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SUMMARY

The objective of this report has been to examine the survivabi lity ,

reliability , and maintainability of certain alternate energy systems for
possible use in remote USAF site applications and to provide a decision matrix
of this information to permit the USAF to plan future activities for the
development and demonstration of alternate energy systems. To achieve this
objective , it was necessary to identify remote USAF sites and to obtain
clij~jg.].ogical data for each site.

A discussion of the alternate energy systems is included in Section II
along with a discussion of acquisition cosj, operation and maintenance (O&M)
costs, and system reliability . Section III deal s with energy storage tech-
niques . Section IV analyzes the survivability of the various energy systems.
The decision matrix Is presented in Section V.

Each alternate energy system was studied as a unit and not in combination
with other alternate energy systems or di~~,~i generators . It may prove that
the most cost—effective , reliable , and survivable system is such a combina-
tion . Because the requirements for each site will vary wi th the climate , each
site must be studied as an individual problem . Al so, such hybrid systems as
gal li um a~~enide photovoltaic cells were not investigated . Since alterations
to the energy sys’~ems through improved technol ogy or new components will
develop , these systems may need to be revised in the future .

One other area not studied was the demand for space heating. The poten-
tial for space heat production was mentioned In Section II , but the additional
costs were not discussed . Up to 50 percent of the total energy requirements
of certain DEW sites In Alas ka , Northern Canada, Greenland , and Icel and are
needed for space heating alone. Here , improved Insulation may help substan-
tially; but the energy systems were mainly discussed with respect to pro-
duction of electricity .
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Certain remote USAF sites may well benefit from the use of an alternate
energy concept. A sufficient number of sites offer potentials for solar ,

wind , or geothermal development ; and many of the systems discussed offer
reliability , maintainability , and survivability equal to the diesel generators
presently used . There is still a need , though , for more detailed information
on site layouts, requirements , and climatologica l data .

Conclusions from the analysis of survivability are : 1) solar systems are
particularly susceptible to nuclear and conventional weapons efFects , 2)
geothermal and wi nd energy systems survive nuclear and conventional attacks
sufficiently to retain some degree of operational capability , 3) hardening of
systems is most effectively accomplish ed by undergrounding as many facilities
as possibl e and dispersing the solar collector arrays. No system , with the
possible exception of geothermal , can be completely hardened against the
threats considered in this report.

Thi s report shows that the USAF may find many applications for remote
site alternate energy systems which offer a quicker pay-back period than can
be found at non-remote sites because the cost of transporting fossil fuels to
the remote sites is high . It is recOmmended that this work should be
continued .
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SECTION 1
INTRODUCTION

The United States Air Force (USAF) maintains many remote sites around
the worl d which vary in mission from the Aerospace Defense Command (ADCOM)
Distant Early Warning (DEW) sites to Radio Rel ay (RRL) sites and whi ch may
require as little as 20 kW to several MW of electrica l power. Most of these
sites are powered by diesel generators requiring periodic fuel shipment s and
storage which are subject to escalating material and transportati on costs and
potential shortages of resources . The USAF is aware of these factors with re-
spect to the continued operation of its earl y warning system and worldwide
communications network. Therefore , the USAF is examining the possibility of
supplying power to some of these bases with alternate energy (i.e., solar ,
wi nd , geothermal , etc.). The USAF also realizes the importance to alternate
energy systems of low maintenance , good reliability , and survivability from a
variety of threats, both natura l and man made. The purpose of this report
is to examine the use of alternate energy systems at remote USAF locations.

Section II will discuss certain energy systems as they may appl y to
these remote sites . This discussi on will estimate the reliability and main-
tainability of the systems . Section III will examine energy storage tech-
niques which are required for the continuous operation of an alternate energy
system. An ana1y~is of the survivability of these systems follows in Section
IV in which the systems are studied with respect to natural disasters and
offensive threats . Fi nally, a decision matrix is developed as a guide to the
determination of the proper system for the proper site in terms of energy
availability , reliability , maintainability, and survivability .

The diagnosis of the U.S. energy crises is quite simp le: demand for
energy is increasing, while supplies of oil and natural gas are di-
minishing. Unless the U.S. makes a timely adjustment before worl d oil
becomes very scarce and very expensive in the 1 980’s, the nation ’s
economic security and the Americ an way of life will be gravely endan-
gered . The steps the U.S. must take now are small compared to the
drastic measures that will be needed if the U.S does nothing until it
is too late. (Reference 1)

1. The Nationa l E~rzergy Plan , Executive Office of the President , Energy Plan-
ning and Pol icy. U.S. Government Printing Office , Washington , DC , Stock
No. 040-000-00380-1, 1977, p. v i i .
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SECTION II

ALTERNATE ENERGY SYSTEMS

INTRODUCTION

In general , an alternate energy system is an energy-producing system
which does not use fossil fuels. In thi s report , eight such alternate sys-
tems were studied . These systems are either commercially available now or
are being developed . They employ one of four types of fuel : solar , wind
(really a derivative of solar energy), geothermal , or radic~active isotopes.

In all conventional systems (excluding hydroelectric and diesel genera-
tors), heat is generated from the combustion of fuel (oil , coal , natural gas ,
etc.) to produce high pressure steam , which , when expanded through a turbine ,
drives a generator to produce electricity . In an alternate energy system
(excluding wind and photovoltaics), the sun , radioactive isotopes , or heat
from the earth supplant the fossil fuel . The only unique component then is
the heat source; the other components are proven and available .

A Wind Energy Conversion System (WECS) does not generate heat as a pri-
mary function but , rather , is analogous to a hydroelectric system . A hydro-
electric system uses the kinetic energy of moving water to drive the turbine
generator directly. A WECS uses the kinetic energy of moving air molecules
to drive the generator. This more direct route of energy conversion avoids
the inefficiencies in converting thermal to mechanic al to el ectrical energy .
Solar photovoltaics convert sunlig ht directly into electricity .

The alternate energy systems discus sed in this section must be designed
to replace the current energy source used in most remote sites--the diesel
generator. The diesel generator also is atypical of a conventional power
system in that it converts chemical energy to mechanical energy to electrical
energy. The thermal energy it produces is a by-product. The diesel generator
Is a tough competitor when compared with an alternate energy system . It is
state-of-the-art technology which has been proven . Some alternate energy
systems are Just now being developed ; ~nd although they, too , represent

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



state-of—the-art desi gns , there is little performance data available. In the
discussions of the systems , expected development costs and schedules are
given . The main advantage any alternate system has over the diesel generator
is that fuel need not be transported in and that it is not dep leted .

An alternate energy system which is used in a remote site may be sub-
jected to an extreme climate . The weatherability of these systems may be en-
enhanced if necessary . The drive motors for tracking collectors and bearings
can be sealed against dust , and a li ght-weight lubricant can be used in arctic
conditions. The systems requiring solar collectors must be cleaned periodi-
cally to avoid degrading optical performance. Snow is not normally a problem
on solar collectors , although large snows could bury the collectors. Once
the sun shines on a solar collector , the snow slides off, permitting norma l
operation . In extreme cl imates , modi ficati ons to the systems may be required .
For example , ice formed on the blades of a wind turbine may be removed by
implanting heating coils on the blades. Specific climate-related probl ems
will requ i re specific solutions, but these problems are not insurmountable.

Although Section III will deal with specific energy storage devices , a
general storage device is mentioned with the systems discussed . These storage
techniques are the typical devices associated with each energy system . A more
detailed analysis of storage devices available now or which are being devel-
oped fol l ows this section. The remainder of ni s section will discuss speci-
fic alternate energy systems. The basic sy~tem and components will be ex-
plained . Some speci fications and a discussion of cost , maintainability , and
reliability follow .

SYSTEMS

(1) So1ar~~as-turbine_generator--A solar gas turbine generator is
basically a parabolic dish solar collector employing an open Brayton cycle
with air as the working fluid. One is depicted in Figure 1. Such a system is
currently being studied at Sandia Laboratories in Al buquerque , New Mexico.
A schematic of the System is given in Figure 2.

4
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Compressor Tur bi ne Generator Inver ter

Load
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Fi gure 2. Schematic View of Solar Gas-Turbine Generator

The parabolic dish solar collector tracks the sun and concentrates tha
energy into the receiver where it heats air which has been compressed in the
compressor. The hot air is expanded throuçh the turbine where its thermal
energy is converted to mechanical energy w~i r i  drives the generator. The
el ectrical enerjy is de liv~red into the ba~ V aries for storage or run through

an inverter to produce AC electricit y to r~n the loa d. The recuperator
captures some of the waste heat from the exhaust. The batteries act as a
storage mech aris n 8~ r’ ~iS a power-leveling system for a variable load.

The d ish i s 7 .3 m ~24 ft) in diameter and 1.2 in (4 ft) deep with 4.25 m 3

(150 ft3) of power conversio n equipment underneath the collector. The system
can produce 100 kW e or more , depend i ng on i solat ion le vels; and modules may
be ganged together to produce higher power levels.

These units are expected to be available for purchase in 1980 at a cost
of about $61 ,000 (197 7 dollars) for ec.ch module. The col l ector is expected
to last about 30 years , although the Brayton cycle turbi ne generator will re-
quire refurbi shment every 3 to ~ years. The lead -acid batteries will require

6 



replacement approximately every 10 years. The overall system efficiency is
about 15 percent.

The operation and maintenance (O&ti) costs will be $3,000 per year
(1977 dollars). This is higher than conventional systems due to the fact
that the collectors must be cleaned , aligned , and serviced periodically.
This cost includes the Brayton cycle overhaul and battery replacement.
Personnel are not required continuously for systems of l ower power levels.

The system reliabili ty is mainly a function of adequate insolation . If
extra modules are employed , the reliability is enhanced . Adequate battery
storage is necessary to supply power for inclement weather , or diesel gener-
ators could be used as a back-up system . Approximately 50,000 BTU/hr are
available as wastE- heat which could be used to supply hot water or saturated
steam .

(2) Solar orgV~nlc-vapor turbine generator--A solar organic-vapor tur-
bine generator systen~ cons i sts of an array of sing le-axis tracking parabolic
trough collectors whic~, heat an or gan i c working fluid to drive a Rankine
cycle organic vapor turbine. Fi gure 3 shows a field of collectors and control
building similar to a system at Sandia Laboratories which is used to suppl y
electricity, heating, and cooling for an office bui 1~iing. A schematic of the
system is shown In Figure 4.

The parabolic trough collectors track the sun on one axis. The sun ’s
energy is concentrated at the receiver tube where a fluid absorbs the heat.
This heated fluid is pumped to a thermal storage tank . The energy is trans-
ferred by a heat exchanger to an organic fluid such as toluene , where it is
vaporized . This vapor Is expanded through a turbine which drives a generator.
The vapor then goes through a regenerator to capture some waste heat and then
Is condensed to a liquid state , where it is pumped back to the heat exchanger.
The generator generates electricity at the proper voltage and frequency for
use by the load.

7

- V 
VV ~V~~~



/ (

~~~~~~~~~ 
~~~~~~~~ w~~~~

V /
~~~4’ 

V

,
A4~

Turbine and Generato r 
,

~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

7
/ 

~L&~ 
~~~~~~~~~~~~

/ Heat Pipe~~~~~~ 7 ____/ V - —  ‘

, ~. 
~~~~~~~~ 

~ // V

7 ! \ 
/

- ..
/ \ \

V V ( 
~\

V 

‘ Rotati ng Concave Mirror 
~

/ V
.

I ~~~~~~~~~~~~~~~~~ :V~~~~T~:. \\\

Figure 3. Concept of Parabolic Trough Solar Collectors Which Could
Be Used With an Organic -Vapor Turbine Generator System

8

- — —--—--—~~~~~— —— — —..~— .V—V.S.—— - ~VV~_ V___V ~V_V ~_  V~ •~~~ VV~V~~ _V 
~~~~~~ V~~, ‘ . . V

.
~ . ~~ 4’~ ’~ ~~



Thermal
Storage 

~~~—To1uene Vapor V

Single Axis Turbi ne Generator LoadTracking Para-
bol ic Trough
Col lector

Toluene
Liquid

Regenerator Condenser Cool ing
Water

Figure 4. Schematic View of Parabolic Trough Solar Collector
with Organic -Vapor Turbine Generator

The system can produce power up to 600 kW e [a 600-kW Rankine cycle tur-
bine Is the l argest power level being developed by the Department of Energy
(DOE) at this time] and should be available in 1980. A smaller system may be
designed to produce 10 kWe; and , as the entire system may be viewed as a
module , it may be expanded . The annual electri c output of the system is
about 35 We/rn

2 (3.25 We/ft
2) of collector area in a southwest U.S. site .

The acquisition costs will vary depending on power delivered , but will
break down as fol lows (in 1977 dollars):

$ 850,000 for 10 kWe
$1 ,400,000 for 50 kWe
$2,600,000 for 250 kWe

The life expectancy is 30 years , although the Rankine cycle turbine must
be refurbished every 3- to 5 years. The overall efficiency of the system
varies for the power produced from 8.5 percent to 10 kWe to 14 percent for
600 kWe~

9

. . .  a - V ~~ V~



The 0&M costs (all in 1977 dollars) also vary depending upon the size as
follows:

$ 40,500/year for 10 kWe$ 65,500/year for 50 kWe
$110 ,000/year for 250 kWe

These costs are higher than for a conventional system due to the large number
of collectors which must be cleaned , aligned , and serviced periodicall y; but
the Rankine cycle turbine overhaul cost is also included in these figures.
Personnel are not required conti nuously when the system is operated at l ower
power.

The system reliability is mainl y a function of adequate insolation , but
other minor problems include the high temperature operation , high stress
levels , numerous moving parts , and thermal cycling . Adequate high—temperature
storage of the heat transfer fluid is necessary for continuous operation
during inclement weather , or diesel generators could be used for a back-up
system. For each watt of electricity produced , 8 BTU/hr of rejected heat is
available for l ow-pressure hot water.

(3) Solar photovoltaics --Unl i ke conventional solar collectors which
convert the sun ’s radiant energy into therma l energy , a solar photovoltaic
cell directly converts the sun ’ s energy into PC electricity . The output from
a cell is a function of the concentration .io of the sun and the tracking
mechanism of the array ( f la t  panel , one- o~ two-axis tracking). Figure 5
shows photovoltaic arrays with one- or two-axis or no tracking . The system
schematic is shown in Figure 6.

The photovol taic collector produces electricity which is run through a
regulator. From the regulator , the electricity is either stored in batteries ,
used directl y in DC loads , or inverted and used in AC loads. The batteries
also smooth out the power during cell shadowing , etc . Silicon cells must be
cooled to prevent cell failures and to increase efficiency . This cool i ng may
be done passively by natural convection or actively by forced convection.

10
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I I  I I

Regula tor I

_ [Inverter T f Interface 1
Electri cal DC AC
Storage Loads Loads

Figure 6. Schematic View of Solar Photovoltaic System

Solar photovoltaics have been used for -‘ears in space applications.
Terrestrial applications have been few and .~ll for the most part due to
the hi gh cost of the cells , although the DCL is funding larger solar photo-
voltaic (sPy) applicati ons with hopes of major cost reductions. The DOE
goals are $2.OO/W~ by 1 982 and $0.5O/W~ by 1986. Systems producing up to
50 kW will be ava iliab le by 1986. A 10 kW system would cost about $750,000
(1977 dollars) now , but the pri ce should drop to $32,000 (1977 dollars) by
1995. Today ’s cells should last 10 years , and the goal for 1 995 is 20 years .
The lead-acid storage batteries require replacement approximately every 10
years . The overall system efficiency is 5 to 10 percent at this time .
Efficiencies should increase to 10 to 15 percent in the future. Cells have
been produced with conversion efficiency of better than 25 percent. Of all
the alternate energy system s studied , solar photovoltaics offers the best
chance for increased performance at l ower costs in the future .
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The 0&M costs for a lO-kW system are about $35,000/year (1977 doilars 7
but they are expected to drop to $3,500/year by 1995. The arrays must be
cleaned , serviced , and aligned (if a tracked array) periodically which causes
the high 0&M costs. Personnel would not be required for a 250 kW or smaller
system.

The reliability of the system is dependent on adequate insolation , and
there are minor problems due to corrosive attack and high temperature opera-
tions (if not actively cooled). The battery storage must be adequate to
cover demands during periods of inclemen t weather. Back-up would consist of
other power sources (e.g., diesel generators) for direct use and/or battery
recharge. If the cells are activel y cooled , adequate heat ‘is avail able for
low-grade hot water production or space heating.

(4) Solar pond--A salt gradient solar pond can collect 15 percent of
the incident solar radiati on and store it for long periods. Normall y, a body
of water col l ects a large amount of the sun ’ s energy ; but due to convective
circulation , the energy is transported to the surface and lost. If the pond
(Figure 7) has a nonunifo rm vertical distri bution of salts that prevent con-
vection , it can trap a substantial amount of energy at the bottom . 
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1igure 7. Solar Pond
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The increase in density , due to the presence of the salts , counters the

thermal expansion effects due to local heating. If the heat is drawn out of
the bottom , it can be used to run a turbine generator as shown schematically
in Figure 8.

Figure 8. Schematic View of Solar Pond System

Heat may also be drawn off to be used in space heating or hot water pro-
duction . For a 1 km2 (0.39 mi 2) pond , approximately 3.4 W/m 2 (0.32 W/ft2) of
el ectricity may be produced , providing there is adequate insolation available.
The solar pond is being studied mainly as a source of low-grade heat for
space heating and domestic hot water , but some research is going on to use the
solar pond for electrical production. The efficiency of a solar pond for
heating is about 10 percent , but the efficiency for electrical production
drops to 1.5 percent overall. The pond should last indefinitel y with proper
maintenance . The heat exchanger and turbine would require periodic main-
tenance .

The cost of a solar pond and related equipment to produce 250 kWe would
be about $1 ,000,000 (1977 dollar s). A substantial amount of development is
required . For heating requirements , the cost would be much l ower. In a

-; typical southwest U.S. applic ation (Albuquerque , NM) 1 m 2 (9.30 ft 2) of the
University of New Mexico ’s solar pond can heat 1 m 2 (9.30 ft2) of living space.

The 0&M costs for electical production would be $50,000/year (1977 dol-
V 

lars). Again , for space-heating app lication s , the cost is much l ower. The
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start-up time on a solar pond is very long (6 months), but it is fairly in-
sensitive to periods of inclement weather. Thus , the rel iability ~s good as
l ong as the pond is not overworked (i.e., too much heat withdrawn). The weak
link would be a generator failure in which case back-up would be required .

(5) Solar steam- turbine generator--A solar steam-turbine çienera tor
(often referred to as a ~

-
~~~~V’e.o t~~

- .
~ V ) is a boiler set atop a tower which re-

ceives the sun ’ s energy reflected off many heliostats (Figure 9). Water is
pumped through the boiler to produce high-pressure steam as shown in Figure 10.

This steam is expanded through a turbine generator to produce elec-
tricity . The Rankine cycle includes thermal storage for generating elec-
tricity during inclement weather and at night.

So l ar Rece iv er
Sun
Rays Tower

___________ Hellostats
‘
~ ~~~~~~~~ - VV - Load

Steam
V Dry

~~~

Feedwater
Heater

Figure 10. Schematic View of Solar Tower Steam-Electric System

The use of power towers is beinj studied in the United States under DOE
fund i nçj for production of electric power. A 5 MWth test facility is testing
boilers at Sandia Labora tories , and a 10 TIWe facility is planned for Barstow ,
California. As ~inal1 er units (to 100 kWth ) have been studied in Europe , it
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is conceiv able to size a system from 30 kW e to 50 MW e • The larger units are
expected to be availa ’-~le about 1985 and economicall y competitive by the
1990 ’ s. The smaller units are also being developed , and a 100 kWth steam-
generating facility has been operational in Italy since 1967 . A 1 MWe system
will be discussed here as it represents a midpoint in the developmental area.

A 1 
~~e 

system would be comprised of a 50.3 in (165 ft) tower with a boil-
er on top and a field of 250 heliostats each 7.6 m (25 ft) by 7.6 m (25 ft)
surrounding the tower. The rest of the system ‘is similar to conventional
electrical produc ing power stations currently using fossil fuels for heat ex—
cept that provisions would be made for thermal storage. A l_ !lW

e system would
cost $5,000,000 (1977 dollars) and should last 30 years with proper main-
tenance. The overall system efficiency would be about 15 percent.

The O&M costs would be $200,000/year (1977 dollars). This is much
hi gher than for a conventional system due to the large number of heliostats
requiring servicing , c l e a n i n g , and aligning. Personnel would be required to
operate the facil ity and to maintain the heliostats.

The reliability is a function of several parameters including adequate
insolation , numerous moving parts , and non—modular design. Less important are
thermal cycling, corrosive attack , high stress level s, and hi gh-temperature
operation. If no back—up is supp lied , a 1arn~’ thermal storage is required.
Approximately 5,000 ,000 BTTJ/hr is available as waste heat for low pressure
hot water.

This system requires extensive development in time and money . For the
larger DOE-fu nded projects , over one bill ion dollars during the next 12 years
is needed . The European Economic Community is stud ying a 1 MW

~ 
system which

is expected to cost $8,500,000 (1977 dollars), including development costs .
The International Energy Agency is planning construction of two SOO_kW e units
using liquid sodium for an expected $25,000 ,000 each (1977 dollars). Thu s ,
although the system seems to have pote ntial , it will be a few years before It
becomes available. Ever ~hen , it is likel y to be expensi ve.
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(6) RadIois otope—fueled gas turbine generator- -A radioact ive isotope-
fueled gas turbine generator is similar to the solar gas-turbine generator
discussed above except that it uses radioactive Isotopes for a heat source
and a closed rather than open Brayton cycle (Figure 11) . A schematic is
shown in Figure 12.

The radioisotope fuel heats the working fluid (an inert gas mixture),
which is then expanded through the turbine , which drives the compressor and
generator. The working fluid then enters the recuperator where some of the

V 
rejected heat is recovered . The fluid is cooled next and then pumped back
throug h the heat source. Many types of isotopes may be used for the heat
source , but only Cobalt 60 (C O 6 0 )  and Plutonium 238 (Pu238 ) are discussed

V here.

Cooling Water Purip

Condenser
Regenerator ...~ -

Start Bottle

CRU~~~~~~~~~~~~~~ 
V 

Hot We ll
Heat Exchanger

Tungsten Shield Cobalt 60

Figure 11. Three—Ki l owatt Organic Rankine System Utilizing a
Cobalt 60 Radioisotope Heat Source
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Radioi sotope
Heat Source

4

Compressor 
— 

Tur bi ne Generator Load

Hea t
Exc hanger Recu perator

Fi gure 12. Schematic View of Organic Rankine System
Using a Radioisotopic Heat Source

Achi evabl e power levels are in the 10-kW range. Larger power require-
ments were not studied since radioisotopes are considered practical only for
low power levels due to their limited availability and high cost. Technology
in the 1O— kW size is presently availabl e at a system cost of $5,5000,000 for
a Co6° heat source and $27,300,000 for a Pu ’38 heat source (1977 dollars).
The system lifetime is 20 years , although the power system must be refur-
bished every 5 years . Also , the Co6° heat source must be replaced every
5 years (Pu 238 would rot require replacement due to its long half—life) .
The shielding on the Co~° would need to be thicker , because Co6° is a gamma
emitter while Pu 23° is an alpha emitter.

The reliability of the system is good . Its main limiting factor is its
non-modular desi gn. Minor problems include numerous moving parts , high
temperature operation , high stress levels , thermal cycl i ng , and a high
radiation level . A back -up system would consist of another unit or diesel
generators. There is 53,000 BTU/hr waste heat available for low temperature
hot water. The radioisotope heat source generates heat continuousl y ,  re-
gardless of whether electricity is produced.

20
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The use of Pu 2 3 8  and C06° as heat sources has been employed in space pro-
gram applications. Ten-kW Brayton cycle power systems have also been devel-
oped , but there is a need for further development over a three-year period
costing $30,000,000. Althoug h the costs of this system are high , it might
be useful in a small unmanned site .

(7) Wind energy conversion systems (WECS)--A wind energy conversion
system converts the kinetic energy in moving air molecules into rotational
mechanical energy , which drives a generator to produce electricity . There
are two basic types of WECS : a horizontal axis wi nd turbine (HAWT), in which
the wind turbine axis is horizontal , and a vertical axis wind turbine (VAWT),
in which the axis is vertical (Figure 13). The DOE is funding large-scale
wind energy research throug h NASA (for HAWTs) and Sandia Laboratories (for
VAWTs). NASA has built a 200—kW HAWT [in a 10.7 rn/s (24 mi /h) wind] at
Cl ayton , New Mexico; and Sandia Laboratories has constructed a 60-kW VAWT [in
a 12.5 rn/s (28 mi /h) wind] . Many smaller WECS are available commerciall y ,
and a few larger WECS are also commercially available. Table 1 presents the
wi nd turbine characteristics of both a Darrieus turbine (a VAWT--named after
the French inventor) and a propellor-type turbine (a HAWT) . Because thc VAWT

4 need not face into the wind and because it is available in many sizes , this
discussion will focus on the VAWT .

The amount of power a wi nd turbine can produce depends on four variables :
(1) the area of turbine sweep, (2) the speed of the wind , (3) the density of

V the air , and (4) the power coefficient of the turbine (turbine efficiency) .
These factors are related by the formula:

P = Cp p AV 3

where P = power
Cp = power coefficient

p = air density
A = area of turbine sweep
V = wind speed .

It can be seen that the wind speed is the most important parameter be-
cause It Is cubed . Therefore, the power available is limited mainly by the
wind speed at the site.
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Wind .

37.5 M

3 G M

a. DOE-NASA Experimental Horizontal -Axis Wind Turbine Generator--100-kW Test
Generator--lOO--kW Test Bed

N
A A N

Chord

b. Experimental 200-Kilowatt Vertical-Axis Wind Turbine Generator
Figure 13. Experimental Horizontal -Axis and Vertical -Axis Wind Turbine

Genera tors
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TAB LE 1 . WIND POWER SYSTEM CHARACTERIS TICS

VAWT HAWT

an operate with wind from any Requires motored yaw control to
lirection face wind

Vloderate power coefficient .35 High power coefficient .45

~on—sel f starting Self starting

‘ower del i vered at ground level Generator mounted atop tower
(easy accessibility ) (difficult accessibility )

V .ift type (High efficiency) Lift type (high efficiency)

;imple controls Complex controls

ow cost High cost

flade balance important Blade balance important

sill withstand wind gusts up to Spoiler required for high
170 mi /h speeds

imple blade design/fabrication Complex blade design/fabrication

;imple support structure Large support structure

.ow stressed blades , bearings High stressed blades , bearings
~nd structure and structure
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Wind turbines may be used to generate AC electricity or DC electricity
with battery storage as shown in Figure 14. The turbine drives the generator
to produce electricity (DC or AC). If a synchronou s AC generator is used ,
the AC el ectricity may be used directly. If DC el ectricity is produced , it
must be converted to AC; or it can be used directly out of a regulator. The
batteries are used for storage and power leveling during unsteady wi nds.

The size of the turbine is related to the average wind speed and power
requ irements , but a power level of hundreds of kW is not an uncommon design
parameter. An array of turbines may also be used to increase the power
produced .

Because the power produced is a function of wind speed and turbine size ,
the cost of the turbines will vary. Based on a 50-kW system with five days
of storage , pricing in 1977 dollars is given below :

10 mi/h average wind speed--$600,000
20 mi /h average wind speed---$200,000

A WECS should last 20 years , although the lead—acid storage batteries
require replacement every 10 years . The overall system efficiency is 20 to
25 percent. The 0&T-1 costs are low : about $1 ,500/year (1977 dollars) for
a 50-kW system , most of which is maintenance of the battery storage system .
Personnel would not be required as a small co. puter can run the entire system.

The reliability of the system hinges u :~on adequate wind availability .
High-stress levels in the WECS ‘is another probl em; mi nor problem areas in-
clude corrosive attack , hi gh temperature levels , and numerous moving parts.
Adequate battery storage would be required for periods of low winds , or
diesel generators could be used for back-up and/or battery rec~iarge.

The development of large-scale WECS is funded by the DOE , but commercial
units capable of generating up to 200 kW are available.

24

- - 
V ~~~

- - - - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



Configuration Number 1 - Large Requirement -.

Contro l 
*AC 

~~AC Load

Battery StorageInve rter DC

Configuration Number 2 — Small Requirements—-Ac Loads

AC 

AC 
~ AC Load

Inv:rter

Configuration Number 3 - Small Requirements--DC Loads

~~~~~~~~~~~~~~~~~~~~~~~ Loa d

FIgure 14. Three Wind -Turbine Generator Configurations

25

- - ~~~~~~~~~~~~~ -__-_ _ V V  - - ______ - 
V V



(8) Geothermal --A geothermal system uses natura l subterranean heat as a
heat source . The producti on wel l produces hot water or steam (Figure 15).

Reinjection Production
Wel l Well

~ U
Heat

Space Exc hanger
Heating

4 Tur bi ne Genera tor Load

Condensor

Figure 15. Schematic View of Geothermal System

A heat exchanger is used to heat the ~ -~ V -king fluid which runs a rotary
vane turbine to generate electricity . Was~~ heat may be used for domestic
hot water or space heating. The water is then reinjected into the earth
through the reinjection well. Electricity has been produced from geothermal
wells In Landerello , Ital y since 1913 ; and total world geothermal electrical
capacity in 1972 was approximatel y 1 GW ( ion watts).

The depth of the well  is controlled by local geology . Typical costs for
each system are $2,000,000 (1977 dollars) or more. The hi gh cost is due to V

drilling requirements at remote sites . No storage is needed , howev er , be-
cause the production well is constantly sending up hot water.
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The O&i’1 costs are low ($5 ,000/year in 1977 dollars ).  The rotary vane
expanders must be inspected every 6 to 12 months and replaced every 5 years .
The overall efficiency is about 12 percent.

The reliability of the system is good , limited by adequate producti on
from the well. Corrosive attack may be a major prob lem depend i ng on the
local geology , and high - temperature operation may be a m inor problem . Soriie

high—grade hea t is avai lable for space heating and hot water.

There is substantial risk in drill ing a well which does not produce.
This risk and large initi al cost must be weighed against the reliability and
low operational costs.

(9) Other systems--A few other systems were studied for this report .
Some , such as nuclear fission , were not studied in depth due to their size ,
cost, or associated problems . One type of fuel studied was refuse-derived
fuel (RDF). The heating value of RDF can be 11 ,000 BTU/ kg ( 5000 BTU/ lb)
[the heating value of coal runs from 27,500 BTU/kg (6000 to 12 ,500 BTU/lb)].
It can be seen that RDF has a potential if there is enough refuse available.

The USAF Civil and Environm ental Engineering Development Office (CEEDO)*
carried out a survey of USAF installations to determine the amount of
refuse generated . Of the remote sites reporting, all indicated less than
five tons/day of refuse (the smallest category). Assuming a 30 percent con-
version efficiency for electrical production , five tons/day could produce
180 kWe~ 

It is doubtful though that a small remote site produces 4545 kg
(10,000 ib) of refuse each day. A larger site migh t be able to generate
enough refuse to be a viabl e fuel , but a small site could not.

Other systems which were studied include biomass (a small remote site 
V

could not generate enough blomass to be practical), fuel cell (requires fuel

* 

* Now Air Force Engineering and Services Center (AFESC).
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shipments) and thermionic generator (very expensive). A solar thermal system
(heat production) was also studied , but the main problem faced in remote sites
is production of electricity .

COMPARISON

An overall comparison of the systems is given on Table 2. This table
shows various parameters of the systems discussed . The diesel generator is
also included for comparison. The systems presented represent various pro-
ducing capabilities , and care should be exercised when rating one system
against another . The app l i c a b i l i ty of various systems in various sites will
be control led by many factors, mainly the availabili ty of alternate fuels
( solar , wind , etc .). The mission of the remote site as well as power level ,
manning , threats , and location are also constraints .

Table 3 shows the number of remote sites in each category which show
good or fair alternate energy potentials. There are 109 sites which show at
least fair potential (some sites have ~cth solar an d w i nd pote n t i a l s ) . (Be-
cause weather data was not available on all the identified remote sites , th i s
table is not complete.) Some of these sites may prove not to have good po-
tential when a site study is done because of site configuration , terra i n , and
because much of the weather data are approximations. Still there are enough

sites with potential for further study .
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SECT I ON I I I
ENERGY STORAGE SYST EMS

INTROD U CTION

There will be times when an alternate energy system produces more energy
than is consumed , and it may be desirable to store this energy for la ter con-
sum ption. There are several ways by which  ener gy can be store d. These
storage modes include:

Battery Com pressed A i r
Therma l Storage Ma gnetic
Thermochemical Ca pacitors
Flywheels

An energy storage device was mentioned in Section II  as part of the
systems except for the radioisotope -fueled , geothermal , and solar pond sys-
tems . The storage methods mentioned in Section II represent state-of-the-
art designs in conjunction with the systems . Presently available storage
devices are not the onl y possibi l i tes.  Many new storage devices are being
researched which  offer l ower cost , lar ger capacity , less ma i ntenance , and
h igher eff i ciency and r e l i a b i l i t y. Some of these systems w i l l  be d i scusse d
in this section.

Energy storage offers certain benefits to users of an alternate energy
system. When an energy system relies on weather pat terns  for operat ion ,
storage or back-up generation capacity is required . If a back -up system is

available , energy storage is not as important. However , most alternate ener-
gy systems benefit from some storage even if back-up is used . The storage
permi ts continuous operation in the event of f luc tua tions i n the al terna te
energy source (e.g., variable wi nds , shadowing of solar collectors , etc.),
and an increase in overall system efficien cies . There is , however , an eco-
nomic trade-off (i.e., storage efficiency versus cost) which must be consid-
ered . In the case of USAF remote sites , the use of diesel generators for
back-up offers distinct advantages (e.g., the diesel generators are already
there). While the goa l in implementing an alternate energy system is to



divorce the system from fossil fuels (they will always be needed for lubrica-
tion) , this is not always possible , especiall y when a newl y-developed concept
is used . This , plus the fact that energy storage is expensive , lends credi-
bility to using the existing energy-producing systems as a back—up. A site-
specific analysis will be requi re d to determ i ne the extent an d ca paci t y to be
carr ie d by a storage system .

SYSTEMS

V 
Batteries--A battery is an electrochemical energy storage device which

uses electricity for char g in g and returns DC electr i c i ty when di scharg i n g.
Lead—acid batteries are similar to automotive batteries . Advanced batteries
fall into three basic categories : (1) aqueous batteries with an electrode

surroun ded by a liquid electrolyte (similar to lead -acid systems); (2) non-
a queous , hi gh tem perature batter i es which  use a nona queous ma terial  to con-
duct ions ; and (3) reducti on/oxidation (redox) batteries which reduce aqueous
solut i ons to store ener gy .

Lead— acid batteries--A lead-acid battery storage system consists of an
array of battery cell modules and an inverter unit to produce AC electricit y .

These modules may be grouped to supply any cower level for an y len gth of
t ime , a l thou gh cost and practical size lini 1 - ‘L ions would dictate an optimum
storage size. Ei ght hours of stora ge for 250 kW (2 MWh) system would cost
$1 50 ,000 (1977 dollars), ~u t this cost is xpected to drop to $90,000 by 1985.
The cells should last 1 0 years if they are not discharged too deeply (20
years by 1985) and he 65 percent efficient now (75 percent by 1985). For a
250—kW syst~rn , the ~~~~ cos ts would he ~2,OOO per year (1977 dollars). No
personnel would be required on a continuous bases although routine inspecti on
is necessary.

A lead-acid battery storage system would be fairl y reliable , there being V

onl y minor prob lems with corros ive attack and high-temperature operation . A
major disadvantage of lead -acid batteries , however , i _s their hi gh wei ght—to-
sto raqe-capacitv ratio. A commercial 1 ead~acid system wei gh s about 100 lb ,

~ to SO lb of which is lead. Another problem is the fact that lead—acid
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batteries produce hi gh ly  flamma b le hydrogen gas , arsine (AsK.) gas , and

stibine (SbH 3) gas , the latter two being toxic. If the batteries are stored
in a we l l-venti lated structure , these drawbacks are not major but must be
considered .

Advanced batteries --The three basic categories of advanced batteries
will be discussed here . These batteries are in the developmental stages at
this time. Table 4 shows certain of the characteristics , develo pers , and
projected demonstration dates of these cells.

Aqueous— -An aqueous (water-based) battery consists of an el ectrode

surrounded by a li quid electrolyte similar to a l ead-acid cell.

One type of aqueous cell is a zinc-chl oride battery being developed by
Gulf-Western Industries and Occidental Petroleum Corporation . Units to 50
kWh have been tested at Argonne National Laboratories , and lO-rlwh units are
expected to be tested by 1 980. Zinc-chloride batteries cost about $2,000*/
kWh now although this cost should drop to $40 to $50 per kWh in the future
and be comparable to lead—acid cells today . This cost is higher than a
lithium or sodium battery , but the zinc-ch loride battery produces voltage at
a constant level , thus making the inversion to AC less expensive.

Zinc—chloride cells can operate at constant temperature but require c om-
plex plumbing to circulate the electrol yte . Chlorine gas may also be a
problem .

Another aqueous battery is the zinc-bromide cell. Earl y work was car-
ried out by the G.E.L. Corporation , Raleigh , NC; and the General Electric
Corporation has operated a device for 2,000 cycles at two and one-half hou r
discharges . Efficiencies of 65 to 80 percent are thought possible for a
future cost of $17 to $26/ kW , ex cluding the cost of pumps , control s , and

marketing. The major problem is the development of a reliabl e membrane which
does not allow the unit to discharge itself. Also , the bromine solution is
caustic and must be contained properl y.

* These and the fol l owing cost estimates are in 1977 dollars
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Nonaqueous, high-temperature batteries- -This type of cell employs a
non-aqueous material to conduct the ions and is operated at high temperatures
[i .e., greater than 572° F (3000 C)]. The sodium -sulfur cell is such a non-
aqueous cell that is being developed by the Ford Motor Company . Ford Motor
Company has run 10 to 15 W cells in excess of 3 ,000 cyc les and hopes to
operate a 5 to 10 MWh battery in 1981. Dow Chemical is also studying the
sod i um-sulfur cell. At present , the cost is $3,000/kwh , but Ford Motor
Company predicts costs of $30/kWh in 1985-87, while Dow Chemical predicts
costs of $24.50/ kW h by 1986-88 . Systems have been demonstrated at 90-percent
discharge with an overall efficiency of 77 percent. The main developmental
problem is the creation of a reliable beta -alumina electrol yte.

Another nonaqueous battery is the lithium -metal sulfide cell. Argonne
National Laboratories is develop ing this cell under a DOE contract. At
present, 1 50-Wh cells have been run 500 cycles . By 1982, a 5 to 10-tlW h
system should be tested ; and costs are projected to be $29/kwh by 1985-87.

Both of these nonaqueous batteries operate above 572° F (300° C). The
battery seals also present problems. Further , both lithium and sodium are
flamable (explosive in certain environments), and adequate protection is
required .

Redox batteries--The cost of a redox battery could be as low as
$10/kwh or less because the energy is stored in tanks of inexpensive chem i-
cals. The major problem has been the development of a semi permeable membrane.
Demonstration for utility applications is expected by NASA-Lewis by 1985.

Iron redox--G.E.L. Corporation is studying an iron redox battery .
The basic principle is the same as in the redox battery except that the same
chemical is used at both electrodes. The membrane required is much simp ler.
An i ron redox battery is shown in Figure 16. System s have survived 1 ,000
cycl es with an overall efficiency of 65 to 75 percent. Effici encies to 85
percent are possible with moderate discharge rates. There is no damage from
deep discharges.
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Figure 16. Iron Redox Battery Structure and Plumbing Diagram
F

The iron redox battery is ideally suited to solar energy applications for
storing large amounts of energy for 10 to 20 days. A 2.2-MW h system is being
developed for the Missi ssippi County Community Col l ege by G.E.L.  Corporation.
This storage unit require s 15 ,000 to 20,000 1~a1lons (60,000 to 80,000 litres)
of el ectrolyte , and this DOE-sponsored proje1 t is expected to be completed in
late l979~

The cost of a battery storage facility is a function of three factors :
battery , power cond it icri~n~ costs , an d facilities costs. Power condi tioners
serve four functions : (1) regulation of battery charge and discharge rate ,
(2) action as a switching system to permit the load to draw from the batteries
when required , (3) rect.i~ ication and filtering AC power in order that the bat-
teries may be charged from on-site generators , and (4) inverting the DC power V

from the batteries to AC for use by the loads. The present cost of power con-
ditioning equipment is about $200 to ~fO0/ kW for a ra ted power of 100 to 250
kW. The expected long-t~ rrr costs should be $60 to $90/kW . Whichever battery
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system is employed , an inverter is required; and its cost must be considered
in calculating the total storage costs.

Battery storage is ideall y suited to solar photovolt aics an d WEC S because
these are not heat engines. Solar systems which produce heat to run a turbine
generator might better benefit from thermal storage.

Thermal storage--Thermal storage is the storage of heat generated by an
alternate energy system which is not used in the production of electricity .
There are three basic thermal storage techniques: (1) sensible heat storage ,
(2) latent heat storage , and (3) use of heat to produce a chemical reaction
which , when reversed , releases heat.

Sensible heat--Sensible heat refers to the energy stored in a body
by virtue of a rise in its temperature . Water can be used to store heat to
300° F (149° C) if a pressurized vessel is used . An insulated tank would be
required to prevent losses . Energy storage in rocks is also possible , al-
thoug h a much larger volume would be required because the rocks have a l ower
heat capacity than water.

In order to store energy at higher temperatures , different materials
would be required . Refractory brick has been used in Great Britain and West
Germany to store energy at temperatures of up to 600° C (1112° F). Another
possibility is to pass helium through a solar collector and then through a
pressure v esse l lined wi th refractory brick , heating them to 52 7° C ( 980° F).
Cost estima tes for such a system run $11 to $l4/kWhth. An even simp ler pos-
sibility is to pipe superheated steam through pi pes embedded in steel . Here
no pressure vessel is required ; there are no moving parts ; and little devel-
opment would be required .

Sensible heat may also be stored in a heat-transfer oil. Sandia Labora-
tories uses this method for the storage in its solar organic vapor turbine
generator (see Section II). There are some problem s with this method in that
the heat transfer oil degrades with time and must be filtered off and re-
placed . Even when these systems are used , a large vol ume of material is re-
quired for storage.
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Latent heat-—When a substance changes phase (melts , bDils), it ab-
sorbs a large amount of energy at a constant temperature , thus permitting the
use of much smaller volumes than required for sensible heat storage. Also ,
the phase-change occurs at a constant temperature beneficial in driving a heat
engine. For low temperature [77° - 88° C (170° F - 190° F)] storage , severa l
organic and i norganic compounds have been developed. Some of the identified
problems i n c l u de the need for more com p lex hea t exchangers . N u c l e a t i n g de-
vices may be necessary to assure uniform solidification , and corrosion must V

be prevented .

One method of stor ing energy at high temperatures is being investigated
by the Jet Propulsion Laboratory . A b~indle of tubes is embedded in a cylinder
60 ft (18 m) long and 12 ft (3.7 m) in diameter filled with sodium hydroxi de
(NaOFI). Steam is pumped through the pipes where the heat is transferred to
the NaOH . It is estimated that such a system could store 52 MWhth at 400° F

(204° C) to 650° F (343° C) for S13/kWhth. Sod i um hydroxide i s h i g h l y  corro-
sive and thus requ ires expensive containment to prevent leaks . This would

be an ideal storage med i um for use with a Rankine cycle system . Other high-

temperature latent heat compounds are also being investigated .

Thermochemical __reactions--Thermochem ical reactions take advantage of

the pr i nci p le that  hea t c~n cause a chem i cal r eact i on wh i ch , when reverse d ,
releases energy as heat. There is good pot en ti al i n th i s stora ge method
because the reac tio n p roducts ma y be store d ~i~ip1y or moved . Flore develop-
mental work is required in understanding tL~ basic chemical reactions. At
present , fai rly sophisticated reaction apparatus is required .

Flywhee~s—- Flvw heels can be used to stcr~ energy as kinetic energy in
the sp i n n i n g  f l yw heel . P fl ywheel storage dev i ce would cons i st of ganged
flywheels on a hor izontal shaft wi th beari ngs , a vacuum system to reduce air
res i stance , and appropriate support ar~d control subsystems . The system can V

be sized to fit any noncont inuous dem~rid . A 250-kW system for 8—h storage
would cost $3 ,500,000 (1 977 d o l i n r V) ~ : present. Thic cost should drop to
$650,000 (1977 d o l I r ’~ ) t y  1~ YO 1 0 EV: to dfVv V

~lopmenta 1 w o r i ~ in using advanced
composites for the fl /~/ heels and deve lr~r , I ’nt of better hearin gs. Such a sys-

V 

ter should last 20 to 25 years wiJ / an I’2 ve ’-~~1l efficiency of 70 percent.
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High stress levels are a problem area as well as numerou ’L m o v i n g  parts
and the non-modularity of the design. The O&M costs wou ld be $4,000/yr (1977
dollars) for a 250 kW system . The maintenance would consi st of changing
the bearings and overhauling the clutch and gear box . Fl ywheels have been
mainly developed for use in transportation , and much developmental work is
required for using flywheels to store electrici ty .

Hydrogen--One interesting approach to storage would be the generation of
hydrogen (H2) gas for either direct burning or use in a fuel  cell . Water can
be broken down into hydrogen and oxygen by electrolysis of water , a multistage
process , or solar-direct. The hydrogen can be burned in oxygen , thereby V

releasing energy as heat to drive a turbine generator or to be used in a fuel
cell to generate DC electricity .

The electrolysis of water can be accomplished by the use of excess elec-
trical power from on-site generator ability ; the production rate, however , is
low . Several multi stage processes for generating hydrogen have been studied .
Most are cumbersome for on-site application , but the use of lower temperatures
is possi ble , and the gases are released separately . The efficiency of the
multistage processes is low , but work toward its develo pment is continuing .
The other possibility for hydrogen generation is the use of a photocatalytic
electrode such as GaAs . The light striking the electrode directly converts
water into hydrogen and oxygen . Also , H2 is released when light strikes a
complex rhond ium compound , and a ruthenium compound can sp lit water when a

V 

monolayer is applied to glass and exposed to the sun. These techniques ex-
hi bit low efficiencies , and l ong-term stability has not been demonstrated . No
cost analyses have been conducted , as research is just beginning . The future
potential for hydro gen generat ion , however , has been demonstrated .

When hydrogen and oxygen are combined in a fuel cell , DC e lec t r ic i t y is
produced . A system to generate 250 kW would cost $60,000 (1977 dollars) , 

V

last 20 years at an efficiency of 35 percent. The O&M costs would be $3,500/
yr (1977 dollars) . Hydrogen-rich fuel could also be used to operate the fuel
cell if hydrogen producti on were insuffici ent . This fuel would be naptha and
would cos t $60 ,000/yr (1977 dollar s) if used exclusively. Much developmenta l
work is required over the nex t five years for such a system , but the potential
for using a fuel cell as backup is promising .
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Others--The storage methods discussed above convert electricity into
chemical  ener gy or store thermal ener gy for later conversion to electricity .
One potent ia l  for s tor in g e lec t r i c i ty d i rec t l y i s to use a loo p of su per-
conducting wire . Although this method is being researched , i t i s dou b t fu l
that it will p lay a significant role for some time .

Another storage possibility is to use compressed air to drive a turbine
generator . Tremendous pressures are required to store energy in this form
unless a huge volume is available. This compressed air could be stored in

underground caverns at l ower pressures , but this app l i cat i on for a remote s i te
applicati on appears inappropriate. One company , Omnium -G of Anaheim , Cal i fo r -
nia , sold a compressed air storage system device (the system is no longer sold

due to its high cost). The system used solar generated electricity to com-
press a i r  to 34 .5 MPa (5000 lb/in 2). One module could store 60 kWhr , and the
cost was $25,000 ($417 per kWhr). The compressed air storage device may be
sold again if the cost can be cut in half.

Ener gy ca n a l so be store d in  capac itors or ma gnet i c a l l y, but these meth—
ods are under investigation and appear inappropr iate for remote sites.

SUMMARY

It is difficult to compare the various er-çy storage techn iques direct-

ly due to the differing form s i n  w h i c h  one r  •V i s stored . Cer ta in  a l te rna te
energy systems lend theuis~-l~’cs to certain energy storage systems . The choice
of a specific storage system will be based on a detailed analysis of power
requirements . ~ier V e n

V
V~~~~ u1 

~If power’ supp lie d by the alternate energy system,
expected ~io~~ods of non~1 - .lla b il ~ ty  of .El ternate energy sources , back-up po-
tential , location constra~rmt~ . monetary constraints , and mission oF the site .

The ise of storage to suppl y all oF a site ’ s power will necessitate the
use of a larger alternate energy System than if back— up is emp loyed . This
will mean incre ased cost and comp 1 exit y, and it ;~ay be found that the less

~\pens1ve r~ute jS t use the E,V A 1 S ~~Iflg diesel generators for back—up.

V 
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SECTION IV

SURVIVABILITY ANALYSIS

INTRODUCTION

The degree of survivabi lity of each alterna te energy system was deter-
mined against nuclear and conventional weapons , sabotage , vandalism , civil
disturbances , and natural disasters . Degree of aurvivability in this report
will be defined as the relative probabil ity of a particular system ’s retain-
ing its operational capabil ity as compared to other energy systems . Specific
estimates of damage and reductions in operation of each system will be pre-
sented . It should be emphasized that this information is based on specific
weapons effects data . However , engineering judqment was exercised in apply-
ing the information to the alternate energy systems. As most of the systems
are st ill in the developmen t stage , assumptions which are open for additional
consideratior~ were made concerning typical installation s and structural
designs. These assumption s have a direct effect on the survivability anal ysis
performed on the systems, and a different analysis can be performed by means
of other design and construction criteria. The assumptions made for these
systems, however , are reasonable and represent typical systems for conven-
tional installations presently in use. The hardened systems are the standard
systems which have been modified to improve their survivabili ty against
various threats and disasters . It is not intended to recommend engineering

designs for the standard or the hardened systems but to present conceptual
designs and modifications developed from eng i neering judgment.

APPROACH

The approach ta ken to analyze each energy system for survivabil i ty was to
assume a design. Due to the variabil ity of the systems, some are more
appropr iate -for large energy production and others are more appropriate for
low production levels. For example , the power tower (solar steam turbine
generator) is typically designed for power requirements in excess of 1 MW ,
whereas the radioisotope -fueled gas turbine generator is more appropriate in
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the 1O- kW range . Therefore , the assumption was made that each system designed

for the most appropriate energy production level shou ld be analyzed. Nex t , a

standard conceptual desi gn was developed , and its survivability limits were

determ i ne d . Survivability iz~r7I - , t :  are defined to be the maximum nuclear

overpressure without major fa i l u r e , probability of a direct hit from conven-

t i onal wea pons , percentage of damaged equipment from conventional bomb

fragments at a particular range , damage from sabotage , van dalism , c i v i l
disturbances , and natural disaster limits (i.e., maximum wind velocity and

earthquake forces). All of this information was not determined for all the

systems . The weakest component of each system was selected for the design

anal ys i s. For ex am p le , the solar systems were studied with respect to maxi-
mum overpressures under which glass plates and windows remain intact. The

VAWT was anal yzed with respect to maximum wind forces and velocities. This

~s not to say that t~ie other categories of threats were not studied . They
would require additional eng ineer ing jud gment to determine their survivability
limits for the systems. Assumptions were therm made as to the design of the
hardened system and the ‘~f f ~~c,tc of its design on its survivability . All of
these were included in the ceve lopm ent of the system evaluation charts and
final decision matri x presen ttu in Section V .

The nuclear threat was establishe d as a l-kT nuclear devi ce. This weap-
on was selec ted because it ‘v:a s a reas ona b ly ~~‘ed weapon which mi gh t be use d
i n a tac tical  nu clear offens i ve a ga i ns t ~-err I tSAF sites . The principal ef-
fects from a nuclear device that are perti r ‘t to this study are overpressure
from air- blast and qrour d ~~~ ~I1c1ear sm . V v ivab ili ty l i mi ts for each system
will be determi ned basnd on maximum allowable airb last overpressure or ground
shock for s1’sten op’~r~tioni . A 1-kT nucle ar overpressure curve is shown in
Fi gure 17 . Other nu cle ar ~ f fc-ict ~ i rV I,;~~ude cratering and ejecta , electroma g-
netic pulse (EMP), and nuclear and thermal radiati on . Crater~n g ejecta were
elimioated frorr this anal 1sis because at the ranges at which these effects are
exerted , the a r  bla st overpressure is the contr olling factor . A hi gh surge V

of electric current is produced in ci rcuits due to the generation of EMP and
is inversely pr oportional to the len gth of cable exposed to the EMP si gnal.
Its effects on the alt erna te energy system were not studied because the circuit
desi gns can be varied to ~~~~~~~~~~~~ i t s  ef ~~,Icts . Si~ ilar l y, ,-aJi atio n effects
were not considered due to ur1certa ir t~ in d e s i g r m s .
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Conventional wea pons include a wide range of weapons vary i ng in s ize ,
range , and accuracy. The primary effects of these weapons are airb last over-
pressure and fragmentation , with the exception of fire and incendiary devices .
An overpressure versus ran ge curve is shown in Figure 18 for comparison wi th

the nuclear weapon. The conventiona l weapon pressures at the same range are
much less than the nuclear . A general listing of the weapons includes bombs ,
mortars  and g ren ades , smal l  arm s, ar t i l l e r y, rock ets , demolition cnarges and
shaped—charge weapons , and fire and in~endiary device s. Because it is diffi-
cult to obtain classified information pertinen t to the most probable types of

threats for the remriote sites , it was decided to utilize available information

irm the literature to d e t er r i n e  the probability of a direct hit and to estimate

damage sustained by the direct hit of one round of a mortar-type weapon. This

would allow each system to he anal yzed on the basis of the same data .

The accuracy of each weapon can be character’7e1 by a parameter known as
the circular error probable (CEP). The CEP i s the r adi us of a c i rc le  aroun d

the intended Larget in which 50 percent of the fired round s will land. ~or
exam p le , a 102-mm mortar has a CFP of 36.6 m (120 ft). This means that 50

percent of the rounds fired will land less than 36.6 m (l?O ft. ) from the

target. For comparison purposes , a CEP equal to 61 m (200 ft) ~as selected .

The equation relating the probability , CEP , and ex posed area of the target is

-0.2~ V - V EA V
\= 1 - exp(—--’~~ ~~~~~ (1)

V Theoret ical ly ,  the area ~ed in the en a t mo n shou ld represent the tarq el
V area normal to the path of the p’cojecti’ e to account for the i~nna c t  angle.

How ever , th€ . pl an area o~ each sys he~ WdS used to determine the p rob ab il it~
v a l u e s  in T ac i e ‘i ~~ a sI’imp l if y~ n~ ass uirp t icn .

On the assumpt ic a t h i t a ~ysten~ did  susta in or~ direct hit fro~ a 102—mm
mortar , danabe est imates to tue sy -  ~em r-iere Jcvel oped knox ’ ng that the effec-

tive fragment radi V i s is VJIc V oxjmatel j 21.3 m (70 ft). •~~
V
~~~

’
.V

V
I i n  Figure 19 are

damage areas for v a r i o u s  w e ap o n s .  W i t h i n  this radi us it was assumed that all
solar t-efl ec t,o~ ~ V care d~ sco , d and no longer C~ ”~~’i ho ted tc: the sys ~‘i’ n . For
other sys tEV MSV 3 (e.o . , VA~T) , specific Lrr2age to i r ” ~i~ id ria 1 c ts was est imated .
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The assum ption of one mortar round being fired during a conventiona l

wea pons offens ive is no t real i stic , as mortars can be fi red at the rate of

15 ~
V

i~ 20 rounds per minute. Assuming an attack lasted one minute , the amoun t
of dama ge can be mul t ip lied by 20 (20 rounds fired) to determine the total

damage. These estimates also include damage resulting from the weapon air-

blast , but in  most cases these estimates are controlled by the fragmentation
effects.

Sabotage typically involves an a gent who knows the lo catio n of, and has

access to , the target . Damage is usually a result of demolition charges

V strategically placed on critical sections of the tar get . The view po i nt was
taken that defensive measures would have little effect on resisting sabotage .
The most signifi cant factor in the sabotage analysis was the accessibility of

the target (in this case the alternate energy systems) to personnel . The sys-

tem evaluation charts in Section IV indicate that most of the systems are
rated very low in the sabotage category. This low rating is due mostly to the
open nature of the systems and to lack of methods to improve the security of
the system . No specific survivabil ity limits were determined .

Vandal i sm and civil disturbances are other categories difficult to quan-
tify due to the fact that the design of individual components of the system
plays a large role. As with sabotage , the accessibility of the system to van-
dals and political terrorists is controlled by the l evel of security at the

• particular site. Again , specifi c estimates of the survivability limits were
not determined . The survivab ility against vandalism and ci vil disturbances is
indicated on the system included in the design matrix.

Natural disasters include earthquakes , wind and snow storms , hurricanes
and tornadoes , floods , and lig htning. Analyses were performed to evaluate the
system susceptibili ty to earthquake s and maximum wind force where possible.
Effects of floods and li ghtning were eliminated from the study because infor-

V mation concerning the designs of the systems is not sufficiently speci fic to
allow detailed analyses . Hurricane s and tornados were grouped into the
general area of wind forces. Therefore, earthquakes and wind forces were the
only natural disasters considered .
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SURVIVABILITY AND SY STEM HARDENING METHODS

(1) Solar s turbine~~enerator--Tne solar gas turbine generator (Figure
1) consis ts of a parabolic dish solar collector 7.3 In (24 ft) in diameter that

V has a reflec ti ve surf ace whic h con centra tes the sun ’s rays onto a receiver .
Each un i t woul d produce approxi mii ate l y 20 kW , arid 1 3 units are required for

250 kW. The dish has dual — axis tracking prov ided by the U-shaped supporting
mechanism . The actual surface of the dish may be composed of 0.3- to 0.45-rn
(1- to l-l /2-ft) square glass mirrors that are individually replaceable or may
be constructed from a hi ghl y po l i she d me tal surfac i ng . The size of the
structural  members was assumed to be suf fic i en t to sup port the d ish an d to
resist low velocity winds of approxima te l y 13.4 m/s (30 mi/h).

Based on the l-kT standard , th is unit would survive at a range greater

V than 914 .4 m ( 3,000 ft), approximatel y 6.89 x lO~~ to 13.79 x io~ MPa (1 to
2 lb/in 2). This is due primarily to the critical pressures for  breaking the

glass  m i rrors.  If  the system were ma de of a hi ghl y re flec ti ve metal sur-
facin g, the ran ge would  be less , indicating a hi gher pressure l evel . Against

conventional weapons , the system is susceptible both to airblast and frag-
mentat ion effect s , but surv i va bi l i t y i s strong ly con tro l l e d by fra gmentation .
Shown in Table 5 is the probability of a direct hit on the system for various
CEP. As stated earlier , the damage estimate~ ‘:ere developed using one mortar
roun d . Mortars tyoicall y have CEPs in the .48-m to 60.96-rn (100 to 200 ft)

V range. A CEP of 60.96 rn (200  f t)  was selec 3d as the basis for comparison .
Assuming the spacing between units to be 1~ .4 m (57 ft) , 4.6 units would be
damaged by one mortar round resulting in approximately 3.6 percent damage.

In the area of sabotage , an ex pl osi vc charge proper ly placed at the base
or pivot points would  com p le tel y eliminate the unit. Vandalism would produce
a small amount of damage which could easil y be repaired. Similarl y, civil
disturbances would produce a small amount of damage.

I t i s est i ma ted that t~ e earth quake su rv i vab i l i t y  is very good , and the
unit will resist 40.23 t 44.70 rn/s (90 to 100 mi /b ) winds .
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Methods to harden the system include increasing the size and stren;th of
the ctructural supporting members , cons truc ti n g th e re f l ec to r  of a ba l l i s ti c-
a l l y res i stant ma ter i al or of a ma ter i al tha t woul d a l low  the fra gmen ts to
pass through , thus minimizing the damage to the reflector area . Of course ,
the control systems can be placed underground to prevent damage to the motors
and turbi ne generator . Detailed anal yses of t he uni t may in di cate tha t cer-
ta in  com ponents are more va luab l e  than others , and a desi gn could be developed
in order to protect these components by allowing the system to fail before the
components are damaged.

(2) Solar organic vapor turbine generator--The solar organic vapor tur-
bine generator (Figure 3 ) is composed of parabolic troug h solar collectors
that concentrate the energy on a pipe line that runs the length of the collec-
tor. A fluid conta ined in the pipe is heated and fl ows to energy conversion
units (Section II). The trough collectors were assumed to be sing le axis
tracking but could be dual axis and constructed by conventional design pro-
cedures and materials. The reflector section can be constructed from mirror
sections (as with the solar gas turbine generator) , highly reflective metal ,
or laminating a reflecting material to a parabolic trough form . The collector
array was assumed to oe concentrated in one area with a collector spacing of
5.03 in (16.5 ft) [3 times the collector diameter of 1.68 in (5.5 ft)].

W ith respect to nuclear survi vability , the range is 914.40 m (3,000 ft)
V 

equal to the solar gas turbine generator and is dependent on the type of con-
struction of the parabolic reflector. Damage from airblast may cause mis-
alignment of the’ piping system . Conventional weapons will produce both frag-
mentation and airblast damage . Fragmentation effects from one mortar round
will produce approximately 2 percent reflector reduction. Airblast damage
will be contained within the area of fragmentation effects.

Methods of harden ing the system include upgrading the structural members ,
varying the reflector construction as previously mentioned in the other sys-
tem s , usin g ballistically -resistant plastic tubing similar to Lexan®,design ing
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joint coupling s to fail at selected pressure levels to minimize damage
and repair time , an d loca ti n g the control systems un der ground . It  has been
shown that wind forces can be significantly reduced if a perimeter fencing
similar to snow fence is located around each collector array. The probabi l-

ity of a direct hit can be greatly decreased if the collector array is divided

into smaller arrays located around centra l control systems . For example , a V

single array covering 18 ,952.2 in 2 (204,000 ft2) woul d have a probability of

a direct hit of 67.4 percent [CEP 60.96 m (200 ft)]. Dividing the array

i nto four secti ons of 4,738.1 rn ’ (51 ,000 ft2) each would reduce the probabil-

ity of a direct hit to 24.5 percent [CEP = 60.96 in (200 ft)].

Sabota ge , van dalism and civil disturbances are interrelated. Again , an
explosive charge pro perl y placed at the pivot points or base of the collector

V would term inate operation of the unit. Depending on the construction of the

col l ector , vandalism would produce little damage.

The ef fec t of stron g g roun d mo ti ons on pi p in g systems makes t h i s  sys tem
more susce pti ble to ear th quakes than the sol ar gas turb i ne genera tor . How-
ever , the pip in g system was assume d to be f a i r l y flex ib le wh i ch would a l low
the system to survive . The system possesses a low structural profile com-

bined with adequate dynamic foundation design which increases its earth quake
surv ivability . If the trough collectors are stowed in the “concave down ”

position , the resis tance to wind forces is S n i fi car it l y i ncreased.  I t i s
estimated that the collectors could survive V 40.23 to 44.70 rn/s (90 to
100 mi /h) wind wi t~out da’~age .

• (3) Sola~~pho~ovo1taic systems--Solar photovoltaic systems (Fi gure 5)
convert the :~Ufl .V ~ne r’j , directly to electrical power. The photovoltaic cells
must be cooled to increase efficiency which requires a piping system . Con-
struct ion of the system was assumed to be conventional in nature and suf-

ficient to resist typical wind forr es [13.41 rn/s (30 nil/h)].

On the basis of this in Fo rcV ation , i t is assumed the survivability against
a nuclear threa f ~u ; i d ~~~~ sli ghtl y improved over the preced hig systems . This

V 
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assumption is based primarily on the increased resistance of the glass mater-
ials used in the photovoltaic system . It is estimated that the arrays and
control building will wi thstand 0.012 to 0.028 MPa ( 3  tu 4 lb /in 7) at a
4921.26 m (1 ,500 ft) range. However , the susceptibility to damage from frag-
ments produced by conventional weapons is increased. In photovoltaic sys-
tems , damage to one cell causes the efficiency of the system to he signifi-
cantly reduced if proper circuitry safeguards are not incorporated in the sys-
tem desi gn. This fact might require the damaged unit to be completely removed
from the circuit so that the energy produced by other units would not be
draine d by the damaged cell. Estimated damage produced by one mortar round
would result in a 12 percent reduction in photocell operation . This reduction
may be larger if the proper safeguards are not included in the design.

Survivability from sabotage , vandalism , and civil disturbances are ap-
proximately the same as for preceding systems ; and damage estimates are small
for vandalism and civil disturbances. Susceptibility to vandalism is de-
creased slightly since the target area is small. The individual units are
resistant to earthquake forces because the cel l arrays are sectioned . It is
estimated that a conventional design should survive 40.23 to 44.70 rn/s (90 to
100 mi/h) winds .

Methods of hardening the system include locating the control systems
underground , providing a perimeter fence to reduce wind loads , construct in g
the photovoltaic cells on a concrete or steel frame support system , using a
high tensile strength plastic to increase the allowable membrane stresses
induced In the cell lenses , and divid ing the array into smaller arrays to
decrease the probability of a direct hit.

(4) Solar pond-—The solar pond system consists of a large salt water
reservoir in which the water becomes stratified due to various salt contents.
Heat energy is trapped in the lower layers which can then be tapped for heat-
energy conversion. The pond was assumed to be approximately 304.8 m (1 ,000
ft) diameter (250 kW of energy produced) and a control building of 92.90 m 2

( 1 ,000 ft2).
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It is estimated that a 0.61 m (2—ft ) surface wave would V cause the wa ter
stratification to be disturbed to si gnificantl y affect the efficiency . This
equates to 0.13 PIPa (19 lb /in 2) over pressure from a l-kT nuclear weapon at a
range of 182.88 m (600 ft). The control building is estimated to survive
approximatel y 0.03 MPa (4 lb/in 2) at a range of 457.20 m (1 ,500 ft). Damage
from conven tional weapons would be more severe because the weapons would be
detonated in the pond rather than at some range removed from the pond . Also

the fact that the pond requ i res a larger amount of time to reach equilibrium

wi th respect to stratification of the salt water layers would mean that a
sli ght di sturbance would further inhibit strati fication . The probability of
a direct hit from a mortar round is very hi gh since the pond requires a large

area. This same fact causes the system to be hig hl y susceptible to sabotage ,
vandalism , and civ il disturbances. Damage from a small exp losive char ge would
cause the pond stratification to be disturbed , but small obje :ts (e.g.,

stones) are believed to have little effect on the system operation. However ,
the survivability from earthquakes and wind forces is greater than in previous
sys tems .

Very few methods exist that enable the solar pond system to be hardened .
The control building can be located underground to increase its surviva bility . V

The requ i red pond area can be d iv id e d in to several smal le r  ponds wi th a
central control system , but th i s increases  th~ main tenance and decreases the
reliabi l ity of the system due to the concent rated brine solution and corro-
sion problems. It has been suggested to co ;truct a protective dome of
transparent material above the pond. This has the disadvantage of a reduction
n efficiency due to water condensing on the inside of the done and absorbing

the solar energy. V . protect ive screen could be placed over the pond , but
ver y few materials exist that are transparent enough to allow solar radiation
to pass throug h and still have suffi cient strength to be ballisticall y resis-
tant.

(5) Solar steam turbine _generator--The solar steam turbine generator V

(Figure 9) is composed of ar~ array of d .~ 1 -axis tracking reflectors that re-
lect and concentrate the sun ’ s energy on a boi l er mounted on a tower ap-

pro ximately 5 0 . 29  ni (~ 65 ft) high . The boiler contains water that is heated

54

• 

V 

V
.i 

V
_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



.irid r.orivnr t.ed I nt.o n 1 e~ IV r j  (.~ i 1 I)~~~Vj (V  r hi III( ,lfl oI t.u rh I ni (J(.fl(.~~~ t V~~~ rs .

I fe. I. ‘.y~ tMnI (1 MW) r equ l r~s ir~ arr 4y of / ,000 ./4 rri~ (/ 5  •
~ 5( j  f t~ ) of ml

ror V Vur fac e area covering approximatel y 17 ,419 .32 m~ (thl ,500 ft 7) of l a n d
area. A control building of 9.29 m’ (100 ft~) was assumed for the system .
Assum ptions were made pertaining to the structura l configuration of the
mirror units.

Survivabilit y from the l-kT nuclear device is estimated at 914.4 m
(3,000 ft) [0.007 to 0.014 tiPa (1 to 2 lb/in 2)] range for the mirrors and ap-
proximately 457.2 in (1 ,500 ft) [0.020 to 0.028 IlPa (3 to 4 lb /in 2) for the
tower and contro l building . One mortar round would produce approximately 17
percent reflector damage. The probability of a direct hit on the array is
very high but is low for the boiler tower and control building because a much
smaller area is exposed .

The tower is highly vulnerable to sabotage because a critically placed
explosive cherge would demolish it. Similarly, the reflectors are vulner able
but would require many charges to be disabl ed . The susceptibility to van-
dal i sm and civil disturbances is also high due to the open array of reflec-
tors , but damage is estimated to be small. It is estimated that the reflec-
tors are capabl e of sustaining 40.23 to 44.70 rn/s (90 to 100 mi /h) wi nds and
the tower is capabl e of sustaining approximately 67.06 rn/s (150 mi/h) wi nds .
Earthquake resistance for the reflectors is high , but the tower is very sus-
ceptibl e due to its concentrated mass contained in the boiler mounted on top
of a flexible supporting structure .

Methods to harden the system incl ude undergrounding the control buildin g,
constructing the reflectors of a balli stically resistant material or lami-
nating a reflective surface to the panel s , strengthening the structura l mem-
bers , lesigning the structure to fai l at a critical location to minimize
damage, and using a perimeter fence to reduce wind forces on the heliostats.
It is possible to divide the refl ector array into groups , but the accuracy of
the alignment system must be increased because the distances between the
heliostats and boiler are greater. An alternative is to construct other tower
and boiler units that would be used in parallel to generate the required power
at a central control system .
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(6) Radioisoto pe-fueled gas turbine generator--The radioisotope -fueled

gas turbine generator (Figure 11) is the most compact of all the systems .

For a 10—kW unit , approximatel y 6.50 in2 (70 ft2) are required. Twenty-five

units are required for 250 kW. Its operation is detailed in Section Il . A
standard un it was assumed to be housed in a typical operation building (lig ht

steel frame construction).

The possibility of survival from nuclear attack is governed by the struc-

ture which woul d be approximatel y 457. 2 m (1 ,500 ft) range at 0.03 MPa (4
l b /in 2). This unit would also survive a conventional weapons attack fairly

well since a small amount of area is exposed . This fact is indicated by the
low proba bility of a direc t hit (Table 5). However , the com pac tness of the
system is a disadvan tage to its survivability from sabotage , to which i t is

highly susceptible. Vandalism and civil disturbances would cause minor damage

to the system . The system is estimated to su rvive earthquakes of reasonable
magnitude and 40.23 to 44.70 rn/s (90 to 100 mi/h) winds.

Due to the com pactness of the system , the only app l i ca bl e metho d to
harden it would be to locate it underground. This location would increase its

nuclear survivability to 1.03 MPa (150 lb/ in 2 ) at a range of 91. 44 rn (300 f t ) .

(7) W ind energy conversion~~ nms--Tb~ win d energy conversion systems

(Figure 13) include the HAWT and VAWT , res pec t ivel y. Only the VAWT was con-

sidered for the survivability analysis. Tb blades were assumed to be ap-
proximatel y 457 .20 mm (18 in) wide with a total height of 45.72 m (150 ft)
and turbine diameter of 30.48 rn (100 ft) for a 250-kW system .

For nucl ear survivabil ity the s~~teni is estimated to withstand a 0.03 MPa
(4 lb/in 7) incident overpressure which equates to approximately 48.768 in
(1 ,600 ft). A computer code anal ysis on a typ ical VAWT indicated that the
su ppor ti ng stru ts to the b la des were the weak l i nk in the system . The same
effect was observed due to forces from a 71.53 rn/s (160-mi /h) wind. It is es—
timated that very little damage would result from one mortar round. Assuming
a fragment density of one fragment per 0.93 in2 (10 ft ’), I t is est imated th at
less than 5 percent damage will re :Vj l~ to VAWI blades if a mortar round im-
pacts 21.34 m (70 ft) from the system . This would cause the bl ades to have
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one fragment every 1.52 to 1.83 m (5 to 6 linear feet) of bl ade. The fra gment

may range from very small to 12.70 mm (one-half in) in size. Damage is

repairable by means of the tech~iology develo ped for helicopter blade repair.

However , the system is susceptible to sabotage , althoug h vandalism and
civil disturbances have little effect. Analyses have indicated that the VAW T
with standard dynami c foundation design procedures is hi ghly survivabl e to

earthquakes with a factor of safety greater than two .

Methods to har d en the system are limited to plac i n g the contr ol systems
underground , leaving only the turbine blades above ground. Again , the system
can be des i gned so that the critical components of the system (e.g., genera-

tor and gearing mechanisms) are not damaged by the oscillating action of the

blades by nuclear air blast and wind forces. The turbine blades can be con-
structed by use of a ba llistically resistant material in order to minimize
fragmentation damage .

(8) Geothermal--Geothermal energy systems are the rsDst survivable of all
the energy systems discussed in this report . This c la im is true because most
of the components of the system are underground. It is estimated that a
totally underground geotherma l system would be capable of surviving a l-kT
nuclear weapon at 91.44 m (300 ft) which produces approximately 1.03 MPa
(150 lb/in 2 overpressure. However , if the control building is located above
ground , then the survival is significant ly reduced to the 457.20 m (1 ,500 ft)
range at 0.03 MPa (4 lb/In 2 . Conventional weapons , with the exception of a
direct hit , would produce very little damage. An aboveground building is
estimated to sustain 40.23 to 44.70 IlPa (90 to 100 mi /h) winds. Vandalism
and civil disturbances have little effect, depending on the degree of access
to the system . Sabotage maintains a significant role but is the least for
any of the systems . Earthquake susceptibili ty is estimated to be low but is
dependent on the depth of the wells arid proximltj to the epicenter .
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SECTION V
DECISION MATRIX

INTR O DUCTION

In th i s  section , a decis ion matr ix  is devel ope d i n or der that  the para-
meters of ac qu i s i t i on cos t, O&M cost, r e l i a b i l i t y  an d su rv iva bi l ity of each
system against nuclear threats , conventional weapons threats , sabotage , van-
dalism and natural disasters may be compared . For each parameter mentioned
a bove , the system was gi ven a ra tin g of from 0 to a maximum of 10 for both a
standard system and a hardened system . The energy systems which were rated
represent the systems discussed in Secti on II (Table 2). A diesel generator
was included for comparison .

While the ratings applied to the system s are admittedly subjective , it is
felt that the comparison is fair and rational. Although the ratings were made
based on the total system , at times they may be misl eading . For example , the
acquisition —cost rating was based on the system size from Section II and was
not done on a dollar—per-kilowatt basis. This method was followed because
some of the systems cannot be used for very lar ge or very small power levels.
The ratings for 0&M costs and for reliability were based on the established
system . In many cases , modifications could be made to improve the reliability

or to reduce O&M costs of a system . Such modifica tions would normally in-
crease acquisition costs and would onl y be carr ied out on the bas i s of an
analysis of the problems or the unique requirements of a specific site .

MATRIX

Tables 6 through 14 give the ratings of the individual systems. Table
15 compares all the systems. For each parameter in Table 15 , two numbers are
given : the number in the upper left represents a standard system , and the
number in the l ower right represents a hardened system . The number of
potential applications of these systems is also i nc lu ded . This  num ber i s
based on weather data received from Environmen tal Technical Applications Cen-
ter (ETAC). Because weather data for all sites were not received , these
numbers are probably too small. Also , they are only potential figures since
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a site—specifi c study is needed for a positive determination . Also included
along side the parameters is a bl ock for a Wei ghting Factor (from 0.0 to 1.0).

The purpose of the Weighting Factor is to allow for variations at specif-
ic sites . For example , at DEW sites , it is doubtfu l that vandalism is much of
a threat because of the sites ’ isolation . Thus the Weig hting Factor is very
small or even zero. On the other hand , reliability is very important because
of this same isol ation. Here the Weighting Factor is large (1.0). Once a
Weighting Factor has been applied to each parameter , it is multiplied by a
value for each system analyzed . These numbers are then added together and
divided by the number of parameters . This number is then multiplied by 10 to
yield a percentage value. An example of this computation is provided below .

For this example , BAR—Main on Barter Island , Alaska , was studied. BAR-
Main is a DEW site under the ADC. It has a power requirement of 600 kW which
is currently supplied by a diesel generator; arctic diesel fuel is sea-lifted

in. BAR-Main has a fair wind potential with an average annual wind speed of
5.77 rn/s (12.9 mi/h). BAR-Ma in also appears to have a fair solar potential

from April to August when the winds are l owest. Due to the fact that the
solar potential is only part-time , it was decided that solar systems are not
applicable; thus the anal ysis is limited to the diesel generator and WECS
systems . The radioisotope-fueled gas turbine generator was ignored because of
its small power capabilities , and geotherma l Va S also ignored due to lack of
information on the local geothermal potenti :’.

Next , the Weighting Factors are to be determined . Acquisiti on cost is
important and given a value of 0.8. O&M costs and reli ability are very im-
portant and assi gned a value of 1.0. Since this is a small base , the nucl ear
threat level is low , making the Wei ghting Factor 0.3. Conventional weapons
pose a lar ger threat and are g iven a 0.7. Sabotage is always a possible
threat and is given a 0.8. Due to the isolation of the site , vandalism is
low , and the Weighting Factor is set at 0.2. The problems of natural disas—
ters is high due to the arctic climate , and the Weighting Factor is given as
0.9. It is detenTlined tha t a hardened system is not required arid thus Table
16 is establi shed .
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TABLE 16 . EXAMPLE OF USE OF DECISION MATRI X

Weighting Diesel WECS
Factor Generator

Raw x WF Raw xWF

Acquisition 0.8 8 6.4 7 5.6

Operation and
Mai ntenance 1.0 6 6.0 8 8.0
Costs

Reliability 1.0 7 7.0 7 7.0

Nuclear 0.3 6 1.8 6 1.8

Conventional 0.7 7 4.9 7 4.9

Sabotage 0.8 2 1.6 2 1.6

Vandalism 0.2 7 1.4 6 1.4

Natural 09 8 72 7 72Di sasters

Total 36.3 37.5

e8, x 10 45.4 46.9
Percent Percent
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These numbers are then added up, divided by the number of parameters and
multipl i ed by 10 to yield a value of 45.4 percent for the diesel generator
and a value of 46.9 percent for the wind system . From this anal ysis , the
WECS appears slightly better than the diesel generator. Without the Wei ghting
Factors , the diesel generator would have been slightl y better: 63.8 to 63.5
percent.

This  anal ysis is inte n ded to be onl y a gui del ine for es tabl i sh i ng fur ther
study areas and was not desi gned to be a final decision tool . The final de-
cision must be made on the basis of more specific informati on .
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