 kv or more 
are presently being considered. For this study the voltage used varies 
from 230 kv for 100 mile transmission lines to 500 kv for the 350 mile 
lines. 
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OIL AND GAS FUELING 

A. Oil 

In the three general areas of the United States considered, oil cannot 
be burned economically. It would not be feasible therefore to consider 
the storage of oil for emergency fueling of power plants in the coal-
burning areas. Furthermore, oil firing is precluded as an alternate 
fuel because of the military and civilian defense requirements for this 
fuel after nuclear attack. 

B. Gas 

In the areas considered in this report, coal is used as the principle 
fuel although in some plants "dump gas" may be used when available; 
i.e., during periods when the demand for domestic use is reduced, the 
gas may be sold to utilities at a favorable cost. 

While it would not be economically feasible to design a plant burning 
gas as the primary fuel in the areas studied, consideration could be 
given to providing gas as an emergency fuel for a coal-fired plant. 
The costs involved for this case would include modifications to the 
plant to provide for dual firing and the pipeline required to connect 
the plant to a gas main of sufficient capacity to supply the necessary 
fuel. 

The economics of supplying gas as an emergency are discussed in 
Section XI. 
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X. VULNERABILITY OF FUELING SCHEMES 

A. Stockpiling 

A stockpile of coal which has been properly prepared for long term 
storage would appear to be relatively invulnerable to attack. The 
ignition temperature of bituminous coal is about 765 F and, consider
ing the short duration of the thermal radiation burst from a nuclear 
blast, any fires started would probably not be sustained unless the 
pile were close to ground zero. Additional protection to the stock
pile could be provided at a relatively small cost by a foot or more 
of earth cover. 

Carryalls and tractors used for stocking-out and reclaiming are subject 
to drag forces. The amount of damage is a function of dynamic pressure 
and duration of winds. The type of damage to be expected is indicated 
in "The Effects of Nuclear Weapons".(^°) A typical example from this 
text indicates that a 1-megaton air burst two miles away would cause 
Type C damage; i.e., equipment overturned, frames sprung, major repairs 
required. A high degree of protection is afforded by placing the 
equipment in deep trenches or providing earth revetments. 

A stockpile at the mine would protect against loss of mine operation 
only. The vulnerability of the transportation system would remain 
unchanged. In the case of railroads, the study assumes that they 
would not be available because of damage and their requirements for 
handling other freight. Barging in most cases is by river, and traffic 
could be disrupted in the event that a dam or lock were knocked out. 
Also, as in the case of railroads, the barges may be required to move 
other types of freight. It should also be noted that barge unloading 
equipment would be subject to heavy damage from drag forces following 
a nuclear explosion in the vicinity of the power plant. 

Underwater storage provides a positive means of preventing fire from 
thermal radiation of a nuclear blast. The reclaiming equipment would 
have the same degree of vulnerability as for above-ground storage. 
Consideration could be given to hydraulic conveying for transporting 
the fuel from the pit to the plant which would provide a highly 
invulnerable system. However, the cost of hydraulic conveying would 
add considerably to the cost of fueling. 

B. Coal-Slurry Piping 

The preparation plant, the dewatering plant and pumping stations are 
constructed of equipment and materials similar to the power plant 
itself, and therefore would have essentially the same degree of 
vulnerability as the power plant. The vulnerability of these parts 
of the coal-slurry pumping system is dependent on the location 
relative to primary targets and the type of structures in which they 
are housed. The structures can be hardened by placing them under
ground . 

The pipeline is an all welded underground system and is relatively 
invulnerable to other than a direct hit. Experience in the nuclear 
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bombings in Japan showed that damage to pipelines was generally 
restricted to cast Iron piping and valves located inside or at 
entrances to buildings, (̂ o) 

Preparation of the coal-slurry requires a large quantity of water. 
Depending on site conditions, this may require the damming of a stream 
or river at the mine. Destruction of the dam from a nuclear explosion 
and subsequent loss of stored water could interrupt pumping of coal for 
an extended period. 

Preparation and pumping of coal can also be interrupted by loss of 
power for operation of pumps and other equipment. If the loss is due 
to destruction of some part of the electrical transmission system, it 
Is assumed that repairs could be made in some reasonable length of 
time. The coal-slurry system which is considered in this report 
includes a 70-day wet slurry storage which would allow the power plant 
to continue operating for this period while repairs were being made to 
the pipeline system. It should also be noted that, if a single pumping 
station were disabled, coal flow could be maintained at a reduced 
capacity (about 70 per cent) by bypassing the station. 

However, it is apparent that the overall coal-slurry fueling system is 
more vulnerable than the stockpile method simply because it is spread 
out over a much greater area. Major damage to any part of the pumping 
system will disrupt the flow of fuel to the plant. 

C. Mine Mouth Plants 

A plant located at the mine could be assumed to be less vulnerable to 
damage than one located near an industrial center which would probably 
be a primary target for nuclear attack. 

The electrical transmission system would be damaged from a nuclear 
explosion in the vicinity of the line. Transmission towers are subject 
to drag forces and are severely damaged by the strong winds which 
develop. (̂ O) 

The steel towers for the transmission line would normally be spaced at 
1200 to 1400 feet. If a portion of the line were knocked out, a 
temporary line could be strung on wood poles spaced at closer intervals. 

D. Gas Fueled Plants 

Since gas lines are for the most part placed underground, the piping 
Itself Is relatively invulnerable. However, the length of the system 
with Its compressor stations would mean a high probability of damage 
to the gas supply system. 

There would probably be no gas storage at the plant; however, if the 
plant were normally coal-fired (with gas for emergency use) there would 
usually be about a 70 day supply of coal on hand which would serve 
until repairs could be made to the gas transmission system. 
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XI. COST ANALYSIS 

A. General 

The costs for stockpiling, coal-slurry pumping and electrical trans
mission for the three plant sizes in the three major coal-burning 
areas of the United States were estimated and have been summarized 
in Exhibits 9, 10, 11, 13 and 14. 

B. Effective Heat Rate 

As discussed previously, the heat rates used are typical of modern 
practice. It is recognized, however, that there are minor variations 
in heat rates throughout the country in that high fuel cost areas 
can justify a higher capital expenditure to obtain a better heat 
rate. 

The heat rate of new 100 MWe plants built in areas considered in the 
study might be expected to fall within a range of 9630 to 10,200 
Btu/kwh depending on fuel cost. Since stockpiling costs are approx
imately proportional to heat rate, a correction factor of 0.96 
could be applied to high fuel cost sites (38.0 ̂ /million Btu) and a 
correction of 1.02 to low fuel cost sites (17.6 ^/million Btu). 
Similarly for 300 and 500 MWe plants, correction factors of 0.98 and 
1.03 could be applied for high and low fuel cost conditions. 

C. Capital Costs 

1. Stockpiling Coal 

The capital expenditures involved in the fueling of a plant by 
stockpiling for 1, 3 and 5-year periods are costs connected with 
the stockpile itself and the fuel handling system. 

The major cost of stockpiling for a long term is the cost of the 
coal. The cost of stocking-out and sealing the pile is only 
about 1 per cent of the cost of the coal. The land required for 
storage when evaluated at $300 per acre in accordance with the 
Nuclear Power Plants Cost Evaluation Handbook is relatively 
insignificant - less than 0.1 per cent of the coal cost. Cost of 
the stockpile as listed in Exhibits 9, 10 and 11 include costs of 
stocklng-out, sealing, land and also for losses from degradation 
of coal. 

Location of the stockpile near (2-3 miles away)rather than adja
cent to the plant does not add materially to the cost of the 
pile. The purchase of another carryall would be required for the 
100 MWe plant and perhaps three to five carryalls for the 300 and 
500 MWe plants, depending on the distance. The carryalls are 
priced at about $85,000 each. 
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Cost of the stockpile if located at the mine would be essentially 
the same as one located at the plant except that the coal cost 
would be an at-mine cost with delivery costs occurring on shipment 
to the plant. 

Stockpiling for a hardened, underground power plant should make 
little change in the fueling costs presented. Cost of the stock
pile would be the same. Some changes might be made in the 
arrangement of the plant fuel handling system, but in general the 
same type of fuel handling would probably be used except that con
veyors would be underground. 

The plant fuel handling system costs listed in Exhibits 9, 10, 
and 11 are typical for plants of the size studied. Costs for 
stockpile coal handling, i.e., carryalls required for the stock
lng-out and reclaiming of coal, are also shown. 

Cost of stockpiled coal for the three specific areas of the United 
States considered are the as-delivered prices given in Exhibit 4. 

2. Coal-Slurry Pumping 

Capital costs for the slurry system are based principally on 
information given for the pipeline to the Eastlake Station. Costs 
for a 70-day storage of slurry are also included. In order to 
apply the costs to a plant at any given distance from the mine, 
costs were estimated for the underground piping for the three 
plant sizes. These costs, given in Exhibit 12, include the pro
rated cost of the pumping stations which are located about every 
35 miles along the pipeline. Capital costs for the various plants 
considered are given in Exhibit 13. 

3. Mine Mouth Power Plants 

The additional capital costs associated with locating the thermal-
electric plants at the mine are those of the transmission lines 
and the transformers and substations required. Some reduction in 
the cost of fuel handling equipment will accrue from the at-mlne 
location. The estimated capital costs have been summarized In 
Exhibit 14. 

4. Natural Gas Firing 

The capital cost to provide for emergency gas firing of a coal-
flred plant consists of the cost of modifications to the boiler 
plant and the installation of a natural gas pipeline to feed the 
station. These costs have been tabulated in Exhibit 15. 
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Fixed Charge Rates 

1. Capital Expenditures 

Fixed charge rates used in computing annual costs are in accord
ance with the Nuclear Power Plant Cost Evaluation Handbook. For 
depreciating capital costs a fixed charge rate of 14.3 per cent 
is used. 

2. Coal Storage Piles 

If money is obtained by the utility in accordance with usual prac
tice, the cost of money is assumed to be 7.0 per cent. To this 
amount must be added federal income tax and other ad valorem taxes 
Thus, the fixed charge rate becomes the same as used for comput
ing annual costs of working capital, land, etc. This amount is 
given as 12.5 per cent in the Cost Evaluation Handbook, and has 
been used in this report to calculate annual costs of the stock
piles . 

It should be pointed out that, if the money were secured other 
than by normal utility financing, the rate could be reduced. For 
example, if the money were entirely debt money, the only costs 
which would apply are the bank interest rate and the ad valorem 
taxes. If financing were subsidized by the government, presum
ably the stockpile would be considered government property and 
the fixed charges would be based only on the current interest 
rate. 

Operating Costs 

1. Stockpiling Coal 

The annual operating costs included for fueling the stockpiled 
plants are the cost of fuel burned and the cost of handling of 
coal for normal operation of the plant. Costs were estimated in 
accordance with typical modern day practice. 

Costs of fuel burned are based on the as-delivered cost of coal 
given in Exhibit 4. 

2. Coal-Slurry Pumping 

Operating costs for the slurry system were estimated chiefly from 
data published for the Eastlake plant. To the basic cost of a 
system which was assumed to have a 100 mile pipeline was added 
the estimated cost for operation of any additional lengths of 
piping required. These operating costs are included in Exhibit 13 

In calculating fuel costs for the three specific areas chosen 
for study, at-mine prices are used for the state where the mine 
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is located. For the Southeast area it was assumed that the coal 
would be obtained from Tennessee at $3.83 per ton, and a 150 mile 
pipeline would be required. 

For the Midwest, fuel was assumed to be Illinois coal at $4.02 
per ton, and a 100 mile pipeline would be required. For Southern 
New England, the fuel was assumed to be Pennsylvania coal at $3.85 
per ton, requiring a 350 mile pipeline. 

3. Mine Mouth Power Plants 

Operating costs for the mine mouth plant include the cost of fuel 
burned and coal handling costs, plus an additional cost for trans
mission line losses. The line losses amount to approximately 2% 
of the net power generation. 

Cost of fuel burned is, of course, based on an at-mlne price. 
For this study, the same fuel costs were used as for the coal-
slurry case. 

4. Natural Gas Firing 

The operating costs associated with this scheme are those required 
for a conventional coal-fired plant since the gas Is considered 
to be an emergency fuel only. 

F. Comparison of Annual Costs 

The fueling costs summarized in Exhibits 9, 10, 11, 13 and 14 may 
be somewhat more meaningful if they are compared to those for a con
ventional plant as a base. On this basis, the comparison represents 
the additional cost chargeable to civil defense needs for each of 
the fueling schemes considered. 

In the case of the stockpiled scheme, the additional cost is repre
sented by the cost of the pile itself and the coal handling equipment 
required to stock-out and reclaim the coal. In the case of the 
alternate methods, the additional cost represents the difference in 
the annual cost of fueling by the particular scheme as compared to 
the annual cost of fueling a conventional plant. The fueling of the 
conventional plant includes the cost of plant coal handling plus 
fuel burned which were determined as part of the stockpiling costs. 

The comparison discussed above Is shown in Exhibit 16. It can be 
seen that stockpiling for 100 MWe plants adds about 0.3 to 0.5 
Mills/kwh for a 1-year period and a proportionately greater amount 
for 3 and 5-year periods. The annual cost of the coal-slurry 
method for the Southeast and New England areas decreases consider
ably with plant size and for the 500 MWe plant is more economical 
than 1-year storage. 
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It is also of interest to .note that coal-slurry pumping approaches 
the point of being economically competitive with conventional 
methods of fueling coal-fired plants in the 500 MWe size in New 
England and the Southwest. This is to be expected as the unit cost 
for the slurry system decreases considerably for the larger plants. 

It should be noted that for maximum economy in the case of coal-
slurry pumping, it is desirable that the entire output of a parti
cular mine should be utilized for this purpose only. Since a pro
duction of the order of 2,000,000 tons annually is required to con
sider the opening of a new mine, an annual consumption of this order 
should be set as a minimum figure for units to be supplied by this 
method. This means there should be a minimum of 800 to 900 MWe 
capacity being supplied to one or more plants by a single pipeline. 

The idea of supplying small plants from a branch line off of a large 
slurry header from the mines is presently being considered in plans 
to supply coal to the eastern states. This scheme obviously reduces 
the capital and operating costs chargeable to the small plant for 
the slurry system and, if applied to the plants considered in this 
report, would undoubtedly make the slurry system economically com
petitive with present methods of coal fueling. As previously dis
cussed in Section VII-C-2, additional economy may be expected in the 
coal-slurry system from the direct firing of slurry which is current 
ly under development. 

The annual cost differences between the base conventional plants and 
the at-mine plants indicates the possible economic advantage for the 
mine mouth plant. Cost savings of 0.2 to 0.6 Mills/kwh are obtained 
for 500 MWe plants in Midwest and Southeast where the length of 
transmission lines would not be excessive. 

The cost of supplying gas as an emergency fuel includes the fixed 
charges for modifying the plant for gas firing plus gas piping to 
the plant. The amount of piping required to supply a given plant 
would depend on the plant site and would require an extensive study 
of the gas consumption and supply system for that particular area. 
However, to illustrate the costs involved, we may assume the case 
of a loo MWe plant requiring 25 miles of pipe connecting the plant 
with a major gas line. From Exhibit 15, the total capital expendi
ture required is $1,180,000 resulting in an annual cost of $168,740 
or 0.24 Mills/kwh. 

Ikk 



XII. CONCLUSIONS 

A. Technical Feasibility 

The stockpiling of coal as well as the alternate methods of fueling are 
considered technically feasible. All methods are considered highly 
reliable under normal operating conditions. 

The method of stockpiling at the plant appears to be the least vulner
able to nuclear attack since the operation of the other systems is 
dependent upon the functioning of many components scattered over a 
wide area. 

B. Economic Evaluation 

Estimates of fueling costs for the methods of fueling considered in the 
three major coal-burning areas of the United States have been summar
ized in the comparison given in Exhibit 16. The most economical method 
of fueling for defense needs is dependent on size and location of the 
power plant. The costs shown represent average conditions for these 
areas. A specific site and size of plant would require a very detailed 
analysis to obtain very accurate costs. 

For a 100 MWe plant it was found that stockpiling for 1 year is more 
economical than coal-slurry piping of coal. It is only when 5-year 
stockpiling is considered that the cost of coal-slurry pumping becomes 
more economical than stockpiling in the Southeast and Southern Nev; 
England areas. 

For 300 MWe plants in the Southeast and Midwest the mine mouth method 
is the most economical followed by 1-year storage. For southern New 
England, slurry pumping is the least costly and 1-year storage second. 

For 500 MWe plants the most economical method is the mine mouth plant 
in the Southeast and Midwest and the coal-slurry pumping in southern 
New England. For the Southeast and New England areas, the coal-slurry 
method is the second most economical and in the Midwest the 1-year 
stockpile. 

SARGENT & LUNDY 

BY 
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Fueling System 

Size of Plant, MWe 

Turbine Throttle Pressure, Psig 

Steam Temperature, F 

Plant Factor, % 

Boiler Efficiency, % 

Boiler Feed Pump Drive 

Auxiliary Power, % 

Operating Efficiency, % 

Net Plane Heat Rate, § ^ 
KWH 

PLANT OPERATING PARAMETERS 

Coal Fired Plants Coal-Slurry Fired Plants 

100 

1450 

lOO/lOOC 

80 

88.5 

300 

2000 

) 1000/1000 

80 

88.5 

500 

2400 

1000/1000 

80 

88.5 

100 

1450 

1000/1000 

80 

87.5 

300 

2000 

1000/1000 

80 

87.5 

500 

2400 

1000/1000 

80 

87.5 

Electric Electric Steam Turbine Electric Electric Steam Turbine 

6.4 

98 

10,030 

6.9 

98 

9,600 

5.6 

98 

9,460 

6.7 

98 

10,170 

7.2 

98 

9,739 

5.9 

98 

9,600 
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EXHIBIT 4 
SL-1925 

HEATING VALUE AND COST OF COAL 

Average As-Delivered Values Approx. At-Mine Values 
State 

Alabama 
Colorado 
Connecticut 
Delaware 
Florida 

Georgia 
Illinois 
Indiana 
Iowa 
Kansas 

Kentucky 
Maryland 
Massachusetts 
Michigan 
Minnesota 

Missouri 
Montana 
Nebraska 
New Hanq>shire 
New Jersey 

New Mexico 
New York 
North Carolina 
North Dakota 
Ohio 

Oklahoma 
Pennsylvania 
Rhode Island 
South Carolina 
South Dakota 

Tennessee 
Utah 
Vermont 
Virginia 
West Virginia 

Wisconsin 
Wyoming 

Heating Value 
Btu/# 

12,090 
10,300 
13,220 
13,100 
12,700 

12,500 
10,960 
11,260 
10,220 
11,730 

11,450 
13,400 
13,150 
12,350 
11,320 

11,000 
6,870 
12,500 
12,300 
13,200 

12,500 
12,500 
13,200 
6,870 
11,800 

15,000 
13,700 
13,800 
13,400 
9,160 

12,100 
12,500 
13,920 
13,400 
11,800 

12,000 
7,640 

Cost 
$/Ton 

4.86 
5.24 
10.05 
9.02 
8.00 

7.40 
5.48 
5.17 
5.69 
6.57 

4.04 
9.11 
9.76 
7.88 
7.45 

5.15 
2.80 
8.04 
11.31 
9.49 

6.52 
9.00 
7.53 
3.80 
5.41 

4.74 
6.32 
10.20 
7.94 
5.07 

4.69 
5.41 
11.17 
7.46 
4.52 

7.88 
1.97 

Heating Value 
Btu/# 

12,000 
9,800 

10,960 
11,000 
9,300 
11,700 

11,700 

10,500 
6,870 

12,500 

6,870 
11,500 

15,000 
12,200 

12,000 
12,500 

13,000 
11,200 

7,640 

Cost 
$/Toi 

4.74 
5.00 

4.02 
3.89 
3.52 
4.51 

3.75 

4.29 
2.35 

6.15 

2.34 
3.94 

3.68 
3.85 

3.83 
5.33 

4.60 
3.80 

1.80 
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EXHIBIT 5 
SL-1925 

COAL STOCKPILE INVENTORIES AND LAND AREAS 

1-YEAR STOCKPILE 

Region 

Plant Size, MWe 

Stockpile Inventory, 
106 Tons 

Stockpile Area, 
Acres 

Southeast Midwest New England 

100 300 500 100 300 500 100 300 500 

0.29 0.83 1.35 0.34 0.97 1.59 0.27 0.78 1.27 

5.07 13.7 22.2 5.96 16.1 26.1 4.84 13.1 20.9 

3-YEAR STOCKPILE 

Region 

Plant Size, MWe 

Stockpile Inventory, 
10^ Tons 

Stockpile Area, 
Acres 

Southeast Midwest New England 

100 300 500 100 300 500 100 300 500 

0.86 2.47 4.05 I.01 2.91 4.77 0.81 2.34 3.81 

14.4 39.9 64.5 16.8 46.7 76.0 13.6 37.8 60.7 

5-YEAR STOCKPIUE 

Region 

Plant Size, MWe 

Stockpile Inventory, 
106 Tons 

Stockpile Area, 
Acres 

Southeast Midwest New England 

100 300 500 100 300 500 100 300 500 

1.44 4.14 6.80 1.71 4.90 8.05 1.36 3.91 6.43 

23.6 65.9 108 27.9 77.6 127 22.4 62.4 102 
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SUMMARY OF COSTS - 1-YEAR STOCKPILE 

Plant Location 

Plant Size, MWe 

Coal Consumption, 
1000 Tons/Yr. 

Southeast 

100 300 500 

281 807 1,320 

Midwest 

100 300 500 

321 920 1,510 

Capital Cost, $1000 

1. Stockpile 

2. Stockpile Coal 
Handling 

3. Plant Coal 
Handling 

h-- Annual Costs, $1000 

^ 1. Stockpile (3 12.5% 

2. Stockpile Coal 
Handling System 
(? 14.3% 

3. Plant Coal 
Handling System 
@ 14.37, 

4. Operating Costs 
(Fuel Handling) 

5. Fuel Burned 

2,151 6,171 10,113 

85 

269 

12 

136 

255 425 

950 1,745 2,315 

771 1,264 

36 60 

250 331 

76 88 101 

2,080 5,975 9,768 

1,880 5,391 8,843 

85 

12 

147 

255 425 

1,025 1,885 2,535 

235 674 1,105 

36 60 

270 363 

78 91 105 

1,758 5,047 8,275 

Tota l Annual Cost, 
$1000 2,573 7,120 11,524 2,230 6,118 9,908 

Total Annual Costs, 
MilIs/Kwh 3.67 3.39 3.29 3.18 2.91 2.82 

• 

New England 

100 300 500 

266 763 1,240 

2,750 7,900 12,874 

85 255 425 

915 1,695 2,245 

344 987 1,609 

12 36 60 

131 243 322 

76 87 99 

2,671 7,670 12,462 

3,234 9,023 14,552 
CO M 

•̂  s 
4.61 4.29 4.15 Kr t 



SUMMARY OF COSTS - 3-YEAR STOCKPILE 

Plant Location 

Plant Size, MWe 

Coal Consumption, 
1000 Tons/Yr. 

Capital Cost, $1000 

1. Stockpile 

2. Stockpile Coal 
Handling 

3. Plant Coal Handling 

\^ Annual Costs, $1000 
ON 

1. Stockpile (a 12.5% 
2. Stockpile Coal 

Handling System 
Q 14.3% 

3. Plant Coal Handling 
System @ 14.3% 

4. Operating Costs 
(Fuel Handling) 

5. Fuel Burned 

Total Annual Cost, 
$1000 

Total Annual Cost, 
Mills/Kwh 

Southeast 

100 300 500 

281 807 1,320 

6,450 18,507 30,340 

85 255 425 

950 1,745 2,315 

806 2,313 3,793 

12 36 60 

136 250 331 

76 88 101 

2,080 5,975 9,768 

3,110 8,662 14,053 

4.44 4.12 4.01 

Midwest 

100 300 500 

321 920 1,510 

5,636 16,169 26,530 

85 255 425 

1,025 1,885 2,535 

704 2,021 3,316 

12 36 60 

147 270 363 

78 91 105 

1,758 5,047 8,275 

2,699 7,465 12,119 

3.85 3.55 3.45 

New England 

100 300 500 

266 763 1,240 

8,256 23,694 38,653 

85 255 425 

915 1,695 2,245 

1,032 2,962 4,831 

12 36 60 

131 243 322 

76 87 99 

2,671 7,670 12,462 

3,922 10,998 17,774 

5.60 5.23 5.07 to S 



SUMMARY OF COSTS - 5-YEAR STOCKPILE 

Plant Location 

Plant Size, MWe 

Coal C(msuiiq>tion, 
1000 Tons/Yr. 

Capi ta l Cost, $1000 

1. Stockpile 

2. Stockpile Coal 
Handling 

Southeast 

100 300 500 

281 807 1,320 

10,810 31,008 50,937 

85 255 425 

3. Plant Coal Handling 950 1,745 2,315 

H Annual Costs, $1000 

-̂  1. Stockpile @ 12.5% 1,351 3,876 6,367 

2. Stockpile Coal 
Handling System 
Q 14.3% 

3. Plant Coal Handling 
System (? 14.3% 

4. Operating Costs 
(Fuel Handling) 

5. Fuel Burned 

Total Annual Cost, 
$1000 

Total Annual Cost, 
Mills/Kwh 

12 

136 

76 

2,080 

3,655 

5.22 

36 

250 

88 

5,975 

10,225 

4.86 

60 

331 

101 

9,768 

16,627 

4.74 

Midwest 

100 300 500 

321 

12 

920 1,510 

9,490 27,229 44,767 

85 255 425 

1,025 1,885 2,535 

1,186 3,404 5,596 

36 

147 270 

60 

363 

78 91 105 

1,758 5,047 8,275 

3,181 8,848 14,399 

4.54 4.21 4.10 

• 

New England 

100 300 500 

266 763 1,240 

13,847 39,703 65,231 

85 255 425 

915 1,695 2,245 

1,731 4,963 8,154 

12 36 60 

131 243 322 

76 87 99 

2,671 7,670 12,462 

4,621 12,999 21,097 

6.59 6.18 6.02 ^ g 

\0 CO 
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COAL-SLURRY PIPELINE COSTS 

EXHIBIT 12 
SL-1925 

Plant Size, MWe 100 300 500 

Pipeline Size, in. 10 

Capital Cost , $ /mlle 
( including pumping s t a t i o n ) 20,200 46,300 81,300 

Annual Cost (? 14.3%, $/mile 2,890 6,620 11,625 

Annual Operating Cost, $ /mile 1,300 2,200 3,500 

Total Annual Cost , $ /mile 4 ,190 8,820 15,125 
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SUMMARY OF COSTS - COAL-SLURRY FUELING 

Plant Location 

Plant Size, MWe 

Coal Consimiption, 
1000 Tons/Yr. 

Length of Pipeline, Miles 

Capital Costs, $1000 

1. System Incl. 100 Mi. 

Southeast 

100 

297 

150 

300 

853 

150 

Total Annual Cost, 
Mills/Kwh 

500 

1,394 

150 

Pipeline 

2. Additional Cost of 
^ Pipe 

^ 3. 70 Day Storage 
System 

4. Total 

Annual Costs, $1000 

1. Capital Cost (§ 14.3% 

2. Operating Cost 

3. Fuel Burned 

Total Annual Cost, $1000 

5,290 

1,010 

99 

6,399 

915 

1,399 

1,138 

3,452 

9,950 

2,315 

187 

12,452 

1,781 

2,084 

3,267 

7,132 

13,300 

4,065 

230 

17,595 

2,516 

2,754 

5,339 

10,609 

100 

Midwest 

300 500 

325 934 1,531 

100 100 100 

5,580 10,500 14,250 

105 197 268 

5,685 10,697 14,518 

813 

1,371 

1,306 

3,490 

1,530 

2,067 

3,736 

7,333 

2,076 

2,748 

6,154 

10,978 

New England 

100 300 500 

292 839 1,365 

350 350 350 

5,230 9,800 13,100 

5,050 11,575 20,325 

98 184 247 

10,378 20,564 33,672 

1,484 

1,658 

1,124 

4,266 

3,083 

2,508 

3,230 

8,821 

4,815 

3,434 

5,255 

13,504 

4.93 3.39 3.03 4.98 3.49 3.13 6.09 4.20 3.85 

to rt 
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SUMMARY OF COSTS 

Plant Location Southeast 

Plant Size 300 500 

Coal Consumption, 

1000 Tons/Yr. 841 1,381 

Transmission Line 

Distance, Miles 150 150 

Transmission Voltage, KV 345 345 

Capital Cost, $1000 
1. Transmission Line 13,612 13,612 
2. Transformers and 

Substations 3,779 4,710 

^ 3. Plant Coal Handling 1,595 2,180 
gv 

Annual Costs, $1000 

1. Transmission Line 
(a 14.3% 1,946 1,946 

2. Transformers and 
Substations @ 14.3% 378 673 

3. Plant Coal Handling 
System (3 14.3% 228 312 

4. Operating Costs 
(Fuel Handling) 89 102 

5. Transmission Line 
Losses 84 140 

6. Fuel Burned 3,221 5,289 

Total Annual Costs, $1000 5,946 8,462 

Total Annual Costs, 

Mills/Kwh 2 .83 2.41 

MINE MOUTH PLANTS 

Midwest 

300 500 

920 1,510 

100 100 

230 230 

6,152 6,152 

3,230 3,940 

1,695 2,305 

880 880 

462 563 

242 329 

92 106 

84 140 

3,698 6,070 

5,458 8,088 

2.59 2.31 

New England 

300 500 

827 1,358 

350 350 

500 500 

54,635 54,635 

6,038 6,775 

1,570 2,130 

7,812 7,812 

863 969 

224 304 

89 101 

84 140 

3,184 5,228 

12,256 14,554 

5.83 4.15 



EXHIBIT 
SL-1925 

GAS PIPELINE AND BOIUIR MODIFICATION 
CAPITAL COSTS 

Plant Size, MWt 100 300 500 

Fuel Consumption, 
Millions of SCF/Day 24 69 113 

Pipeline Size, in. 14 18 24 

Capital Costs 

1. Thermal-Electric Plant 
Boiler Modifications, 
$1000 155 300 410 

2. Pipeline, $1000/mile 41 60 137 
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EXHIBIT 16 
SL-1925 

COMPARISON OF ANNUAL FUELING COSTS 

Annual Cost Differences 

At-Mine Power Plant with 
Plant Conventional 1-Yr. Stockpile* 3-Yr. Stockpile* 5-Yr. Stockpile* Coal-Slurry** Transmission Line System*** 

Location Size Plant $1000 Mllls/Kwh $1000 Mllls/Kwh $1000 Mills/Kwh $1000 Mllls/Kwh $1000 Mllls/Kwh 

Southeast 100 Base 

300 Base 807 0.38 2,349 1.13 3.912 1.86 819 0.39 -367 -0.!7 

500 Base 1,324 0.38 3,853 1.09 6,427 1.83 409 0.12 -2,238 -0.64 

1-Yr. 
$1000 

281 

807 

1,324 

247 

710 

1,165 

356 

1,023 

1,669 

Stockpile* 
Mllls/Kwh 

0.40 

0.38 

0.38 

0.35 

0.34 

0.33 

0.51 

0.49 

0.48 

3-Yr. 
$1000 

818 

2,349 

3,853 

716 

2,057 

3,375 

1,044 

2,998 

4,891 

Stockpile* 
Mllls/Kwh 

1.17 

1.13 

1.09 

1.02 

0.98 

0.96 

1.49 

1.43 

1.39 

5-Yr. 
$1000 

1,363 

3.912 

6,427 

1,198 

3,440 

5,656 

1.743 

4,999 

8,214 

Stockpile* 
Mills/Kwh 

1.94 

1.86 

1.83 

1.71 

1.64 

1.61 

2.49 

2.38 

2.34 

1,160 

819 

409 

1,507 

1,925 

2,235 

1,388 

821 

621 

1.66 

0.39 

0.12 

2.15 

0.92 

0.64 

1.98 

0.39 

0.17 

0\ Midwest 100 Base 

300 Base 710 0.34 2,057 0.98 3,440 1.64 1,925 0.92 50 0.02 

500 Base 1,165 0.33 3,375 0.96 5,656 1.61 2,235 0.64 -655 -0.19 

New England 100 Base 

300 Base 1,023 0.49 2,998 1.43 4,999 2.38 821 0.39 4,255 2.02 

500 Base 1,669 0.48 4,891 1.39 8,214 2.34 621 0.17 1,571 0.45 

* Includes annual cost of coal stockpile and Its coal handling equipment. 
(Items 1 and 2 of Annual Costs in Exhibits 9, 10 and 11). 

** Includes annual cost of coal-slurry fueling less cost of fueling a conventional plant. 
(Total Annual Cost In Exhibit 13 less Items 3, 4 and 5 of Annual Cost in Exhibits 9, 10 or 11). 

*** Includes annual cost of at-mlne fueling less cost of fueling a conventional plant. 
(Total Annual Cost in Exhibit 14 less Items 3, 4 and 5 of Annual Cost in Exhibits 9, 10 or 11). 
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Fuel Cost Study for Various Reactors at .100 and 300 Mwe 

E. H. Gift 

ABSTRACT 

Fuel cycle costs were calculated for the following reactor types; a Dresden 
type boiling water reactor, a Yankee type pressurized water realtor, an BGCR type 
gas cooled reactor, a Hallam type sodium graphite reactor, a Candu type heavy water 
reactor and an advanced (~ 50 Kw/Liter) boiling water reactor. The study was based 
on h-J)/kiD and 12^ fuel inventory charge. The reactor sizes of interest were 100, 
300 and 500 Mw electrical. The ADBWR was calculated only in 100 and 330 Mwe sizes. 

At the h-'^/kio fuel inventory charge rate the optimum fuel costs for the 500 
Mwe reactors ranged from 2.6 to 3,2 mills/Kwhr in the order FWR, GCR, BWR, HWR, 
SGR; at 300 Mwe the optimum costs ranged from 2.3 to 3*3 mills/Kwhr In the order 
ADBT*R, FWR, GCR, BWR, HWR, SGR; at 100 Mwe the optimum costs ranged from 2.5 to 3«8 
mills/Kwhr in the order AEBWR, FWR, GCR, BWR, SGR, HWR. At the 12^ fuel inventory 
charge rate the optimum fuel costs for the 5OO Mwe reactors ranged from 3«1 to h*'!. 
mllls/Kwhr In the order HWR, PWR, BWR, GCR, SGR; at 30O Mwe the optimum costs ranged 
from 2.7 to U.2 mllls/Kwhr in the order ADBWR, BWR, PWR, HWR, GCR, SGR; at 100 Mwe 
the optimum costs ranged from 2.9 to,U.3 mills/Kwhr in the order ADBWR, BWR, PWR, 
GCR, HWR, SGR. 
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Introduction 

This fuel cost study was done as part of a collaborating study with 
Brookhaven National Laboratory and the AEC to investigate the possibility of 
using power reactors as long term sovirces of power following a nuclear attswk. 
The power produced from several different power reactors was to be compared with 
the power cost from a conventional cual-steam plant. The following assumptions 
were to apply to both nuclear and conventional power plants. 

!• The plants are all assumed to be "hardened" to the sane degree, 

2* The plants are assvimed to be of 100, 300 and 500 Mw electrical 
capacity. (Except for the ADBWR for which only 100 and 330 Mwe 
costs were estimated) 

The nuclear fuel cost study was dcme for the following reactor types: a 
Yankee-type pressurized water reactor, an EGCR-type gas cooled reactor, a Hallam 
type sodium graphite reactor, a Oandu-type heavy water reactor, a Dresden-type 
boiling water reactor, and a high power density («. 50 Kw/Liter) boiling water 
reactor* A sxaranary of the major reactor characteristics used in this fuel 
cost study is given in Table I. Additional pertinent economic parameters used 
to calculate the fuel costs are given in Table II. 

The cilticality and lifetime calculations were done using the Expire^'^' 
code with the so-called uniform-batch fueling option* This option essentially 
assumes that all fuel in the reactor is exposed to the same integrated neutron 
flxix. With this option reactivity lifetimes are comparable to those which might 
be obtained with some shuffling of fuel elements diiring the lifetime of a given 
batch* These lifetimes will be about 30^ greater than those obtainable from a 
straight batch exposure and comparable to those obtained from contemplated 
reactor fuel-management programs* 

The fuel cost calculation was done with the Epitaph'^' economics program, 
using the data from the lifetime calculation* This program uses the ctirrent 
U-235 price schedule. The following assumptions are inherent in the program. 

1* Accountability of fissile and fertile materials was made only at 
the end of irradiation and at the end of post irradiation conversion» 

2* Uranium inventory charges were based on the value of fresh fuel to 
the end of irradiation and on the value of spent fuel for the post irradiation 
period* Inventory charges were not made for plutonium bred into the systems. 

3* Costs of processes were assumed to be paid off linearly during the 
time involved* 

h. Money was borrowed for all costs incurred to the end of irradiation 
and interest was paid imtil the end of post-irradiation cooling* All borrowed 
money was also paid off at the end of post-irradiation cooling* 

5* Revenue from t?.e sale of power was invested continuously and interest 
was collected to the end of post-irradiation cooling of spent fuel* This money 
was assumed to be used to pay off post Irradiation costs as they were incuarred* 
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Discussion of Resvilts 

The results of this study are presented in tabular form in the following 
tables. Each table presents data for all reactors, at 100, 300 and 500 Mwe for 
both 4-3/4 and 12^ fuel inventory charge rates. Table III gives the optimum 
fuel cost summary for all reactors. Table IV gives the fuel cost breakdown for 
all reactors, and Table V gives the reactor lifetime parameters associated with 
these optimum fuel costs. 

These restilts indicate that of the reactor types studied, the lowest fuel 
costs wotild be from an advanced boiling-water reactor of the proposed Bodega 
Bay type. At 330 and 100 Mwe, respectively, the fuel costs are 2.3 and 2.5 
mills/kwhr at 4-3/4^ inventory charge and 2.7 and 2.9 mills/Kwhr at 12^ in
ventory charge. 

The fuel costs from a PWR of the Yankee type and a BWR of the Dresden 
type are nearly the same. Thus at 500, 300 and 100 Mwe the respective fuel 
costs for the Yankee type PWR are 2.5, 2.6, and 2.8 mills/kwhr at 4-3/4^ in
ventory charge and 3»2, 3«5; and 3«6 mills/kwhr at 12^ inventory charge. For 
the Dresden type BWR the corresponding fuel costs are 2.7» 2.8, and 2.9 mills/ 
Kwhr at 4-3/45̂  inventory charge and 3*2, 3«5» end 3*^ at 12^ inventory charge. 

The fuel costs for a GCR of the EGCR type are between those of the BWR and 
PWR at 4-3/4^ inventory charge but considerably higher than either at the 12^ 
inventory charge. 

The CANDU-type heavy-water reactor showed fuel costs which are lower than 
those of the BWR and PWR in the 500 Mwe size at 12^ inventory charge (3.1 mills/ 
Kwhr versus 3*2). At all other power levels and inventory-charge rates the CANDU' 
type reactor fuel costs are higher. 

The SGR fuel costs are not competitive with the BWR and PWR for any of the 
parameter values used. Costs range from 3»1 to 3*3 and 4.1 to 4.3 at 4-3/4̂ ^ and 
I25& inventory rates, respectively. 

In summary the reactors studied can be listed from lowest to highest fuel 
cost as follows. At 4-3/45̂  iaventory charge and 500 and 300 Mwe the listing would 
be ADBWR, PWR, GCR, BWR, CANDU, ana SGR; at 100 Mwe the listing would be ADBWR, 
FWR, GCR, BWR, SGR, and CANDU. At 12^ inventory charge rate and 500 Mwe the 
listing wotad be ADBWR, CANDU, PWR, BWR, GCR and SGR; at 30O Mwe the listing 
would be ADBWR, BWR, PWR, CANDU, GCR and SGR; at 100 Mwe the listing would be 
ADBWR, BWR, PWR, GCR, CANDU and SGR. 

The heavy water reactor fuel costs include in addition to the cost break
down shown for the other plants a separate charge for DgO amortization and 
annual D2O losses. The DgO loading for these reactors was estimated from data 
presently available of rather detailed designs for pressure tube, DgO moderated 
and cooled reactors of or similar to the CANDU design. The annual losses of DgO 
were assumed to be 2^ per year. 
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The total fuel cost is shown plotted in figures 1 through 12 as a function 
of initial U-235 enrichment for both 100, 300, and 500 Mw electrical reactors 
at U-3/4^ and 12^ per year uranium Inventory charge rate. The reactivity life
time in yestrs is also shown on these figures as a function of U-235 enrichment. 

References; 

1. Jaye, S., "Expire - A Reactivity Lifetime Calculation," ORNL-CF-6O-IO-I38, 
October 13, I96O. 

2. Bennett, L. L., "Epitaph - A Reactor Fuel Cost Calculation," ORNL-CF-6I-5-
105, March 21, I96I. 
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Tatole I . Sirnimary of Reactor Characteristics 

Dresden Type BWH 
100 300 500 
Mve Mwe Mwe 

Yankee Type 
100 300 
Mwe Mwe 

356 1069 

100 300 

28.06 28.06 

PWR 
500 
Mwe 

1782 

500 

a3.o6 

BGCR 
100 
Mwe 

305 

100 

32.75 

Type GCR 
300 500 
Mwe Mwe 

916 1527 

300 500 

32.75 32.75 

ffn.l.l am "TjrpP 

100 300 
Mwe Mwe 

33k 1003 

100 300 

29.92 29.92 

SGR 
500 
Mwe 

1671 

500 

29-92 

CAITDU 
100 
Mwe 

54î  

100 

29.08 

Type HHR 
300 500 
Mwe Kwe 

1032 1719 

300 500 

29.08 29.08 

ADBWR 
100 330 
!-iwe Mwe 

353 1100 

100 33c 

0.30 0.30 

Heat Balance 

Total Reactor power, Mwt 

Net Plant Power, Mwe 

Net Plant eff, ̂  

Reactor Core 

Specific Power, Kwt/Kg^ 

Power Density, 
Kwt/Llter 

Active Height, ft. 

j_, Active Radius, ft. 

—4 Fuel Elements 

Fuel Material 

Clad Material 

Pellet diameter, in. 

Clad Thickness, in. 

Fuel Assemhlies 

Total Number 

HLements per assembly 

Coolant 

3ii8 

100 

28.75 

7.12 

k.hz 

10i(-3 

300 

28.75 

12.00 

28.10 

10.26 

6.37 

UO2 Pellets 

530 

Zr-2 

.1̂ 93 

.030 

686 

36 

H^ 

1738 

500 

28.75 

12.18 

7.56 

953 

19.57 5.68 11.5 

61.80 1.716 lt-.l62 

7.27 10.148 12.'»-2 15.26 22.01 26.10 15.31*. 22.12 26.23 

2.99 k.yi 5.11 i i . i f5 16.51 19.57 7.67 11.06 13.12 

UO2 Pel le ts 

347 SS 

.290 

0.021 

UO2 Pel le ts 

30l4- SS 

0.75" OD X 0.32!'ID 

o.oao 

UO2 Pellets 

301̂  SS 

.500 

.010 

16.75 

8.719 

12-99 18.71 22.18 

5.85 8M 10.0 

UO2 Pel le ts 

Zr-4 

.570 

0.015 

72 

D-0 in system, lb x 10" ' 

IW 

305 

H ^ 

208 926 1927 2708 292 607 

6 38 

Helium SodluD 

853 19i 

2.1^2 

397 

19 

D ^ 

1 -̂53. 

558 

5.50 

20.37 

Jta.83 

6.'»0 9.53 

3.h6 5.16 

UD- PeUets 

Zr-2 

.352 

.025 

109 2*41 

100 

H ^ 



Table II, Economics Parameters 

Pre-lrradiation conversion loss of urani\mi, ̂  

Pre-irradiation conversion cost of uranium 

Pre-irradiation shipping cost, $/kg 

Post-irradiation shipping cost, $/kg 

Chemical Reprocessing charge, $/day 

Post-irradiation losses of uranium and plutonlvim 

Pre-irradiation conversion time, days 

Core fabrication time, days 

Pre-irradiation shipping time, days 

Post-iiradiation cooling time, days 

Shipping time to chemical reprocessing plant, days 

Post-irradiation conversion time, days 

Post-irradiation conversion cost of uranium, $/kg 

Interest rate on borrowed and invested money, ̂ /yr 

Interest rate on leased uranium, ?{/yr 

Value of U-235, $/kg of uranivim 

Value of Plutonium, $/gm as nitrate 

Load factor 

Fabrication cost of fuel, not including 
conversion or pre-iiradiatlon inventory 
charges or pre-lrradiation losses, $/kg 
of uranium 

1.0 

From Figure 450-1 of Volume 4 
of Nuclear Power Plant Cost 
Evaluation Handbook 

3.0 

16.0 

17,000 

1.3 and 2.056, respectively 

30 

135 

k5 
120 

30 

30 

5.6 

12 

4-3/'+ and 12.0 

Based on AEC price schediole 
as printed in the Federal 
Register on May 30, I96I 

8.0 

0.8 

Reactor Cost 

BWR 
PWR 
GCR 
SGR 
HWR 
ADBWR 

105.0 
95.0 
25.0 
55.0 
80.0 
100.0 

(The fabrication costs are based on Figure 405-6 of Volume 4 of the Nuclear 
Power Plant Cost Evaluation Handbook with the exception of the ADBWR which 
was a suggested AEC price.) 
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Table II (continued) 

D-O value $26/lb 

DpO amortization rate, ̂ t/yr 12.5 

D-O loss rate, ̂ t/yr 2.0 
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Table III. Fuel Cost Suimnary - Near Optimum Resiilts 

Reactor 

BWR 

PWR 

GCR 

SGR 

HWR* 

ADBWR 

BWR 

PWR 

GCR 

SGR 

HWR* 

ADBWR 

mills/ 
E-Kwh 

2.75 

2.56 

2.67 

3.19 

2.92 

• • 

3.27 

3.26 

3.58 

4.12 

3.12 

. 

A - Mjlls/E-

500 Mwe 
Optimum/ 
Lifetime, 
Years 

7,k8 

5.86 

8.15 

6.44 

3.78 

B - Mins/E-

5.̂ 1 

4.09 

5.82 

4.25 

3.37 

-

•Kwh at 4-3 

Mills/ 
E-Kwh 

2.77 

2.61 

2.70 

3.25 

3.23 

2.31 

Kwh at 1256 

3.32 

3.32 

3.62 

4.16 

3.44 

2.68 

/ki> Use Charge 

300 Mwe 
Optimum/ 
Lifetime, 
Years 

7.41 

5.68 

9.30 

6.35 

4.54 

4.11 

Use Charge 

4.61 

4.09 

6.59 

4.18 

3.kl 

2.98 

Mills/ 
E-Kwh 

2.86 

2.79 

2.80 

3.3'+ 

3.84 

2.46 

3.43 

3.59 

3.76 

4.32 

4.09 

2.89 

100 Mwe 
Optimum/ 
Lifetime, 
Years 

7.12 

5.82 

8.72 

6.03 

4.69 

4.31 

5.77 

3.97 

6.08 

3.89 

3.'*8 

2.71 

•Including Costs of D2O inventory and losses. 

/Optimum lifetime at an 0.8 load factor. 
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Table IV. 

Fuel Cycle Cost at Neat Optimum for Various Reactors 

Part A. Ground Rules 

1. 4-3/4̂ 6 Inventory Charge 
2. 12^ Interest Rates 

Cost Breakdown, Mills/E-Kwhr 

Elec. 
Power Fabrl- Chem. 

Restctor Level cation Shipping Burnup Proc. 
Plutonium D2O 

Inventory Credit Charges Total 

BWR 

GCR 

SCR 

cyarou 

ADBWR 

PWR 

500 
300 
100 

500 
300 
100 

500 
300 
100 

500 
300 
100 

350 
100 

500 
500 
100 

.680 

.686 

.71'+ 

.412 

.369 

.39'+ 

.494 

.501 

.529 

.792 

.708 

.730 

.512 

.'+95 

.525 

.51+1 

.537 

.119 

.120 

.125 

.246 

.216 

.230 

.148 

.150 

.158 

.198 

.176 

.181 

.091 

.086 

.096 

.099 

.096 

1.427 
l.'+35 
1.468 

1.57'+ 
1.4o4 
1.438 

1.831 
1.843 
1.867 

1.108 
1.202 
1.240 

1.492 
1.583 

1.596 
1.617 
1.708 

.13'+ 

.138 

.163 

.247 

.2a 

.251 

.172 

.179 

.211 

.157 

.145 

.176 

.120 

.149 

.125 

.153 

.157 

.696 

.697 

.705 

.826 

.899 

.909 

.835 

.859 

.872 

.363 

.396 

.420 

.396 

.440 

.652 

.657 

.730 

.306 

.308 

.315 

.'+33 

.407 
,418 

.289 

.286 

.298 

.335 

.305 

.310 

.299 

.294 

.434 

.440 

.440 

-

: 

-

.637 

.910 
1.400 

-

-

2.750 
2.768 
2.860 

2.672 
2.702 
2.804 

3.191 
5.246 
3.339 

2.920 
3.232 
3.837 

2.312 
2.459 

2,560 
2.607 
2.788 
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Table IV. (Contd.) 

Part B. Ground Rules: 

1. 12^ Inventory Charge 
2. 12^ Interest Rates 

Cost Breakdown, mills/E-kwh 

Elec. 
Power Fabrl- Chem. 

Reactor Level cation Shipping B\jmup Proc. 
Plutonium D2O 

Inventory Credit Charges Total 

BWR 

GCR 

SGR 

CANDU 

ADBWR 

PWR 

500 
300 
100 

500 
300 
100 

500 
300 
100 

500 
300 
100 

330 
100 

500 
300 
100 

.920 
1.073 

.869 

.565 

.'+99 

.5'+l 

.712 

.724 

.779 

.916 

.928 

.969 

.685 

.753 

.716 

.724 

.755 

.165 

.19'+ 

.155 

.351 

.304 

.330 

.225 

.228 

.246 

.231 

.234 

.244 

.125 

.138 

.137 

.136 

.140 

1.326 
1.298 
1.4o8 

1.3'+7 
1.367 
1.4o6 

1.775 
1.788 
1.819 

1.016 
1.028 
1.074 

1.411 
1.478 

1.55'+ 
1.580 
1.672 

.184 

.222 

.200 

.351 

.309 

.357 

.245 

.256 

.309 

.183 

.193 

.238 

.156 

.223 

.166 

.17'+ 

.a7 

1.041 
.933 

1.157 

1.472 
1.618 
1.619 

1.519 
1.511 
1.528 

.51'+ 

.523 

.51+7 

.659 

.672 

1.177 
1.198 
1.302 

.370 

.405 

.355 

.507 

.476 

.490 

.35'+ 

.351 

.366 

.376 

.379 

.387 

.353 

.370 

.'+95 

.'+95 

.501 

m 

^ 

m 

.637 

.910 
1.400 

-

-

3.266 
3.315 
3.'+3'+ 

3.579 
3.621 
3.763 

4.122 
4.156 
'+.315 

3.121 
3.'+37 
4.085 

2.683 
2.894 

3.255 
5.317 
3.585 
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Cost Parameters of Optimum Cases 

Reactor 

PWR 100 
300 
500 

PWR 100 
300 
500 

GCR 100 
300 
500 

OCR 100 
300 
500 

BWR 100 
300 
500 

BWR 100 
300 
500 

CABDUIOO 
300 
500 

CAirouioo 
300 
500 

wt^ 
I n i t i a l U235 

3.75 
3.5 
3.425 

5.0 
4.5 
4.5 

2.00 
2.00 
1.825 

2.5 
2.5 
2.25 

2.5 
2.0 
2.25 

3.0 
3.0 
3.0 

1.5 
1.5 
1.5 

2.0 
2.0 
1.75 

wt^ 
Final u235 

1.695 
1.47 
1.40 

2.003 
1.680 
1.626 

1.089 
1.034 

.980 

1.212 
1.152 
1.072 

.720 

.615 

.628 

0.784 
0.732 

.720 

.310 

.aB2 

.275 

.343 

.31a 

.291 

Final Pu 
snAgU, final 

9.97 
10.15 
10.13 

12.32 
12.62 
12.84 

4.51 
4.76 
4.40 

5.54 
5.755 
5.37 

6.36 
5.76 
6.20 

6.98 
7.11 
7.17 

4.72 
4.83 
4.86 

5.14 
5.22 
5.07 

Exposure 
. MwDAlt 

22,700 
23,300 
23,800 

33,2ro 
32,490 
33,470 

9,234 
10,010 
8,700 

13,240 
14, IPO 
12,380 

20,180 
16,110 
18,920 

24,910 
25,920 
26,160 

13,690 
14,310 
I4,li80 

18,J»80 
19,050 
16,910 

Lifetime, Days 
at f\m power 

1,158 
1,195 
1,195 

1,700 
1,660 
1,710 

1,775 
1,925 
1,700 

2,545 
2,715 
2,380 

1,685 
1,345 
1,580 

2,080 
2,165 
2,185 

1,015 
995 
985 

1,370 
1,325 
1,105 

Init ia l 
Core Loading 

Kg U 

18,209 
54,627 
91,045 

18,209 
54,627 
91,045 

53,756 
161,268 
268,785 

53,756 
161,268 
268,785 

26,981 
66,944 

1.44,907 

^ ,981 
66,944 

144,907 

20,528 
61,584 

102,640 

20,528 
61,584 

102,61»0 

^ ^ i n a l 
Kg UTn<t1al 

. 96a7 

.96508 

.96516 

.95162 

.95293 

.95166 

.98506 

.98362 

.98500 

.97961 
•97833 
.96051 

•9TL49 
.97672 
.97312 

.96558 

.96437 

.96405 

.96001 

.9'ryi9 
•96893 

•97394 
•97313 
.97580 

Interest 
Rate 

12.0 
12.0 
12.0 

12.0 
12.0 
12.0 

12.0 
12.0 
12.0 

12.0 
12.0 
12.0 

12.0 
12.0 
12.0 

12.0 
12.0 
12.0 

12.0 
12.0 
12.0 

12.0 
12.0 
12.0 

Use Charge 
Rate 

12.0 
12.0 
12.0 

4-3/4 
4-3/4 
4-3/4 

12.0 
12.0 
12.0 

4-3A 
4-5/4 
4-3/4 

12.0 
12.0 
12.0 

4-3A 
4-3/4 
4-3/1* 

12.0 
12.0 
12.0 

4-3/4 
4-JA 
4-J/4 



Cost Parameters of Optimun Cases (Contd.) 

Reactor 

SGR 

SGR 

100 
300 
500 

100 
300 
500 

: i ADBWR 100 
330 

ADBUR 100 
330 

wt* 
I n i t i a l U255 

3 .0 
3.0 
3.0 

4 .0 
4 .0 
4 .0 

3 .0 
3.0 

4.5 
4 .0 

wt* 
Final u235 

1.595 
1.508 
1.493 

1.834 
1.736 
1.718 

1.017 
0.896 

1.292 
1.057 

Final , Pu 
snAg U. Final 

4.36 
4.50 
4.61 

5.53 
5.61 
5.77 

7.39 
7.77 

9.55 

9.a 

Exposure 
Mwd/Mt 

13,000 
15,980 
14,220 

20,160 
21,260 
21,560 

a , 710 
23,870 

34,630 
32,930 

Lifetime, Days 
at f u l l power 

1,135 
1,220 
1,240 

1,760 
1,355 
1,880 

790 
870 

1,260 
1,200 

I n i t i a l 
Core Loading 

Kg U 

29,062 
87,185 

145,309 

29,062 
87,185 

145,309 

16,446 
54,000 

16,41^6 
54,000 

^ « ^ f l n a l 
KgUTnlt.lal 

•98124 
.98001 
.97962 

.97187 

.97055 
•97014 

.96869 

.96591 

.95205 

.95434 

Interest 
Rate 

12 
12 
12 

12 
12 
12 

12 
12 

12 
12 

Use Charge 
Rate 

12 
12 
12 

4-3/4 
4-3/4 
4 .3 /4 

12 
12 

4-3/4 
4-3/4 
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