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1. Introduction

For activities on the moon, it is important for us to secure energy‘ in the nightﬁme. The moon
has a night that lasts for a period of approximately 14 days and has a surface temperature that
drops to approximately -170°C on the equator. For human beings and equipment to carry out
a mission on the moon for a long period, it is a significant challenge in the moon exploitation/
utilization concept to secure a steady energy source, including the protection of both human

beings and equipment against such a severe cold environment on the moon.

This paper is intended to deal with the “Glass Ocean System” which was studied for fiscal
1994 as a new concept system capable of supplying a stable energy produced on the moon.
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2. Outline of Glass Ocean Concept

2.1 Qutline of Glass Ocean Concept

It is known that one of the features on the regolith of the moon is a very low thermal conductivity
and a constant temperature several tens of centimeters under the surface day and night (-20°C
around the equator). From this, it may be gathered that the regolith on the moon functions as

a kind of excellently heat-insulating thermos bottle.

In this thermos bottle, a heat storage agent is to be generated using materials available on the
moon. In the daytime which lasts for 14 days, a solar heat collector is to be used to warm the
agent, which is in turn to be used as an energy pit (hot-water bottle). The heat so stored may be
used either as heat itself or electric power by thermal electric conversion. This hot-water

bottle is to be popularly named as the “glass ocean.”

The wording “glass ocean” originates from an expression of the thermal storage material. One
of the thermal storage materials now considered promisingly available is the regolith which
might well be molten in a solar heat collector (at a melting point of approximately 1,400 thru
1,700K), classified and made massive (like blocks). For other thermal storage material

candidates, furthermcre, there are ideas such as using blocks made by chemical reactions

SULVEL

gas such as helium or nitrogen
aga as nelium or mitroges

In the daytime on the moon, this glass ocean is to be heated up to approximately 800 thru

1,000°C by the use of a solar heat collector while the temperature difference between the glass
ocean and the moon surface (about -170°C on the equator) is utilized in the nighttime to generate

eiectricity. In the daytime, the glass ocean is heated with the solar heat collector while

1

simultaneously generating electricity, using the temperature difference between the solar heat

collector and the moon surface.

Fig. 2.1-1 shows an outline of the glass ocean system concept.

g
may be considered possible, moreover, that the glass ocean constructed

ated with the regolith later. The performance of the glass ocean

largely depends upon the heat transfer efficiency. It is necessary, therefore, that a heat pipe, a

metal plate, etc. should be inserted so as to come into full contact with the glass ocean.
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Solar heat collector system

Thermo eiectrig
power generation

Thermo electric Moon
power generation  surface

Fig. 2.1-1 Schematic, Glass Ocean Concept
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2.2 Securing Self-Proliferativity

As one of the significant problems involved in mapping out a2 moon exploitation/utilization
scenario, it should be pointed out that an immense volume of things needs to be taken from the
earth to the moon. In a variety of moon base construction scenarios so far proposed, the
haulage cost has occupied a very large percentage of the total investments. To realize the
economic exploitation/utilization of the moon, it is necessary to minimize the cost incurred by

the haulage.

With such problems taken into consideration, the Glass Ocean system should aim at the
maximum use of resources available on the moon and at self-proliferativity, based on energy

produced on the moon.

Fig. 2.2-1 shows the effective utilization of lunar resources in the glass ocean.

The main minerals composing the regolith are pyroxene, feldspar, olivine, and ilmenite. In

-

~ln A to Aot o N A T A A s 7, A 1 y s 2
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of the moon, more than 80 percent by weight is occupied by four elements, oxygen, silicon,
iron and aluminum (of which a little more than 40% is occupied by oxygen).

Conductor
% Radiator member
Beam collector member

' Various types of members

Thermite structure
Thermo electric conve

Semiconductor

Fig. 2.2-1 Effective Use of Lunar Resources in Glass Ocean
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To bring about substantial use of the moon in the face of the challenges already referred to, it
would be best to make the most of those elements abundant on the moon surface. To secure

the self-proliferativity of the glass ocean system, the lunar resources may be considered utilizable

as follows:

g Regolith
o Heat the regolith in a solar beam collector furnace to make fusion blocks.

o Pack such fusion blocks in sand bags, which are to be in turn used as structural

members.

& Iron
» Make various types of members and mechanical parts.
g Aluminum
» Make conductors of aluminum as a copper substitute.
¢ Make radiator members.
> Make beam collectors especially on the surface
g Iron Oxide (ilmenite) + Silicon
s Materials required for a silicone thermite reaction to form members and blocks
[a combustion synthesization of (iron oxide = ilmenite) + silicon — iron (+ titanium)
+ silicic acid]
B Iron + Silicon
e Producing a thermo electric converter of iron silicate
B Silicon

miconductors (nower amnplifiers., etc.)
e SES NPV VR SAAAIRRR LAy AR

Once the glass ocean has allowed a certain level of electric power to be produced on the
surface of the moon, it becomes possible to extend the system on a self-proliferative basis by

producing the above-mentioned substances using lunar energy.
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2.3 QOutline of Thermal Storage

The regolith has a thermal conductivity of approximately 0.01W/m -« K. It may be considered
as an excellent heat insulator as compared with glass wool, blankets, wool, asbestos and cork,
all of which have a heat transfer range of 0.04 thru 0.06W/m - K@. This excellent heat insulation

originates from the powdered condition of the regolith.

With the glass ocean assumed to have an initial temperature of 1,000°C, a drop in temperature
due to radiating heat has been calculated while reckoning the regolith surface’s radiation of
0.92®. For this calculation, the SINDA (Systems Improved Numerical Differentiating Analyzer)
has been used. The glass ocean has a temperature drop of approximately 23°C in the moon
nighttime (14 days) at a regolith thickness of 1.0 meter on the glass ocean and of about 43°C at
a regolith thickness of 0.3 meters. Thus, the regolith has been proved to have a sufficient

capacity as a heat insulator. (Figs. 2.3-1 and 2.3-2)

Radiation rate: 0.92

Regoilith
Thermal conductivity: 0.01W/meK
Initial temperature: -20°C

Initial temperature: 1000°C

Fig. 2.3-1 Analytical Model
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Fig. 2.3-2 A Drop of Temperature in the Glass Ocean

A description is given below of the thermal storage. Quartz glass has a thermal conductivity
of 2W/m-K®@. Itis predicted that the glass ocean, a solid of the lunar regolith once molten, has
a thermal conductivity near to that of quartz glass. The difference in thermal conductivity

from the regolith is used to make a flow of thermal energy, which is in turn converted to an

electric energy by the use of a thermo electric converter or the like.
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Table 2.3-1 shows the thermal conductivity of various materials which are likely to make up
the glass ocean system. Any of these materials is considered to have a thermal conductivity of
about one hundred times that of the regolith. From this, it can be gathered that the heat may be

stored by a wide diversity of methods.

Table 2.3-1 Thermal Conductivity by Material

Material Thermal conductivity (estimated)
W/m-K
Regolith 0.01
Cast glass 2~25
Thermite material (SiO2+Fe) > 1.6
Regolith in which helium gas is mixed 0.84 ~1.76"

References (2.3)

(1) NASA SP-330, Apollo 17 Preliminary Science Report, 1973

(2) Chronological Table of Science edited by National Astronomical Observatory, Maruzen

(3) IPL D-8160, Thermal Environment, 1991

(4) B. Tillotson, ATAA 91-3420, Regolith Thermal Energy Storage of Lunar Nighttime Power, 1991
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2.4 Size of Glass Ocean

On the assumption that heat can be ideally stored and radiated at 0°C thru 1,000°C day and
night, let’s calculate the size of the glass ocean required to generate 100kW (order considered
to be required for a lunar base in the initial stages) of electric power in the moon nighttime. It

is supposed that the glass ocean is to be made of cast glass.

We=1n-Wm-(Cph-Th-Cpl-TI)

where
We : Total electric power required for 14 days [1.21 x 10! (J)]
n : Power generator system efficiency [5%]
Cph : Specific heatat 1,000°C [1.11 (J/g - K)]
Cpl : Specific heat at 0°C [0.70 (J/g - K)]
Th : Temperature, glass ocean (when hot) [1273 (K)]
T1 : Temperature, glass ocean (when cold) [273 (K)]
Wm

. Weight, glass ocean

Therefore, we can get Wm = approximately 1,980 tons. If the glass ocean has a density of 2.5
(g/em?), it will have a volume of approximately 792 (m?). And the glass ocean is a cube whose
“sides are approximately 9.25 meters each (Fig. 2.4-1). As far as the specific heat of the glass
ocean is concerned, data has been obtained from the quartz glass at 0°C and 500°C. The
specific heat of a solid tends to increase as the temperature rises. In reality, therefore, the
specific heat will be far higher at 1,000°C. And it is expected that the model specified herein

will have a larger thermal storage capacity.

1000C—0C

)

9.25m

Fig. 2.4-1 Calculating the Size of the Glass Ocean
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World population (1 billion

2.5 Transferring Knergy to the Earth

An exhaustion of resources on the earth is a social problem at a worldwide level, which will be
far more serious in the 21st century than ever. Great difficulties are expected to be encountered

with energy resources, among others, coupled with an increase in the world population.

Fig. 2.5-1 shows a prediction of the increases in world population” and in demand for eleciric

opilation _ =

| =, =%
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ol w7 |
51 Y 7 3

2050 2100 2150
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In approximately half a century, the world population will reach twice the current level. If the
electricity consumption per capita® is assumed to remain at the present mean level, the electricity
demand will be doubled as compared with the present level (when the electricity consumption
level is low). If the electricity demand per capita should reach the current level in Japan, the
electricity requirement fifty years ahead will amount to five times the current electricity
consumption (when the electricity consumption level is high). As a means of supporting such
an energy demand increase beyond the finite resources on the earth, extra-global resources are

available. And the glass ocean is considered usable as such an element.
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The most significant feature of the glass ocean is that it is extensible on a self-proliferative
basis. Making the most of this feature might well allow us to obtain a far larger return of
energy than the initial investments (energy) made from the earth. The glass ocean system,
moreover, has a smaller number of operating portions, being considered to have a far longer
service life than that in a power generating system on the earth. Itis, therefore, advantageous

from an extension point of view, too.

Using the energy generated in the glass ocean system and the Junar resources already referred
to will permit a new glass ocean system to be constructed without resorting to the resources
from the earth as far as is practicable. And the electric power generated in the glass ocean
system so extended is to be transmitted to the earth. Similarly to SPS, a microwave power

transmission system will be available to transmit the electricity from the moon to the earth.

From this point of view, studies are being now underway into the feasibility of a power-

generator plus power-transmission system, through which the 5GW power is transmitted from
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3. Studying a 100kW-Class Power Generating System

3.1 System Trade-off and Feasibility Study

3.1.1 Comparing and Studying System Configurations

A glass ocean system is broadly composed of the following three portions:

» Heat collector unit

Collecting solar beams and transferring their heat to a thermal storage unit,
o Thermal storage unit

Storing the heat collected in the heat collector unit so that it can be used to generate

the electricity in the nighttime, and

e Power generator unit
Generating electricity in the nighttime, using the heat stored in the thermal storage
unit in the daytime.
What is commonly contained in the units referred to above, moreover, is the heat transfer unit
to store the heat on an inter-unit basis. In addition, a radiator unit is also included to generate

the temperature difference required for the power generator unit to generate electricity.

(1) Heat Collector Unit

To collect solar beams for the obtainment of a high temperature, a parabolic heat collector is
generally employed. This method has been studied for its practical use and found to have a
high level of heat collection efficiency. Nevertheless, the heat collecting cenier needs to be
located remotely from the parabola so that the heat transfer route to the thermal storage unit

will tend to be long.

ollector unit is conically shaped to

o
S

Another conceivable method is that in which the heat

collect solar beams at the top of the cone. In this case, the cone top is the heat collecting center
so that the heat transfer route to the heat storage unit 18 relatively short. It is also structurally
simple. Nevertheless, a certain incident angle might hinder beams from reaching the heat
collecting center or might require two or more reflections for the solar beams to reach the

center. As a result, this heat collector unit is less efficient in collecting heat than the parabolic

type.
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Solar beam input

Solar beam input

Heat collecting center

Heat collecting
center

Fig. 3.1-1 Shapes, Heat Collector Unit

Moving the heat collector unit so as to directly face the sun would permit the heat collecting
efficiency to increase. If this system should have a size enlarged to transmit the electricity to
the earth, however, it would be realistically difficult to change the direction of the parabola,
because the heat collector unit will be sized to a level of several ten meters thru several hundred

meters.

From the above, it may be gathered that a stationary type parabolic heat insulator unit is

appropriate for the glass ocean power generator system.

s

T £ A he A
Power Generalor Unit

Nagser”

S
L

P

The heat collected must be converted to an eleciric energy by a certain means. The systems t0
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Heat source Dynamic organ, Brayton cycle

mechanical energy

—1 Rankin cycle

! Stirring cycle

Electrostatic system, Thermo electric conversion
electric energy

— Thermioric conversion

L— Alkaline metal thermal electric conversion

Fig. 3.1-2 Classification of Energy Conversion Systems

The system employing a dynamic organ is very highly efficient. Nevertheless, it requires
advanced mechanical components, whose production on the moon is considered impossible

anyway.

The technology which could be considered appropriate for employment in the glass ocean
system would be such a system as to be relatively simply constructed and free from rotary
parts while requiring little labor for maintenance and converting thermal energy directly to
electricity. Thermo electric power generation may be considered the most promising at present
from the viewpoint that the materials required to generate electricity on the moon are procurable

with relative ease.

(3) Thermal Storage Unit

L E

As far as the thermal storage unit is concerned, a few system configurations may be envisaged.
Figs. 3.1-3, -4 and -5, respectively, show three different types of thermal storage systems.

In each system, the thermal storage unit is surrounded with sandy regolith, thereby forming a
configuration to prevent the thermal storage unit from radiating by use of the regolith’s excellent

heat insulating property.

Those regolith blocks which are to be used as a heat storage element in Systems 1 and 3 are the
regolith which has been molten (at a melting point of about 1,400 thru 1,7OOK) and solidified
into blocks. And they may be considered to have a thermal capacity at a level identical with

that of glass.
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Those metal elements contained in the regolith, which occupy a large percentage, are silicon,
iron and aluminum. As shown in Table 3.1-1 indicating their respective thermal conductivities,

aluminum is the most highly thermally conductive®.

Heat collec

Power generator unit

tor unit (including the radiator unit)

S

Sandy
regolith

.....

transfer hea‘t o

Heat Storage Element : Regolith blocks which are the regolith molten and solidified.

Heat Transfer Medium : Flat plate-like or rod-like iron material made of iron which has been

extracted out of the regolith.

Fig. 3.1-3 Schematic, System 1

Power generator unit
(including the radiator unit)

........

.........

T e « o« o o 8 s o s e o 8 e o' e w s

Hermetlca!!y
* sealed area

Heat Storage Element : Sand

y regolith in its naturally existing state on the moon

Heat Transfer Medium : Nitrogen or helium gas

Fig. 3.1-4 Schematic, System 2
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Power generator unit
Heat collector unit (including the radiator unit)

Hermetically ' .7 Sandy
sealed arga _sin| belnmmmn = ' regolith

...........
............
- B Ry gl - R
.........

.........................

Heat Storage Element : Regolith blocks which are the regolith molten and solidified

Heat Transfer Medium : Nitrogen or helium gas

Fig. 3.1-5 Schematic, System 3

Table 3.1-1 Thermal Conductivity®, Al, Fe and Si

Thermal conductivity W/(m « K)
Temperature - Aluminum fron Silicon
K Al Fe Si
150 248 104 409
250 235 86.5 191
300 237 80.3 148
600 232 54.7 61.9
800 220 43.3 42.2
1000 oo 32.6 31.2
12001 --o-e- 28.2 25.7
Table 3.1-2 Melting Point®, Al, Fe and Si
Aluminum Iron Silicon
Al Fe Si
Melting point K 933.5 1810 A 1685
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As shown in Table 3.1-2, however, aluminum which has a low melting point is inapplicable to

the thermal storage unit whose temperature will rise up to approximately 1,200K.

In System 1, therefore, an iron material is to be used as the heat transfer medium. This,
however, would inevitably be considered very poor from the viewpoint of heat transfer
efficiency. This has remarkably reduced the possibility that System 1 may be economically

feasible.

To raise the heat transfer efficiency, moreover, it is considered necessary to treat both regolith
blocks and iron material on the surface as smoothly as possible so that their contact area will
be maximized. It will be difficult, however, to perform such an accuracy-demanding operation

on the moon.

System 2 is of such type as to use the sandy regolith in its natural state as the thermal storage
element. And the nitrogen gas or helium gas which is reportedly contained most in the
overburden of the moon is to be used to transfer the heat. In the heat collector unit, the gas is
heated and the hot gas is circulated through the sandy regolith so that the heat will be transferred

to and stored in the regolith.

Such mechanical parts as a pump, etc. will be considered for circulating the gas. If there are
difficulties involved in manufacturing them on the moon, the mechanical parts may be

transported from the earth.

To use a gas, some means should be used to make a hermetically sealed space. If the regol
under the ground is solidified like a wall by use of a thermite reaction, it will be pOSSlbI

. PO L opinm mit e dley cmnlad o a seritlmint hiaxriees 3
construct the hermetically sealed space without having to dig the regolith. This system,
moreover, does not require regolith blocks to be made

From these points of view, System 2 may be deemed simplest as a construction method among
the systems herein studied. Since the gas is circulating, however, the sandy regolith swirls up
and adheres t0 the wall surface of the pipes through which the gas is circulating, and to the
interior of the pump. And this would probably prevent the power generator system from

functioning properly.

System 3 is to employ regolith blocks as the thermal storage element like in System 1 and
nitrogen as the heat transfer medium like in System 2. Regolith blocks are arranged at
appropriate intervals in the hermetically sealed space provided under the ground of the moon.
The nitrogen gas whose temperature has risen by being heated in the heat collector unit is
made to circulate through the hermetically sealed space by means of a pump so that the heat

will be transferred to and stored in the regolith blocks.

System 3 would eliminate the necessity of applying an iron material of low thermal conductivity
as in System 1, and the possibility that the sandy regolith may affect the gas circulating route
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as in System 2. Nevertheless, System 3 involves some structural problems such as requiring a
large amount of regolith blocks, creating the space for an arrangement of thermal storage units
on the moon and treating the space so that the gas does not leak. Nevertheless, this system

may be deemed the most feasible among the systems studied as reported herein.

3.1.2 System Heat Balance and Heat Loss

Fig. 3.1-6 shows the energy flow, through which thermal energy is converted to electricity in

the glass ocean power generator system, based on a solar beam heat energy input.

Solar beam input
Thermal input total = Heat collecting area x 1323 W/m?x 86400 sec x 14 days

For nighttime

For daytime
power generation

power generation

2419E + 12

Power ) g Heat loss 10.6% Heat loss 0.3%
generating g
gfficiency &
5%, ¥ H
Electricity Electricity
production production
100 kKW 100 KW

Fig. 3.1-6 Encrgy Flow

This energy flow has been herein studied on the following prerequisites:
o Generate electricity in equal quantities both day and night.

e Generate 100kW both day and night.
e In the daytime, generate electricity with 50% of the solar beam heat energy input, while

storing the remaining 50% in the thermal storage unit.
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s In the nighttime, generate electricity, using the heat stored in the thermal storage unit.

s Set both thermal storage unit and piping to a heat loss of 10% on the total heat loss in the

daytime and 0.1% in the nighttume.
> Solar beam heat input density: 1,323W/m?
 Heat collector efficiency: 60%

¢ Power generating efficiency: 5%

To generate 100kW of electricity day and night for a period of 14 days, a total thermal energy
is required as indicated below. From this energy, the nighttime power generating portion is

stored in the thermal storage unit and consumed to generate electricity in the daytime.

The thermal energy required to generate 100kW of electricity for 14 days:
= electricity production X 14 days X 24 hours X 3,600 sec./power generating efficiency
=100 x 10°W x 14 x 86,400/0.05

=2.4192 x 104 (3.1-1)

The thermal energy which must be collected in the solar beam heat collector, therefore, may

be calculated as follows:

Thermal energy collected in a solar beam heat coﬂector:‘
= thermal energy to generate 100kW of electricity/(1 - daytime heat loss)
+ thermal energy to generate 100kW of electricity/(1 - nighttime heat loss)
=2.4192 x 10"J/(1 - 0.106) + 2.4192 x 10"2J/(1 - 0.03)

=520x 10" (3.1-2)

Of this thermal energy, 52.0% is used to generate electricity in the daytime while the remaining

48% is used to store heat for the nighttime power generation.
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Assuming that a heat collecting efficiency of 60% is available, the thermal input collected in

the solar beam heat collector is totaled as follows:
Thermal input total:
= thermal energy collected in the solar beam heat collector/heat collecting efficiency

=520x10"J/0.6 = 8.67 x 10 (3.1-3)

To collect the thermal input, the heat collector unit area required may be obtained by the

following expression:
Heat collector unit area:

= thermal input total/(solar beam heat input density X 14 days x 86,400 sec.)
= 8.67 x 1012J/(1323 x 14 x 86400)

= 5.42 x 10°m? (3.1-4)

If the heat collector unit is of circular parabolic type, the circle will have Radius r as follows:
Heat collector unit radius:
= SORT (heat collector unit area/n)

= SQRT (5.322 X 1®’m?¥m) = 42m

1

Next, the volume of a glass ocean thermal storage unit required to generate the electricity

: cntord ahetre to fe
indicated above is to

In a 100kW-class glass ocean power-generating system, Energy Quantity E required t0 generate

o

electricity for a nighttime of 14 days may be obtained by the following expression:
E = 100kW/0.05 x 86400 sec. X 14 days

=2.419 x 10°kJ (3.1-7)

where 0.05 is the power generating efficiency.
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Volume V required as a heat storage unit may be obtained by the following expression:

E
p (CyTy—CLTy) (3.1-8)

V=

Subscript H : high temperature, L: low temperature.

Where C is the specific heat (kJ/kg/K) of the regolith block equivalent to glass. At Temperature
T (K), it may be expressed as follows®:

C=-1.8485 +1.04741 x log(T)  (3.1-9)

HTa=700C, TL =200°C and Regolith Block Density p = 2000 kg/m® (glass equivalent),

Volume V may be calculated as follows:
V=1,520m?

In other words, the heat stored in the daytime heats the glass ocean up to a temperature of
700°C, which in turn drops to 200°C while generating electricity in the nighttime of 14 days.
In this case, the thermal storage unit in the 100kW power generating system requires Volume

V =1,520 m*

ocean system.

Fig. 3.1-7 shows an image of the 100kW power generator system, based on System 3.

Dimensions involved are according to the study already referred to.

Thermal

storage
Solar beam heat unit
collector unit

Gas circulating pump

} 100 m B*?

Fig. 3.1-7 An Image of the System under Study
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Fig. 3.1-8 shows the relationship between gas-circulating route, thermal input and heat loss
while generating electricity in the daytime. In the study made hereunder, the gas-circulating

pipe is assumed to have a radius of 5 centimeters.

T2 d o .. .‘-é‘; ;‘{t )‘ll' . "15 : '.S

Fig. 3.1-8 Thermal Input and Heat Loss in the Daytime

<Heat Loss in the Daytime>

o Heat Collector Unit’s Thermal Input Qu, or a thermal input per unit for a period of 14 days

may be obtained as follows:
Qi =2.4x 10" (3.1-10)

where it is assumed that the nitrogen gas is heated up to around 800°C.

where A is a surface area of the exposed portion.

A=21x0.05mx17m =53 m?

o : Stefan-Boltzmann constant
£ : An infrared radiation ratio® of quartz glass equivalent at 800°C

=05

Radiation Qi is totaled at 2.4 x 10!'J for a period of 14 days, which corresponds to 10% of
thermal input Qin.
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e Thermal Storage Unit’s Radiation z

The thermal storage unit is hermetically sealed with regolith blocks several tens of centimeters
thick on the circumference and surrounded with a highly heat-insulating sandy regolith. If the
sandy regolith on the top surface has Thickness d = 1 meter, hermetically sealing blocks have
a temperature of 700°C and the ground has a temperature of 100°C, the radiation from the heat
collector unit to the ground surface due to the conduction of heat may be expressed as follows:

Q,=A—— A=900W (3.1-12)

where
A : thermal conductivity of the sandy regolith
=0.01W/mK
A : area of the heat collector unit on the top surface
=10 x 15 = 150m?

Under the ground other than the top surface, moreover, A = 650m? and Q = 4,750W, likewise,
assuming that the hermetically sealing blocks have a te'mperatufe -30°C in the vicinity of
T~

meter on the circumference. And they are totaled at 6.8 x 10°J for a period of 14 days, whic

is equivalent to approximately 0.3% of Thermal Input Q.

If the temperature is -30°C around twice the pipe diameter, a 100 meter long pipe at 500°C will

conduct the heat to the circumference as expressed by the following equation:

- 2rAAT 1w 108w 311
————— L =1 x 10°W 3.1-13
=T (1, /1) 10 (3.1-13)
\'2 L
And it will be totaled at 6.0 X 10°J for a period of 14 days, which is equivalent to approximately
0.3% of Thermal Input Q.

From the above, it may be gathered that the heat loss while generating electricity in the daytime

is totaled at approximately 10.6% of Thermal Input Q.
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<Heat Loss in the Nighttime>

Next, a study will be made of the heat loss while generating electricity in the nighttime. Fig.
3.1-9 shows the relationship between gas circulating route, thermal input and heat loss while
generating electricity in the nighttime. The gas is circulated between thermal storage and heat
generating units only in the nighttime and not through the heat collector unit. This mechanism

prevents the heat collector unit from losing any heat.

. Changing the route

Fig. 3.1-9 Heat Loss in the Nighttime

* Thermal Storage Unit’s Radiation Q2

Unlike in the daytime, the ground surface has a temperature of -150°C without any heat supplied
by the gas. As a result, the temperature of the regolith blocks in the thermal storage unit is
assumed to drop from 700°C to 200°C in 14 days And the regolith blocks are assumed to have

In 14 days, the radiation is totaled at Q2 = 4.75 x 10°J, which is equivalent to about 0.2% of

Thermal Storage Q.

3

» Buried Portion’s Radiation Qs
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2,200 watts from the expression (3.1-13). In 14 days, the radiation is totaled at Qe = 2.7 X 10°7,
which is equivalent to about 0.1% of Thermal Storage Qin.
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From the above, it may be gathered that the heat loss in the nighttime is approXimately 0.3% of

Thermal Storage Q.

Thermite reaction is a technology that may be considered available for the structuring of such

hermetically sealed spaces as in Systems 2 and 3 under the surface of the moon.

Thermite reaction is a phenomenon of discharging a large amount of reaction heat, with a
combustion reaction (oxidation-reduction reaction) propagated instantaneously by giving a

thermal stimulus to a mixture of oxides with metal powder (thermite composition mixture).

Table 3.1-3 shows the heat generated and maximum témperature reached by a typical thermite

reaction®.
Table 3.1-3 Heat Generated in a Typical Thermite Reaction and Maximum
Temperature Reached at the Heat-generating Portion
; Maximum temperature
Reaction system -A}jﬁ (kd/mol) reached ? o)
Fe,0, + 2Al = ALO, + 2Fe 832 ~3,400
2/3Fe,0, -+ Si — Si0, -+ 4/3Fe 3283 ~2,800
1/3Fe,0, + Mg — MgQO + 2/3Fe 311 ~2,300

Silicon, aluminum and iron exist in oxidized form on the moon. It is possible that a thermite

composition mixture of silicone or aluminum may be produced on the moon.

sufficient to melt the regolith. The thermite composition mixture should be arranged like a bar
or string so that it will react continuously. Then, the regoliths adjacent to each other can be
molten and solidified, probably allowing for a relatively easy setup of the hermetically sealed

space.
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(1) HIROTA, Nuclear Power Generation for Space, Japan Society of Mechanics, Report of Achievements in
“Subcommittee of Research and Survey into Power Generator Systems and Heat Waste Technologies in Space”
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(5) “Chemistry of Combustion and Synthesis” edited by Combustion and Synthesis Study Group (1992)
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3.2 Studying a Subsystem

3.2.1 Thermal Storage Unit

(1) Producing a Sintered Regolith Body

Sintering or melting may be considered available as a method of producing a regolith block as
a thermal storage material. Sintering is a lower-temperature process than melting. It does not,
however, easily allow us to obtain a highly dense block. As a result, the thermal storage unit
composed of a sintered material would lead to a smaller quantity of stored heat per unit volume.
In the case of melting, on the other hand, a highly dense block could be obtained. Nevertheless,
a hot heat source would be required to produce the block. As the first step in the study, a
description will be given about the result of determining the thermal characteristics, with a

regolith block made by sintering.

For the raw material, a mixture with a composition similar to that of the regolith (see Fig. 3.2-1) was
used. The constituents of the raw material, meanwhile, fall within a range of 100 pm or less in
particle diameter as obtained with a sieve. This mixture had been heated at 3 tons/cm® and
1,080°C for 5 hours. To subsequently determine the thermal characteristics of this sintered
substance, it was fabricated to a diameter of 10mm and a disk-like substance sintered was

obtained as shown in Fig. 3.2-2.

SiC2 AlOa FeO Ca0 MgO
46Wi% 16wit% 15wi% 13wit% 10wi%

H E E

Temperature: 108026 Sintering
Pressure: 3 ton/cm
Fabrication
molding

Fig. 3.2-1 Method of Producing a Sintered Regolith Body
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Fig. 3.2-2 External View, Sintered Regolith Substance Trial Manufacture

(2) Measuring Thermal Characteristics

h

The sintered substance had both its thermal conductivity and specific heat measured by the
laser flash method. Table 3.2-1 shows the results of measuring the specific heat and thermal
conductivity of the sintered regolith substance trial manufacture. At room temperature, it
shows a thermal conductivity of 0.24W/m-K, which is smaller by about one digit than the
estimated thermal conductivity (2W/m-K) of the block fabricated by melting. This is presumably

because the sintered substance trial manufacture has a low density of about 50%.

Table 3.2-1 Thermal Characteristics of Regolith Substance Sintered

Temperature Specific heat Thermal conductivity
c) JlgeK Wim - K
20 0.51 0.24
640 0.75 0.28
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If the thermal conductivity is low in the interior of a thermal storage tank, a problem may
occur, that is, a failure to take out the heat within a specified time. Taking this into account,
the blocks made by the melting method are considered better. In the future, it is necessary to
make a detailed study conceming the thermal performance and production method for blocks
made by the melting method. The poor charging level of the sintered substance, however,
might be reversely utilized to let a thermal medium pass through the interior. If so, the heat
will transfer better. If it is very difficult to make a molten block, therefore, taking the sintering

method into account as one of the alternatives will be considered.

(3) Dimensions of Regolith Block

A thermal storage unit composed of blocks would hinder the heat from being transmitted all
over the blocks if they were too thick. It is necessary, therefore, to set the blocks to a certain
size or smaller. We are SUL in the stages of studying an outline. It is assumed that the flow of
heat inside the blocks is one-dimensional to obtain the dimensions of the block. When the

blocks were heated at the lowermost part at 1,000°C for a period of 14 days, their thickness
was obtained sufficient to raise the uppermost part temperature from 0°C to the set value. The
results are shown in Fig. 3.2-3. A thermal conductivity of 2W/m-K (an estimated physical
property value of molten regolith blocks), meanwhile, was used. We know from analysis that

the 0.3 thru 1.0 meter thick glass could be heated up to 500 thru 800°C at which a thermal

-

electric conversion is relatively easy.

1.5

b
<O

Glass thickness (m)
(fin interval)

o
3]

0.0 0 5 10 15 20 25
Time (days)
Fig. 3.2-3 Glass Thickness vs. Heating Time/Temperature
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3.2.2 Heat Transfer Unit

Fig. 3.2-4 depicts an outline of the lunar energy system. As the medium to carry the thermal
energy from the heat collector unit to the thermal storage unit, helium gas or nitrogen gas may
be considered as promising candidates, with their availability on the moon and pipe COrrosiveness
taken into consideration. In other words, a certain sufficiently broad area would be generally
required to transfer a constant quantity of heat from a solid to a gas (without including a
condensation/evaporation process) since it would involve a low thermal conductivity. To
obtain a high temperature by collecting the heat, on the other hand, it would be necessary to
minimize the heating portion size. Whether or not a design point or technology could be found

to meet both contradictory requirements will be an important point in the future.

» _. Beam collector unit

Power generator unit  Radiator unit
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The thermal conductivity problem is important for either the power generator or the radiator

unit. The lower the thermal conductivity, the larger heat transfer area will be required to
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e cold side, a liquid thermal medium (e.g. water, liquid sodium, etc.) is applicable.
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the power generator with a liquid medium applied can be smaller than that with a gas medium

applied.

As an equation to calculate the mean thermal conductivity, based on a turbulence, the following

expression 1s known:
Ot = 0.037 X Pr¥3 Re®*\/1

where

. Mean thermal conductivity (W/(m?K))
. Prandtle number (-)

: Reynolds number (= Ux/W)

: Flow rate (m/s)

: Distance from the tip of flat plate (m)
: Kinematic viscosity coefficient (m%s)
: Thermal conductivity (W/m-K)

: Flat plate length (m)

~mErapme

If the flat plate is 2 meter long, for example, the thermal conductivity between the helium gas
flowing at a current velocity of 20 m/s and the plate may be obtained as 47 W/m’K at room

temperature by the expression given above. I
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conductivity reaches 4 x 10°W/m?*K, which is approxi
power generator unit has most of its dimensions governed by the thermal conductivity. In
other words, the less the thermal conductivity, the larger the heat transfer unit will be. In the

case of water, however, it is necessary to carry the medium from the earth in the form of water

] a
impossible to select a thermal medium. It will be necessary in the future to select an optimum

thermal medium after studying the weight of thermal media, structures, etc.

A thermal electric element has been often applied in combination with a radioactive isotope
(RY) or the like on a field-proven basis. Nevertheless, it has shown an efficiency level as low
as 0.05thrm 0.1, Asares

FILL VUL 2. o 4 s

ult, applications of the thermal electric element have so far been

planet surveyor satellites, military satellites, etc. To increase the efficiency of a thermal electric

element to a higher level, it is necessary to raise its heat resistance and to improve its Performance
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Index Z. At present, an Si-Ge thermal electric element is known as a high-temperature type,
and Fe-Si, Pb-Te and Mg-Ge thermal electrons as medium/low-temperature types.

(2) Fe-Si Thermal Electric Element

Thermal electric elements are generally insensitive to purity. Their production, therefore,
does not require an advanced purity control system. In addition, the sintering method may be
used to produce the thermal electric element, which can in turn be produced in large quantities
through a simple production process. An Fe-Si thermal electric element, mainly composed of
Fe and Si, both abundantly available in the regolith, has the possibility of establishing a self-
proliferative power generating system on the moon. As the first step to verify its feasibility,
therefore, the method shown in Fig. 3.2-5 has been used to produce the Fe-Si thermal electric
element, whose characteristics have been in turn examined. Fe, Si and a dopant, Al, were used
as raw materials. After being melted, the raw materials were purverlized, mixed and sintered
into a thermal electric element. Fig. 3.2-6 shows an external view of the element trial
manufacture. This element had a working temperature range (hot side) of 500 thru 900°C.
With a temperature difference of 500°C between hot and cold sides, the thermal electric element
showed a power generating efficiency level of about 3%. In the experiment reported herein,
aluminum was set {0 a quantity of 0.3 atomic%, which, however, could not be considered
always optimum but remains a subject for future study. According to the results of testing
carried out so far, the iron silicide with aluminum mixed had characteristics resembling those
of cobalt or chrome added at low concentrations. Since cobalt or chrome must be added at a
higher concentration to maximize efficiency, aluminum is thought to achieve an efficiency

level of approximately 5% if added at a higher concentration than the present level.
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Fe Si Al Purity: 3N
33.0 66.69 0.31
atom. % atom. % atom. %
Melt
Pulverize Particle diameter: 100 um or less

Hea‘ting temperature: 1080°C
Heating time: 35 min
Sintered substance density: 81.9%

Sinter

Fig. 3.2-5 Fe-Si Thermal Electric Element Production Method

Fig. 3.2-6 Appearance, Element Trial Manufactured
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(3) Power Generator Unit Configuration

The power generator unit efnploying a thermal electric element may be envisaged in two basic
configurations. One has the elements arranged on the circumference of a pipe, through which
a thermal medium is flowing, with radiating fins mounted around the elements as shown in
Fig. 3.2-7. The other has elements inserted directly into the thermal storage unit as shown in
Fig. 3.2-8 so that the electricity will be generated by the temperature difference between the

thermal storage unit and the electrode side which gets colder due to radiation.

Radiating fin
Piping

Electrode

Thermal electric element ;

Thermal medium

\E\‘_\(}\\\\\\\\\ \

Fig. 3.2-7 Power Generator Unit Configuration

Elecitrode and radiating plate

Fig. 3.2-8 Power Generator Unit Configuration
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For the former, a 7 centimeter long radiating plate was used, with a thermal input of 2W
assumed to enter the element. And the temperature of this radiating plate was analyzed. Asa
result, the thermal electric element was found to have a temperature difference of 440°C at a
radiating plate temperature of approximately 360°C. Thus, it could be gathered that an efficiency
level of 2% and an output density of 0.09W/m? are available in the configuration shown in Fig.
3.2-7. For the latter case, similar calculations have been made. Since the element is long,
however, only a small thermal input is available so that the output per unit sectional area is
found to be as small as 0.01W/cm? The configuration shown in Fig. 3.2-8, therefore, is

considered to be not very feasible as a power generator.

The output of a thermal electric element, meanwhile, is not directly related to the volume. If
the element is made smaller while keeping both sectional area and length constant, the element
output does not change. Using this characteristic would allow us to configure a power generator
unit with a small element volume. As shown in Fig. 3.2-9, for example, if the element has a
sectional area equal to a quarter of the endothermic plate’s (or radiating plate’s) and the element
is sandwiched between the two pipes, one through which a hot thermal medium flows and the
other through which a cold thermal medium flows, then it will be possible to generate electricity

(refer to Fig. 3.2-10). In this case, an output density of approximately 0.36W/cm? is available.

Cold end ~ Aoie

N

ierino electric converier

%éf j Endothermic plate's section area (=b x b)
o -1 Power / b b \
! ; | — generator \ = “’E’MX 5]
! unit's \ /
S o sectional
= area

g Thermal Electric Element Canfiouration

i EAV1i3i8E: BV LACRHICIIL R Ui AUV

This document is provided by JAXA.




800°C ~ 800°C
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Fig. 3.2-10 Configurations, Power Generator/Radiator Units

(4) Thermionic Conversion and Alkaline Metal Thermal Electric Conversion
(AMTECQC)

To generate electricity with thermal electrons, a very high temperature (21,750 thru 2,000K) is
required on the power generation principle that an electromotive force is produced with thermal

electrons discharged. And it is necessary to keep the thermal storage unit at a temperature

higher than that. Thermionic conversion, therefore, is considered to have a low feasibility.
The alkaline metal thermal electric conversion (AMTEC), on the other hand, can be expected

to operate at an efficiency level of 0.15 thru 0.35 equivalent to but at a lower operating
temperature (1,000 thru L,JSC}"‘ han thermionic conversion. Thus, the AMTEC has a
possibility of being applied to solar thermal electric power generation. Its basic configuration

and power-generating principles are described below.

00K while a porous electrode is placed in contact with the beta- alumina in the cold area. In
addition, a condensing wall which is cooled down to 400 thru 800K is arranged by way of a
vacuum layer. The beta-alumina is electrically conductive to cations of Na while remaining
an insulator to electrons. As a result, hot Na discharges electrons on the surface of the solid
electrolyte and passes through the beta-alumina, using as the driving force the Na steam pressure

difference between hot and cold areas of the Na cations. Consequently, the hot Na reaches the
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difference between hot and cold areas of the Na cations. Consequently, the hot Na reaches the
surface of the beta-alumina on the cold side. Those electrons which have passed through an
external electric circuit, leaving the liquid Na in the hot area, neutralize the cations of Na on
the interface of the porous electrode with the beta-alumina. The Na so neutralized absorbs the
evaporation heat while dispersing in the porous electrode. The Na which has evaporated
passes through the vacuum layer and condenses on the cold condeﬁsing wall. The liquid Na so

condensed is returned to the hot area by means of an electromagnetic pump.

Hot side

ij/ai}! / 900 ~ 1300K
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Cold side 400 ~ 800K

Fig. 3.2-11 Basic Configuration, AMTEC

The AMTEC has the following features:
(1) Itis a direct power generating system in which heat is directly converted to electricity.
(2) It can be expected to show a high level of power generating efficiency (up to 35%)
for a direct power generator system.

(3) The waste heat has a relatively high temperature (400K thru 700K).
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however, there are some technologically important challenges awaiting a solution. The AMTEC,

for example, has an efficiency level of around ten or more percent. To increase the efficiency,
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it is necessary either to reduce the ion resistivity of the beta-alumina or to develop a thin and
strong beta-alumina. It has been so far energetically developed as an electrolyte for Na/S
cells. And the beta-alumina has had its characteristics clarified around an Na/S cell operating
temperature of 350°C (623K). Over an AMTEC operating temperature range of 900 thru
1,300K, however, there are many unknown factors, such as strength, coexistence with Na,
cause and effect relations between impurities, such as potassium, calcium, etc. and rupture of
the beta-alumina, an increase in resistivity, etc. And all of them have remained challenges to

be met in order to achieve a high level of efficiency.

Those Na ions which have passed through the beta-alumina are coupled with electrons from
an external circuit on the interface with the porous electrode. And the Na neutralized obtains
the evaporation heat to evaporate while dispersing in the porous electrode. It should, therefore,
preferably have such characteristics as low electric resistance, especially low resistance to the
passage of evaporated Na steam. To this end, electrodes of various construction have until
now been proposed. Nevertheless, no definitive one has been selected yet while their long-
term stability has hardly been verified. From now on, the development of an elecirode which

excels in durability and stability while showing a low level of resistance is required.
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3.2.4 Radiator Unit

Fig. 3.2-12 shows a configuration of the radiator unit. The thermal medium to cool down a
thermal electric element, for example, is cooled down while being made to pass through the
radiating fins. After that, it is sent to a pump, thereby cooling down the thermal electric
clement. Now, let's assume that the fin is I meter long and it has an inlet temperature of 300°C
and an outlet temperature of 200°C. With the radiator plate in Fig. 3.2-13 assumed, its

temperature distribution could be given by the equation given below.

Radiator unit

Pump
T
P
] ©
— P . 2
Hot refrigerant —
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Cold refrigerant
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Fig. 3.2-12 Configuration, Radiator Unit

Thermal medium flow route
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Fig. 3.2-13 Analytical Architecture
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T/To=(1/(1+0.9487 -X- A «(To/ 1000)*)*?
A=(c.ex 10%Ap/ip)?

¢ : Stefan-Boltzmann constant (5.67 X 10¥W/m%K?*)
¢ : Radiation ratio (-)

Ap : Panel’s thermal conductivity (W/m-K)

t . Thickness of panel (m)

T : Temperature at x (K)

To : Temperature with x =0 (K)

X : Position rectangular to a path of flow (m)

If the radiator plate is made of aluminum (A = 235W/m-K), has Radiation Ratio &= 0.8 and is
Imm thick, it will have an x-axial temperature distribution as shown in Fig. 3.2-14. To strictly
obtain the radiation, it is necessary to integrate the radiations by point on the radiator plate.
Since it is still in the rough study stages, however, the radiation has been obtained, with the

radiator plate’s temperature represented by the value at a point on Line X.

To radiate on a 100mm wide (50mm on one side) radiator plate, for example, an area of
0.34m? per kilowatt is required if Tp1 (503K) is taken for the representative temperature. And
a 200mm wide (100mm on one side) radiator plate requires an area of 0.40m? if Ty, (485K) is

reckoned as the typical temperature. If the radiator plate allows for radiation on both face and
back, 1.7 pieces of the radiator plate will be required to radiate 1 kW in the former case and 1

piece in the latter case.

400

Temperature (C)

,
0 25 50 75 100
Position (mm)

Fig. 3.2-14 Temperature Distribution, Radiator Plate
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Generally, the denser an arrangement of the thermal medium flow route, the more uniformly
the temperature will be distributed on the radiator plate and the less the radiating efficiency
will decrease. Nevertheless, an increase will inevitably arise in the man-hours required to
make and connect the thermal medium flow route (piping) and the radiator plate. If all of them
can be produced on the moon, no problem will arise. If a certain amount of materials needs to
be carried from the earth to construct the radiating system on the moon, it may be considered
as one of the important challenges to analyze some optimum points (radiator plate dimensions,

radiating temperature, eic.).
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3.3 Problems and Challenges

The glass ocean 100kW-class power-generating system involves problems and challenges as

indicated below.

(1) Concept

s The glass ocean system is based on the concept that it must make the most effective use
of lunar resources. Especially in the initial stages, however, a large amount of materials
has to be hauled from the earth, thereby raising the problem of high total cost. It is
necessary to allow for a quantitative evaluation of the system by studying the energy pay-
back time through a prolongation of service life and the secure obtainment of self-

proliferativity.

« Estimate the weight of haulage from the earth, strive to reduce the weight, and estimate
and evaluate the construction cost. All of these factors will turn out to be keys to the

success in the materialization of the system. In addition, 1t 1s also necess ary to st ud}/ the

system extensibility, including system design on a unit by unit basis, etc.

o A positive operation is required to select the daytime or nighttime power generating
system (to switch the thermal flow). In this case, it may lead to a problem of a decrease
in electricity production capacity. It is necessary, therefore, to study a variety of kinds of

control.
(2) Overall System

e The study made in the current fiscal year has extracted a low level of the overall system

+

a significant problem. It may be deemed as the serious challenge to
f the efficiency of the various subsystems in the entire system.

od

There is a fear that exposed portions may suffer from radioactivity. The effects of

@

radioactivity on the system have not been studied in the current fiscal year. It will be

necessary to take countermeasures having understood the moon's environment.

@

Concerning the numerical physical properties relating to the regolith, which should turn
out to be the basis of the system performance of the glass ocean system, a sufficient
amount of data is not available. In the current fiscal year, assumed values have been
used, based on a variety of assumptions. In this respect, it is urgently necessary to take
actual measurements by the use of a simulation regolith or the like s0 as to ¢

reliable data.
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« Labor and gravity are required to construct structures which are capable of withstanding
a difference in pressure when using a gas. Itis necessary to obtain strength data concerning

the structural materials which are to be made of regolith.

» The system will be exposed to remarkable differences in temperature, especially between
daytime and nighttime. A thermal strain or the like may turm problematical in the system.
These factors should be evaluated by the use of a thermal model. At the same time, their

effects on electronic equipment, etc. should be fully studied and examined.

(3) Power Generator Unit

+ The existing system is less efficient than a solar cell. An increase in efficiency of the
equipment including a thermo electric converter is the greatest challenge awaiting solution.
It will also be a study project to make a thermal electric element on the moon, to prolong
its service life, and so on.

» A method of interconnecting thermal electric elements (either mechanical or electrical)
would be compiicated. This splice would significantly affect the capacity of a power
generator unit. It is necessary, therefore, to study and establish a simple and secure
interconnection method. '
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(4) Heat Storage Unit

o When the heat storage unit performance is evaluated at its maximum limit, a high

o _TY

temperature of 2,000°C is available. It is difficult, however, to secure a material capable

of withstanding such a high temperature. It is necessary to clarify the temperature

obtainable as well as the construction of a heating medium.

» It is necessary to achieve the accuracy required for the surface of a solar beam collector
mirror, especially based on lunar resources.

PRy

o A beam collector without a CiflVlﬁg sysiem would fail to collect a sufficient gquantty of

heat. Tr ackmg the sun would make the system too complex. Itis a challenge to establish
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(5) Heat Transfer Unit

o It is generally difficult to evaluate heat transfer with a gas. In the current fiscal year, a

very simple model only has been used to make the evaluation. It is necessary to make an
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analysis, with more detailed models prepared to cover the heat transfer capacity, thermal

leakage to piping, etc.

o There is no water on the moon. Itis impossible, therefore, to construct a very simple and
highly efficient heat transfer system on the moon, using water like on the earth. A highly
efficient heat transfer system must be built there, with consideration given to the availability

of resources and to performance, etc.

e Using a fluid as the thermal medium will invoke pump haulage and construction problems.
It is necessary to clarify the conceptions, specifications and/or other requirements for a

pump suitable for the glass ocean system.

» To prevent the heat from leaking out of the heat collector unit in the nighttime, a heat
transfer rough selector mechanism will be required. It is necessary to study a simple

mechanism capable of securely selecting an appropriate heat transfer route.

> Once a block type heat storage unit has been selected, it will be difficult to melt and
solidify its materials into blocks (including a thermal control to eliminate cracks, eic.). It
is necessary to acquire the technology for producing moiten blocks through a characteristic

<, 41

iest Gy the use of a simulant.

 With a gas applied as the thermal medium, a large amount of resources and energy will be
required to construct a hermetically seal space. Some energy-saving ideas such as thermite

reaction methods or the like, will be called upon to be embodied more and more.

1

e In current studies, a thermal flow has been obtained by radiating the stored heat into

space. Especially in the nighttime, the heat is important. It is necessary, therefore, to
study a system concept which could be coupled with the use of heat.
(8) Operation, Maintenance and Reliability

» The glass ocean system is to use regolith as a heat insulator. A variety of subsystems,

including the heat storage unit, are to be arranged under the ground. From a system

maintenance point of view, a buried portim, if any, would turn out to be a negative
factor. Buried portions should be built in a maintenance-free system as far as practicable.

At the same time, it is necessary to study a system layout which would allow for any

necessary maintenance operation and/or replacement.
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o Itis necessary to analyze the reliability (failure) at a subsystem and/or component level,
with consideration given to the environment on the moon, such as radioactivity, meteorites,
temperatures, etc., so as to clarify the service life and/or maintenance/replacement cycles,
and the like. With every failure mode of the system as a whole taken into consideration,
it is necessary to make a system reliability analysis, such as FTA, FMEA, etc. so as to

establish an appropriate monitoring system and/or a suitable maintenance policy.
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4. Studying a 5GW-Class Power Generating System
4.1 Studying a System Configuration

On the assumption that the 100kW-class power generating system studied in Section 3 is to be
combined into a 5SGW-class power generating system to transmit energy to the earth, a study is

to be made concerning the system size.

The term, 5GW-class power generating system, as used herein, means a system which has the
capacity to transmit an energy of 5SGW to the earth. The energy transmission efficiency is to
be detailed in the achievement report to be prepared by the Energy Transmission Subcommittee.
Nevertheless, it is estimated at about 50%. A 5GW-class power generating system, therefore,

is required to generate about 10GW of electricity, in reality.

For generating 10GW of electricity, one hundred thousand units of the 100kW class power
ired. As
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1
3.1, acircle with a radius of abox
the size required for a heat collector unit in the 100kW-class power generating system. With
sizes of heat storage and power generator units taken into consideration, it may be assumed
that one 100kW-class power generating system is installable within the equilateral hexagon in
which a circle with a diameter of 100 meters is inscribed. Then, the overall layout of the

5GW-class power generating system is to be studied.

According to a study made by the Energy Transmission Subcommittee, the SGW-class

transmission system requires a transmitter with an extension of 10 kilometers in diameter.

A e T i on e £ ntmint Lo PGNP T T aratitt iy OYIOFATv o 4y Ao on -
And it is considered efficient for a series of power generating systems to be located 50 as to

Energy transmitter unit

Fig. 4.1-1 Layout, Glass Ocean
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1t has been assumed that the 100kW-class power generating system is installable within the
equilateral hexagon in which a ¢100m circle is inscribed. In this case, the equilateral hexagon
has sides 57.7 meters long. And it is assumed that such a hexagon is to be laid out without any
gaps around the ¢10km transmission system. Fig. 4.1-1 shows a partially extended image of

the glass ocean so laid out.
One hexagon has an area of:
(57.7x 100/2) / 2 x 6 = 8,655 m*

One hundred thousand units are required for the glass ocean system. Since it is necessary to

provide an identical number of hexagons, the following area will be required as a whole:

8,655 x 100,000 = 8.655 x 10° m’

, Glass ocean

Energy transmitter unit

7

If the glass ocean is arranged on the circumference of an energy transmitter unit as shown in

Fig. 4.1-2, the shadowed zone relates to the area referred to above.
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Therefore, the following equation may be established:
w2~ wr?=8.665 x 10?

Since 11 = 5,000 meters,

8.566 x 10°
e, = | 230620 L 0000
T

=17253 m

The system as a whole, therefore, is considered to have a size of approximately 17 kilometers

in radius.
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4.2 Problems and Challenges

The 5GW-class glass ocean power-generating system intended to transmit its product energy

to the earth involves problems and challenges as described below.

(1) Concept

» Coupled with an increase in size, the system will require a prolonged period for its erection
while the service life of equipment components and electronic parts will have a significant
influence on the energy system feasibility. In addition, the high total cost is likely to
require many years to recover the amount of money invested. To maintain an advantageous
position over other energy systems, the SGW-class power-generating system essentially
requires a simple and short-term construction method. At the same time, it is absolutely

necessary to quantitatively evaluate and improve the service life and reliability level of

@

The cost is likely to increase, considering that the labor required to erect the system on the
moon is increasing, resulting in a prolonged stay there. Itis necessary to study an unmanned

construction by simplifying the process.

s The materials to be hauled from the earth to the moon are too voluminous to be covered

by the haulage systems currently available. Itis important, therefore, to study a low-cost
haulage system which should minimize the haulage from the earth to the moon. As far as
the haulage system is concerned, moreover, the existing reliability level of 98% is too
inefficient to construct a full-scale haulage system. This point of view needs to be taken

into due consideration.

@

Extending the system to full scale might significantly alter the environment and/or
topographical features of the moon itself. A way of obtaining political understanding is
needed.

T e 1 e 3oL 2 b P
o If it is intended to transmit electri
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energy balance while fully understanding the problems of exhaustion of resources and
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(2) Production relating to the Overall System

» To produce metals out of the regolith, there are the following challenges:

» To establish a metal refinery process (hydrogen reduction method, and/or molten

salt electrolysis).

e To establish a production process capable of attaining the required level of purity.

» To make a compact metal refinery.

* To secure a method of acquiring the catalysts, etc. required in the process of refining

metals.

¢ To establish an aluminum production method at a low energy cost.

 The gases contained in the regolith are very poorly concentrated, or an immense amount
of regolith has to be treated to extract and/or separate gases. Itis necessary to establish an

image of a small-size gas extraction/separation plant which involves a simple process.

e To make metal materials and parts of the metal constituents, a sufficient level of
performance is required to machine a part to its required accuracy. To secure resources
(electric power and cooling), cleaning materials, catalysts, etc., it is necessary to make a
satisfactory study.

e thermite reaction on the moon, which is a2 key technology in constructing the system,
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needs to be studied conceming its reaction to the lunar environmen

overburden untreated, etc.

A realistically feasible production plan is to be maDDed out after clarifying the materials

to be produced on the moon, including their roduction. In addition, techniques

”U

should be studied to integrate parts and so on

(3} Overall System

1

s According to the estimates made so far, it has to be 3

said that the system efficiency as a
whole is too low. Itis a significant challenge to increase and/or improve the efficiency of
each subsystem, which holds the key to an efficient system.
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{4) Power Generator System

e Coupled with a gigantic increase in electricity production, the power generator unit will
have a very large weight, mainly comprising thermal electric elements. Itis necessary to
establish a method of producing thermal electric elements on the moon, coupled with an

increase in their efficiency.

(5) Heat Collector Unit

» The efficiency of existing heat collector units requires too large an area. Coupled with
this, it is difficult to produce related structures because a satisfactory performance cannot
be secured in the heat transfer zone of a beam collector. It is necessary to study a highly

efficient heat collector system and to improve the performance of its heat transfer zone.

(6) Heat Transfer Unit

¢ An ideal medium does not exist taking into consideration the heat resistance, simplicity,
cost, high reliability and availability of resources on the moon. Water, which is an ideal
thermal medium on the earth, does not exist on the moon. It is necessary to select an

optimum medium and to study how to use the optimum thermal medium.

> A mere radiation into space would require ment of an immense size. Studies made

ery immense area next to that for a radiator

e
in the current fiscal year have told us thata

unit would be required for space radiation. It is necessary to study the optimization of

hoth construction and materials. At the same time, efficient radiation should be studied,

Ry

¢ To transmit electricity, it is necessary to stabilize both voltage and current. To achieve

117‘3« Qvgéarv} tvrni\lA He C.&H,

\'D

d upon while the equipment would need be

smaller-sized.

(9) System to Transmit Energy to the Earth

o When a microwave power transmission to the earth is envisaged, some problems will be

inevitably raised, including an acceleration of global warming, and communication
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interference and aircraft hazards caused by a highly dense power transmission, etc. The
studies made in the current fiscal year have disclosed that a decrease in energy density
would allow various faults to be eliminated almost completely. Nevertheless, it is necessary

to proceed with the studies on the public acceptance to microwaves, and on the faults in

more detail.

(10) Operation, Maintenance and Reliability

« Concerning reliability, a power amplifier has been taken up as an example in the current
fiscal year to study the maintenance policy in preparation for an eventual failure. It has
been concluded that an optimized policy would allow the system to be maintained properly
if 18 pieces of the power amplifier are replaced per hour. This, however, will obviously
turn out to be a significant burden even if many control areas are provided. A defective
rate of 1000 FIT recently set should be minimized as far as practicable. In addition, a
method of allowing for a decline in power should be also studied while bringing about

the freedom from maintenance. Thus, there are many problems that still remain unsolved.

It is necessary, moreover, to take into consideration the maintenance of controls, cables,

etc. in addition to the power amplifier. With these factors taken into account, it is necessary

to establish an optimum maintenance policy and/or an optimum maintenance system.
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5. Conclusion and Challenges for the Future

Described hereinbefore is a clarification of the new energy system on the moon, called the

mare of glass, worked out in the beginning of Fiscal 1994. Based on the two forms,

(1) A 100kW-class power-generating system to support the missions on the moon for the time

being, and
(2) A 5GW-class power generating system intended to return the energy to the earth,

a feasibility study has been made about the systems while clarifying related subsystems and

trading off a number of ideas.

The studies made in the current fiscal year have clarified the following:

(1) 100kW-Class Power Generating System

Generating approximately 100kW of electricity to support the initial missions on the moon
has been found to be nearly feasible with the mare-of-glass system. At the same time,
technological challenges essential to the system feasibility and the key points for the success
in constructing an efficient system have been extracted. From the viewpoint of a further
improvement in system efficiency, moreover, those subsystems which require further study
have been also clarified.

In addition, there are a lot of subsystems which still remain merely conceptual without having
reached a detailed image. The important points with which we should particularly proceed in

our studies have been extracted as follows:
» Construction of a beam collector (heat collector unit),
¢ Selecting a heat transfer system and a medium,

s Selecting a material from which the mare of glass is to be made, and verifying its thermal

storage capacity.

rom now on, it is also necessary to proceed with a comparative study with other energy

systems on the moon.
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(2) 5GW-Class Power Generating System

The SGW-class power generating system studied in the current fiscal year is intended to return
energy to the earth. Its initial sizing has been made in the studies during the current fiscal year.
As aresult, it is known that the mare of glass (especially the beam collector unit) would have
an immense size. In addition, it is forecast that the number of parts required would be so
immense as to exceed the order of one hundred million. From these findings, it has been
gathered that the future significant challenges include a system construction method with self-
proliferativity secured, maintenance, and so on. It is also necessary to make a satisfactory

study of the integration with a power transmission system.
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1. Introduction

Today, electricity is largely dependent upon such fossil fuels as petroleum and liquefied natural
gas and upon nuclear power. Petroleum and liguefied natural gas, however, have their reserves
limited while their prices have been rising. Nuclear power also involves some difficulties in
securing safety as typically seen in the accident which took place in Chernobuil. And it has
become more and more difficult to newly find nuclear power plant locations. To support the
rapidly increasing world population and the developing economic activities all over the world,
on the other hand, it is said that there will be a demand for approximately ten times the current
energy consumption in 30 years. To overcome this energy crisis, an environmentally-friendly
full-scale energy source is essential. A number of environmentally-friendly energy sources
have been studied, such as solar cells, fuel cells, wind power, geothermal power, and so on.
None of them, however, has turned out yet to be a key power source comparable with
thermoelectric or nuclear power. Photovoltaics with solar cells, for example, is a clean power
source, which does not emit any carbon dioxide. Nevertheless, 1
the nighttime and its performance is dependent upon weather conditions. As a result,
photovoltaics is insufficient as the key power source which must ensure a stable supply of
electricity. At present, photovoltaics is being developed as a distributed power generator
system serving on a supplementary basis. If possible, therefore, a key power source should be
developed which is capable of taking the place of thermoelectric or nuclear power. As one of
the future key power sources, a solar thermal power satellite or a moon power plant is likely to

operate so that the electricity generated in space will be transmitted to the earth.
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t is no exaggeration to say that success in the mate

successfully developed. It would not pay, due to the immense costs incurred, if the electricity
generated in space had to be converted to hydrogen, which ha

freight aircraft to the earth. The only way is to transmit the electricity using electromagnetic
waves or beams larger than microwaves. Discussed hereunder is the feasibility of wireless

power transmission from a moon power station as a power generating sysiem in space.

Studying a feasible supply of electricity from space is naturally subject to the major prerequisite
for the conservation of the earth’s environment, including living things. The first problem is
the effect of power-transmitting microwaves on living things. As a solution to this problem,
an extensive power-incoming antenna (rectenna) may be constructed to weaken the microwaves
to the level at which they do not adversely affect any living things. In addit
should be located remotely in a desert or on the sea far away from the land so that any living

things cannot approach it easily. The second problem relates to global warming. As far as
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global warming is concerned, a supply of electricity from space with microwaves is considered
more advantageous than thermoelectric or nuclear power because approximately 90% of the
microwaves with which electricity would be transmitted to the earth could be converted to
electric power while only the remaining 10% would change into heat. In other words,
microwaves allow for a power generating efficiency of 90%. Thermoelectric and nuclear
power may be deemed to generate more heat. If the heat produced when the supplied electricity
is consumed raises a problem, moreover, it does not relate to a power generating method but it

is necessary to suppress the power consumption all over the earth.

The energy supply from space may bring about the apprehension that it could break the thermal
balance on the earth by transmitting energy which could never have been supplied to the earth
by nature. Nevertheless, burning fossil fuels which accumulated on the earth since time
immemorial is considered far more problematical for the thermal balance on the earth because
the energy accumulated for years is consumed in a short time, thereby producing a significant
quantity of heat. In microwave power transmission, the energy which could not naturally
reach the earth would be certainly consumed here. Nevertheless, the microwave power
transmission may well be deemed less influential over the thermal balance on the earth in
proportion to the lower heat loss. In either case, however, the thermal balance on the earth will
be inevitably affected to a significant degree. In other words, in the case of fossil fuels, the
energy collected on a time basis is consumed on the earth, while in the case of microwave
power transmission, the energy collected on a space basis would be consumed on the earth.
From now on, it is considered necessary to study power consumption that would not break the
thermal balance on the earth, as well as to develop highly efficient power which does not

radiate any heat at all.
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2. Qutline of Energy Transmission System

2.1 Prerequisites for Wireless Power Transmission from a
Power Plant on the Moon

Television and radio broadcasts and normal radio communications are a very poorly efficient
wireless power transmission. As gathered from this fact, wireless power transmission with
radio waves applied is based on a very simple operational principle. In other words, power is
merely sent and received on a wireless basis. In the case of broadcasting or communications,
it is possible to transfer the information if even only one hundred-millionth of the transmitted
radio wave energy can be received. For wireless power transmission, however, it would be
meaningless unless nearly 100% of the energy transmitted were received. This power
transmission efficiency requirement is the most important difference between wireless power

transmission and broadcasting and/or communications.

The present report is to study 2 system of transmitting and receiving the electricity from a
power plant on the moon to a power-incoming base on the earth. Described below are the

prerequisites for the study reported herein.

(1) The power transmission system is to be entirely made of the resources available on
the moon. '

Constructing a power plant on the moon would be meaningless if the materials of which the
power transmission system had to be made were transported from the earth. A space solar
power satellite on a stationary orbit would require a lower haulage cost than that for carrying
the materials from the earth to the moon. The materials required to construct a moon power
plant are to be sought for on the moon and a construction factory is to be built on the moon.
Only the equipment and materials necessary for the factory are to be transported from the
earth. If all materials could be arranged on the moon, it would only be necessary to build the

T

construction factory. Subsequently, it would be possible to extend and proliferate the power

(2) There is not to be a radio relay point on the stationary orbit.

The wireless power transmission from the moon, which has been studied so far, must be provided
with a relay satellite on the stationary orbit, by transmitting the electricity to a single power-

incoming base on the earth. The microwave/laser transmitted from the moon must be received
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by rectenna/solar cells once and be converted to the microwave/laser again for power
transmmission to the earth. With the laser applied, the space solar power satellite so far proposed
is to be employed as the relay satellite, which is to be composed of a solar cell to receive the
laser from the moon, and a microwave/laser power transmission system to transmit the electricity
to the earth. The relay satellite differs from the space solar power satellite in that the solar cell
does not track the sun but the moon, and that the solar cell size varies with the magnitude of
laser beams. In the case of microwave power transmission, the solar cell alone is changed into
the rectenna. Thus, the relay satellite is generally identical to the space solar power satellite
with minor differences. In addition, it has the significant disadvantage that the power
transmission efficiency will decline to a great degree because of the two conversions, from
microwave/laser to DC and from DC to microwave/laser. As mentioned above, we may come
to the conclusion that constructing a space solar power satellite is more economical than building

a relay satellite.

A system which does not employ any relay satellite, on the other hand, involves the problem
that the power-receiving base must move according to the rotation of the erath on its axis. Itis
necessary, therefore, to normally scan beams, thereby tracking the power-receiving base. Once
the power-receiving base has moved to the opposite side which cannot be directly observed
from the moon, moreover, it is impossible to transmit electricity. It will be necessary, therefore,
ing bases so that the electricity will be transmitted while
switching the beams. While no relay satellite is required, there is another disadvantage that

WO or more power-receiving bases are required. Nevertheless, a power-receiving base is 2

facility located on the earth. Making two or more power-receiving bases is considered easier
than launching one relay satellite. In the next stage of the moon power plant, moreover, it may
be readily expected that a space solar power satellite will be constructed from the materials
available on the moon. While the electricity is not being transmitted from the moon, moreover,
a power-receiving base may be used to receive the electricity transmitted from the space solar
power satellite. In addition, it may be deemed applicable to the inter-continental power

fransmission, too. Thus, the power-receiving base is considered effectively usable.

(3) Even a small-scale system must be capable of transmitting a certain guantity of
electricity.

If the power transmission system cannot be put into practical use before being put in full scale,
it will be difficult to make investments in constructing a power transmission antenna. If a
small-scale system were practically usable as it is, it could be developed step by step so that it
would be 21l the more feasible. In the initial stages, the system should take into consideration

a beam test and other applications (e.g. a synthetic aperture radar for remote sensing). If
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extended further in size, moreover, the power transmission system could be used to transmit
electricity on the moon. And another possible application is an ultra-large antenna for

astronomical cbservations.

(4) The power transmission system is to have the same power transmission capacity of
5GW as that available with a space solar power satellite.

‘With consideration given to the future exhaustion of fossil fuels, environmental problems on
the earth and economic issues, it is necessary that the energy supplied from the moon should
be aimed at covering several tens of percent of the electric power consumed on the earth.
Wireless power transmission, moreover, requires much cost for its construction. It is more
applicable to a full-scale power transmission than to a small-scale one. The larger the size, the
more economically the power will be transmitted. The study reported herein, however, has

the first trial, which accordingly involves many uncertainties. As a result, it is easier to

ransmission size as that for the space solar power satellite which

has been so far studied in many cases. The proposed power transmission system has been set

to a power transmission size of 5SGW, accordingly.
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2.2 Technological Potential of Wireless Power Transmission

Discussed hereunder are the technological possibilities for wireless power transmission on the

prerequisites discussed in 2.1 above.

(1) Studying the Frequency of the Transmitting Wave

The most crucial item for wireless power transmission is the frequency of the electromagnetic
wave used for power transmission. An electromagnetic wave has a {requency range widely
extended from a low frequency to an optical level. Since beams must be sent from the moon
to the earth, however, the applicable frequency band is limited to a microwave thru a laser
beam. Table 2.2-1 summarizes a comparison of the power transmission systems with
microwave, millimeter wave and laser, respectively, applied. CWC in the table, meanwhile, is
an abbreviation of the Cyclotron Wave Converter developed in the University of Moscow. A

study of frequencies is shown below.

1) The higher the frequency, the more easily beams can be made to converge. One feature
of a high frequency (specially laser) is that the related power-transmitting/receiving system
will be small-sized.

2) The more concentrated the beams, the higher the energy density will be and the more

dangerous it will be. A high-power laser beam will turn out to be an arm, such as SDI,

which is very hazardous against anything that crosses the beam.
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above. A frequency of 2.4GHz, which is envisaged for a space solar power satellite,

may well be deemed completely free from attenuation due to the atmosphere.

In the case of a laser beam, we should be aware of the hazard of the beams scattered by

the atmosphere. Thei ffem on living things, in particular on the eyes, should be examined

4) According to the prerequisites for the use of resources available on the moon, not GaAs
but Siis to be applied to a microwave amplifier. An Si transistor compares unfavorably
with GaAs in terms of efficiency. And the technology currently available has an Si
transistor limited to a frequency of 2.45GHz at the most. A frequency higher than that
would make the Si transistor very poorly inefficient. Nevertheless, no haulage cost will
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be incurred with amplifiers produced on the moon. As long as cooling is performed

satisfactorily, the poor performance may be offset by the number of amplifiers.

From the study results mentioned above, a 2.45GHz power transmission system with Si
transistors applied has been selected for the study reported herein. It should be added thata
low frequency other than the ISM band (2.45GHz) may be approved for power transmission in

practical use.

(2) Studying an Energy Beam

Fig. 2.2-2 shows the radiation pattern of an ideal power transmission antenna and the ratio of
the power reaching the power-receiving antenna to the transmitted power (efficiency). The
aperture surface shows a Gaussian distribution of 1/10 at the end of the antenna. In this
distribution, the main beam is thick while the side lobe is small. Its power transmission efficiency
reaches 95% or more at 2 on the axis of abscissas. The value on the axis of abscissas, meanwhile,
is dependent upon the power-outgoing and -incoming antennas’ Areas A: and A, the Wave
Length A and the Power-transmitting Distance D. If the wavelength is reckoned as 12 cm
(2.45GHz) and the power-transmitting distance as lkm, for example, it will be possible to
transmit power at an efficiency of 95% or more by using the power-outgoing/incoming antennas

with a radius of 8.8 meters.

1
the oranndg ate

f such conditions as a microwave power distribution on the ground, etc. are set completely
identically to those for the space solar power satellite, it is possible to directly apply the results
of studies made by the DOE and NASA. In other words, the calculations referred to above
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allow us to é{dtﬂ@f that the rectenna ha ize of 10 kilor
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with that of the SPS reference system, provided, however, that the power-transmitting antenna
is given a diameter of 9 kilometers. Then, the power can be received with identical efficiency
wvhile the microwave power is distributed identically in the incoming power base. The maximum
power density of microwaves, moreover, can be suppressed to 230W/m? to remove their effects
on the ionosphere. Based on the considerations referred to above, the power-transmitting
antenna and the rectenna have been set to diameters of 9 and 10 kilometers, respectively. To
increase the power to be transmitted in the future, it is necessary to make a satisfactory study
of the effects on the ionosphere and of the influence on the environment, such as the impact on
living things. For the purpose of testing the interaction between large-power microwaves and
ionospheric plasmas, the MINIX rocket experiment was conducted in 1983. Fig. 2.2-3 shows
the HF-band wave motion spectrum observed in that experiment. A difference of microwaves

between ON and OFF was observed by exciting a frequency of 1.5 times the cyclotron frequency
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and a plasmatic wave in the plasma frequency band. Aiming at a more detailed quantitative
experiment, moreover, the ISY-METS rocket test was conducted in 1993, using an active
phased array antenna capable of freely controlling beams. As a result, it was confirmed thata
power flux density of 230W/m? defined in the reference system would not excite any plasma
wave motion. The conclusion has been made that the wave motion observed in the MINIX
rocket test was excited by a very strong microwave at 150kW/m? around the plane of 2 horn

antenna aperture.

(3) Studying a Rectenna Site

To transmit the power from the moon directly to the earth, a number of rectennas are required.
The larger the number of rectennas, the more frequently microwave beams will have to be
selected and the shorter the power-incoming time covered by one rectenna. A microwave can
be incident upon the rectenna at an angle nearly vertical to the rectenna plane. As a result, the
rectenna will be shaped nearly like a circle. If there is a small number of rectennas, on the
other hand, each of them will have to cover a wider range of elevation angles, being shaped
into an ellipse. If rectennas are located near the equator as shown in Fig. 2.2-4, it is possible
that rectennas may be installed at four locations. Even if they should be located on the sea

ompletely off the shore, it may be considered appropriate to install two on the Pacific Ocean

and one each on the Indian Sea and on the Atlantic.

If rectennas are installed at four lIocations on the earth, an elevation angle range of 90 degrees
from -45 to 45 degrees is to be covered by each rectenna. And each rectenna will have a size
of 14 kilometers from east to west and of 10 kilometers from north to south. If it is assumed

can from north to south, it will be possible to transmit the power

A3

that a microwave beam can ¢

I
b
2
C

anywhere on the earth, without being limited to an area on the equator. However, the moon
will have a lower elevation angle according to the latitude. As a result, the rectenna will have

to be Ionger from north to south.

_664_
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2.3 Basic Concept of Power Transmitting and Receiving System

Based on the studies reported above, we will propose a basic concept of an actual power

transmitting and receiving system.

(1) Power-transmitting Antenna

For power-transmitting antenna, an active phased array antenna with a diameter of 9 kilometers
is to be employed as discussed in 2.2 (2). As shown in Fig. 2.3-1, the antenna is made floating
above the surface of the moon to form a plane, whose accuracy is set to a standard accuracy of
within about 1 centimeter (A /10). Nevertheless, it is possible to correct an error from the

plane by controlling the transmission phase.

The power-transmitting antenna is composed of many sub-arrays. The transmission phase is
controlled on a sub-array by sub-array basis while the power-transmitting antenna is entirely
functioning as a phased array one. The sub-array is sectionalized into a hexagon near the
circle as shown in Fig. 2.3.1. The sub-arrays need not be fabricated as structurally classified.
All the antennas within the sub-arrays, however, should be controlled in an identical phase.

They should be desirably constructed into the monoblock which scarcely distorts.

[

The sub-array comprises a collection of antenna elements (e.g. a dipole antenna plus an
amplifier), each of which is the ultimate base unit. On the principle of a phased array antenna,
a smaller-sized sub-array will have its radiator pattern (half-value width) extended so t
microwave beams can scan a wider range. In addition, grating lobes will have intervals also
extended at a lower level. In an optimum system, a grating lobe will not appear if the phase is
controlled on a half wave-length by half wave-length basis. Controlling the phase with all
antenna elements, however, would enlarge the system excessively. The conditions under which

a sub-array size is determined, therefore, may be set to 1) and 2) below.

1) Beams can scan the entire earth.

The rectenna moves, coupled with the rotation of the earth on its axis. To track the

12,800km/earth-moon distance 360 thousand kilometers). It will be studied in comparison
with the half-value width of a sub-array. An antenna which has a half-value width of 2

__67_

This document is provided by JAXA.




degrees will have a diameter calculated to be 3.4 meters. From this calculation, it may
be gathered that the sub-array must have a size of 3.4 meters or less. The transmitting
power, moreover, will decrease if beams are swung in a large sub-array. Preferably,

therefore, the sub-array should be as small as possible.

2) A grating lobe must not affect anything other than the power-receiving base.

In the space solar power satellite reference system, a grating lobe appears every 400

kilometers with the sub-array having a size of 10 meters.

From the study made as indicated in 1) above, however, it may be calculated that the
grating lobe nearest the main beam will appear in the direction of 11,800 kilometers
from the center of the earth if the power-transmitting antenna on the surface of the moon
has a sub-array diameter of 3.4 meters. This calculation result is such that the grating
lobe is directed at 1 degree opposite when beams are scanned once. In the case of four

\4»1.

rectenna sites, the system will scan 0.7 degrees only so tha grating lobe will be

C)

directed toward the earth. If the sub-array is sectionalized into small ones in this case,

the grating lobes will get away far from the earth, thereby securing safety.

(3) Beam Conirol Method
A retrodirective antenna system has been proposed as the beam control system for wireless
power transmission. The retrodirective antenna system is to transmit a pilot signal from a
rectenna site as shown in Elg 2.3-2. On the transmitting side, the pilot signal is received t0
transmitting antenna in this phase, beams will converge at the rectenna site which has transmitted
the pilot signal. Briefly, it signifies that the distance of the rectenna site (with the antenna
transmitting a pilot signal) from each rectenna is calculated by receiving the pilot signal. Even
if the rectenna is relocated, the related fluctuation may be corrected, based on the pilot signal

phase.

The retroactive antenna system will be simplest when the pilot signal has the same frequency

inle. the nower
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accurately to the rectenna site. As long as the pilot signal has the same frequency as that of a
power-transmitting microwave, the pilot signal receiver on the power-transmitting antenna
side will fail to discriminate the pilot signal from the microwave which the power-transmitting
antenna itself is transmitting. Besides, if the pilot signal frequency is shifted slightly, the

microwave beam direction will deviate from the rectenna site in a stroke equivalent to that

468“,
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shift. The reference system proposes a method of detecting a phase difference of the power-
transmitting microwave frequency which is synthesized on the receiving side by the use of the
pilot signals at two symmetrical frequencies (f + Af and f - Af) (as illustrated at the top in Fig.
2.3-3). This system, however, has a significant defect. To detect the phase difference at the
power-transmitting microwave frequency, first of all, it is necessary to convert to twice the
frequency by calculating (f + Af) + (f - Af) and to obtain f by calculating {/2. A calculation of
/2, however, has two solutions, one of which is to deny the beams deviated by . Thus,
control will be unstable. We have proposed an asymmetrical two-tone (f + Af and { + ZAf)
system (as illustrated in the middle of Fig. 2.3-3), which has been empirically proven to operate
normally. Results involved are shown in Fig. 2.3-4. In the asymmetrical two-tone system, f +
Af may be successively multiplied to obtain a difference from f + 2Af only. Thus, the phase
difference at { can be obtained without dividing. Nevertheless, the circuit is complicated,
involving a large number of parts. Next, we will propose a method of using a frequency
equivalent to half the power- hansn‘iztung microwave as the pilot signal (as illustrated on the
bottom in i 1 i 1

to be carried out so that a very simple circuit system can be established. ’f%e propagation
characteristic in the ionosphere, however, may differ. And it is considered necessary to confirm

this effect of the ionosphere in reality.

The retrodirective antenna system is a technology essential where a power-transmitting antenna
must be flexibly constructed to reduce the weight as in case of the space solar power satellite.
If the antenna normally has a constant plane as fixed like on the surface of the moon, however,

it is possible that the functions of a retrodirective antenna system may not be required. Another

arrived at the rectenna site. This control method is to
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f each phase in a computer, thereby leading to a system of
iew. 1he recirodirective antenna sysiem, moreover,
requires a pilot receiver on a sub-array by sub-array basis. In other control methods, however,

the system will only materialize with a simple phase shifter composed of a diode.

The beam control is the key technology in transmitting power in a microwave. To study the
beam control system opnmum on the surface of the moon, it is considered indispensable to
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(4) Antenna Elements and Amplifier

Antenna elements must be arranged without clearance all over the power-transmitting antenna.
If an antenna element which has a wide effective aperture area (high gain) is employed, it will
be possible to reduce the number of antenna elements required. Using a dipole antenna with
low gain would increase the number of elements to a large degree. The dipole antenna, however,
is composed of a rod material only so that it can be fabricated with ease. A dipole antenna, in
particular, has a wide bandwidth, and is characterized by the significant advantage that its
sensitivity will not vary even if the antenna, etc. should expand or shrink due to temperature
differences between daytime and nighttime. In the study reported herein, therefore, the dipole

antenna has been selected from the viewpoint of ease with which it can be manufactured on

the moon.

As discussed in the prerequisites, the amplifier is to employ an Si transistor. And an F-class
amplifier which has the highest efficiency for an amplifier configuration will be employed.
As shown in the circuit diagram of Fig. 2.3-5, the F-class amplifier is to achieve an infinite
impedance for odd harmonics by the use of a A/4 line and a tank circuit while making 2 collector
voltage square by the use of a filter so as to zero the impedance for even harmonics. In other
words, as long as an electric current is flowing through the transistor, the amplifier will have
the collector voltage zeroed to minimize the transistor power consumption, thereby increasing
the efficiency. From this principle, the F-class amplifier does not only increase the efficiency
but also naturally effectively removes the higher harmonics which interfere with

communications, etc.

A semiconductor amplifier has a low gain (up to 10 dB), differing from an electron tube. A
£
i

cascade connection, therefore, allows for the formation of a large-pow

oscillator to 10W, which is in tarn divided by 10. The power divided into ten is further output
at 100W with ten amplifiers. This cascade amplification permits a transmitting power of
7GW to be obtained at the amplifier in the final stage. If this system requires a group of 109
amplifiers in the final stage, it is necessary to provide a group of 108 or more amplifiers in the
preceding stage. As a result, the system is of complex construction while each amplifier also
requires complicated adjustment. If an amplifier in the initial stage should fail, furthermore,
the entire system will stop, probably causing a serious problem. We therefore propose that an
active antenna should be applied. This is an oscillator combination antenna, which has an
oscillator in each element. Oscillators are interconnected so that their frequency and phase are
controlled. If an active array antenna system can be composed of active antennas, we may

expect that the number of amplifiers can be reduced while improving their reliability.
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Concerning the oscillating frequency and transmitting phase of an active antenna, however,

there are a lot of research challenges to be tackled.

To compose an antenna element of active antennas, no printed circuit board is employed but
both antenna and oscillator (F-class amplification) should be constructed as one. This
construction allows all passive elements, such as capacitor, etc. to be configured in a three-
dimensional circuit while the Si-transistor only serves as a circuit element. This will reduce
the number of parts required and will make an antenna element modular so that it can be

replaced very easily.

The Si transistor is very highly reliable and it may be deemed scarcely necessary to replace a
failed antenna element. Nevertheless, it goes without saying that a trouble shooting system is
also required. As shown in Fig. 2.3-6, an output may be readily monitored if a distributor and
a diode-applied simple rectifier circuit are added. With these connected, it is possible to measure
the output level of the entire system. If an LED is connected, a simplified output level is also

readable on an antenna element by antenna element basis.

(5) Power-receiving System

A communication antenna collects the radio waves which have arrived, out of which it takes a
signal. To this end, a phase synthesis means and an amplifier are required. A power-receiving
antenna for wireless power transmission, however, differs from the communication antenna in
the sense that the microwave which has arrived at the power-receiving antenna is efficiently
converted into electric power only. Thus, a phase synthesis or the like is not required while

only the microwave need be rectified. In the reference system, a rectenna (RECtifying

AnTENNA) has been proposed as a power-receiving element, which is a combination of the
dipole antenna, invented by Bill Brown, with a diode. The rectenna element, which is
independent of any other elements, has characteristics as a dipole antenna. On Plane H, therefore,

the rectenna element is isotropic, thereby having the significant feature that the microwaves

incoming in every direction can be received as power. When the power is transmitted directly
from the moon, microwaves will be incident over a wide elevation angle range of 45 thru -45

degrees. The rectenna, therefore, may be deemed suitable as a power-receiving antenna.
Another power-receiving antenna conceivable is a combination of the parabolic antenna with
a microwave-DC converter (e.g. cyclotron wave converter: CWC). This power-receiving

antenna, however, needs to track the moon to receive the power {rom it.
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Table 2.2-1 A Comparison of Microwave/Millimeter Wave Power Transmission with

Laser Power Transmission

Mocrowave Millimeter wave power Laser power
transmission transmission
System Ultra-large Large Small
(one-fiftieth of 100GHzZ)
Power-receiving Rectenna/CWC Rectenna/CWC Solar cell

(completely developed)

(under development)

(accomplished)

Efficiency 80% 80% 80%{GaAs)
40% (S
Beam control Retrodirective antenna Retrodirective antenna Mechanical

Power flux density

Large power

Large power

Solar cell's temperature
characteristic
{Efficiency wili
decrease while the
temperature rise.)

Osciliator Tube

FET

Gyrotorn Free Eleciron
Laser

Free Electron Laser

Dangerousness Protected with a shieid Protected with a shield SO
Machining accuracy Hough Precise Mirror face
Problem Ultra-large Not developed, efficiency| “Beam control and

and oscillator tube

oscillator tube
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Fig. 2.2-4 Power-receiving Sites
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Fig. 2.3-1 An External View of Power-Transmitting Antenna
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Fig. 2.3-2 Illustrative Principles of Retrodirective Antenna System
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Fig. 2.3-5 Illustrative Principle of F-Class Amplifier
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Fig. 2.3-6 Active Antenna Element
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3. Studying a Power Transmission System

3.1 Configuration and Principle of Retrodirective Array

Fig. 3.1-1 shows a block diagram of the retrodirective array, including its operation principle.
Each sub-array has 75 power-transmitting antennas and a pilot receiver system for phase control.
The pilot receiver system detects Phase Difference @ of the pilot signal at the center of sub-
arrays from an equiplane of waves. Based on this phase difference, the Power-transmitting
Sub-array Phase Shift @’ is calculated to drive the phase shifter. Thus, the sub-arrays with
their transmitting phase controlled to the received pilot signal phase have a synthetic output
wave plane come in line with the received pilot signal wave plane. This permits the directivity

of a power-transmitting signal to be controlled normally in the direction of the pilot.
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3.2 Beam Width

The beam half-value width (width in which half the power is included) of an antenna is generally

given by Expression (1).

70M
B =5 (D

where

B : Beam half-value width (degrees)
D : Antenna diameter (meters)
A Wavelength (meters)

If Antenna Diameter D = 10km and Frequency f = 2.45GHz (A = 0.122m), both assumed for
a power transmission system in the glass ocean on the moon surface, then Beam Half-Value
Width B will be 8.57x10* (degrees). This beam width is equivalent to a spot diameter of

i, & Q o

approximately 5.8 kilometers on the earth.
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3.3 Beam Steering

3.3.1 Requirements

The moon revolves both on its own axis and around the earth in an identical cycle. As a result,
it normally has the same side directed toward the earth. Nevertheless, the moon has an elliptic
orbit, with its equator plane inclined at 6.7 degrees to the orbital plane. The moon, therefore,
performs a gooseneck motion, though slightly. This motion is called the balance action. And
it causes an apparent moon surface center to deviate at a maximum of about 7 degrees relative
to the mean moon surface center. The power-transmitting system in the glass ocean, therefore,
should permit antenna beams to be driven within a range of the mean earth-oriented direction

+1 degree.

A deflection of beams would lead to a decrease in power-receiving efficiency while causing
the power flux density to rise around the power-receiving antenna. These, therefore, need be
taken into consideration in determining a beam steering step. The study reported herein has
been made on the assumption that the center of beams is to be controlled within 1/10° of the
beam width. Itis necessary, however, to study a detailed beam-orientation control requirement,

with power-receiving efficiency. etc. separately taken into consideration.
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If a phase shifter has a small number of bits, the phase shift will have an increased quantification
error, leading to a decrease in gain while causing beams to have an error in the beam-scanning
direction. If the phase shifter has a large number of bits, on the other hand, beams can be

=

have an increased insertion loss, leading

smoothly scanned. Nevertheless, the phase shifter wil

diialiant i 12 B AW AW) B & § 192 LW 5 i i

jan

to a decrease in antenna gain. It is necessary, therefore, to minimize the number of bits in the

phase shifter as far as the beam scanning characteristic so permits.

If a phase shifter with i-bits is empioyed, the decrease in gain will have Minimum Possible
t Error of £B/2. If the quantified phase

P
LEwit a

mean basis as follows:

2(1~cosB) G

G= 7 7

where Go is an ideal gain which contains no quantified phase error.

This document is provided by JAXA.




In the power transmission system in the glass ocean, the quantification is considered to make

an orientation error more problematical than a gain loss.

A beam-scanning direction error may be evaluated by the granularity which represents the
extent to which beams can be scanned in detail. A straight array antenna with Number of
Elements N may have a mean granularity expressed, being standardized in terms of Beam
Width 6gp as follows:

AB 1
2N

SHP

where a beam width of about 8.57x10 will apply in the case of a g10km power-transmitting
antenna in the glass ocean. In the expression above, the number of sub-arrays (5.5 million
pieces) falls in the glass ocean power transmission system composed of sub-arrays.

If a 3-bit phase shifter, which can be configured with relative ease, is employed, the orientation
error will remain at approximately 1/(2.6x10°) of the beam width, which may be deemed

satisfactory as orientation accuracy.

This document is provided by JAXA.




4. Studying a Feeder System

4.1 Profit and

Lossin AC and DC Feeders

Table 4.1-1 shows the general profit and loss in AC and DC feeders. Including the prevmusiy

reported study, the glass ocean is assumed to emp}oy a DC feeder system.

Table 4.1-1 A Comparison of AC and DC Feeders

ltem

AC feeder

DC feeder

Switch Station/ACG-DC
converter station

A switch station is less expensive than
an AC-DC converter station.

An AC-DC converter is more expensive
than a switch station.

Long-distance large
power transmission

To transmit the power over-a long
distance, the charging current will
become problematical. 1t is difficult to
use cabling for long-distance large-
power transmission.

Power can be transmitted over a long
distance without a reactive power loss
or a dielectric loss.

EMI A countermeasure is required. Readily controllable

Discharge countermeasure is required for corona | No countermeasure is required
discharge.

Harmonics generated |No harmonics are generated. Harmonics are generated in the AC-DC

converter.

Number of conductors

A large number of conductors is
required, resulting in an expensive cable

fina
1ne.

A small number of conductors is
required, resulting in an inexpensive

cshle line
gapic ine.

Heaclive power

Loss due to the transformer is small.

A lot of reactive power is consumed at a
converler station.

Voltage transformation

Easy (with a transformer)

Complicated (with a DC-DC converter)
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4.2 DC Feeder Circui

A DC feeder system may well have a feeder circuit configuration as shown in Fig. 4.2-1
(Reference 1). In a system on the earth, the power is considered to be transmitted between a
power-transmitting terminal and a load. And it has a system configuration in which the power
is finally fed in AC. In the glass ocean, the power is considered to be fed to a number of loads
in a bus form. Nevertheless, there is a relatively short distance between loads, which may be

considered as a concentrated load. And this way of thinking is directly applicable.

In a feeder system on the earth, a return to the ground and neutral point grounding are employed
to reduce the number of lines. On the surface of the moon, such characteristics as ground
resistance, etc. are unknown. Itis considered impossible, therefore, to adopt a return to the

ground.

The neutral-point grounding system which requires a balance between power generator and
load, moreover, has a feeder circuit complicated. -And grounding at the neutral pointis-also
required. Therefore, the neutral-point grounding system is considered unsuitable for location
on the surface of the moon. A multi-line transmission system is also considered unsuitable for

use on the moon surface because of its complicated circuitry.

From what has been mentioned above, it may be considered reasonable to employ a conductor
return system of monopolar single line transmission type for the feeder system in the glass

ocean.

Reference 1; “Establishing a DC Power Transmission Technology.” Society of Electricians (Corona-sha), 1978
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System Conceptual diagram

Ground(sea waier)

3
DC monopolar return system

single line power
transmission

Conductor return
system

Neutral-point
double-end
grounding system

DC bipolar Neutral-point
single line power single-end
érgncmn:s : PR L
s e grounaing systeim
Neutral line system
(a)
DC multi-line.
power transmission
_ system
Multi-line power
{ranst ’mSSion
system (%) (b)
Converter

in-paraliel DC
multi-line power
fransmission
system

(An example of dual-line system, with 2 converters in paraliel)

(legend) @ Power supply and load line @ High-speed swilch or circuil breaker

Forward converter (Re) and reverse converter (In)

(*) Even a multi-line system is also available either monopolarly or bipolarly and
in a variety of grounding methods, like the single-line system.

hown here is the typical case of bipolar grounding at both ends.

Fig. 4.2-1 DC Two-Terminal Transmission System

This document is provided by JAXA.




4.3 Studying a Feeder Loss

4.3.1 Characteristics of Copper and Aluminum Wires

Tables 4.3-1 and 4.3-2, respectively, show the characteristics of copper and aluminum wires
(Reference 2). Copper and aluminum have a difference of 1.5 times in conductivity. The
aluminum wire, therefore, shows higher electric resistance. With the utilization of resources
available on the moon, however, it will be necessary to use aluminum wires. Basically, giving
the aluminum wire a larger conductor diameter will permit the loss to be reduced to a loss

similar to that of copper wire.

4.3.2 Studying a Conductor Loss

Now, a study will be made of the conductor loss due to a feeder line. Since it is a loss due to
resistance, the feeder loss is proportional to the feeder resistance and to a square of the electric
current. The resistance of a feeder may be obtained by multiplying its distance by resistance
per unit length. Figs. 4.3-1 and 4.3-2, respectively, show the losses of aluminum and copper
wires where the feeder diameter is set to 12 mm, the same as the maximum diameter of a

. If the feeder line has a maximum one-way length of 10 kilometers,

w

single mild copper wir

an allowable loss of 1 kilo-Watt both ways where it is allowed to lose 1%. Fig. 4.3-3 shows
0

'3
=
e
[
O

the results of calculating the loss at each current where the power is transn
kilometers using a ¢12mm aluminum wire. From Fig. 4.3-3, it may be gazhe d that 1 kilo-
Watt is lost at a current of 14 amperes where the g12mm aluminum feeder line is 20 kilometers

long both ways.

From the above, we have set the feeder to a current of 14 amperes. Both feeder loss and feeder

ine section are parameters selectable over a wide range. These, therefore, are to be reviewed

in the future when other restrictive conditions may arise.

4.3.3 Studying a Feeder Line

An electric cable on the earth is, in general, often a conductor covered with an insulator. This

insulator coating is usually made of paper or of such a resin as polyethylene, vinyl, Teflon, etc.
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With consideration given to the production of a feeder on the surface of the moon, it is considered
difficult to obtain such insulating materials. And it is reasonable to use bare cables without
insulator coating as the feeder lines in the glass ocean. An electric car is fed with power at a
voltage of 700 thru 1,500 volts dc. Besides, the overhead feeder line is a bare cable. No

technological problem, therefore, is involved in feeding power with a bare cable.

This document is provided by JAXA.




‘Aidde jreys 0,0z 18 Je1ownueo oigno Jod swelb 6g°'g jo Ausueq 2

“lejsluelp plepuels au) o) uofejal Ul ueaib ale saoge ejgel sy Ul peyoads 1yBlom pue peoj eisud) ‘eoue)sisal OL0ee ‘eale [euopoes eyl | (230N}
alow 1o 0'ge §88]10 0'G¢ $89]10 0£8'C ¥251°0 810U 10 0001 500’1 el 90’0 oclL
alow o 0'ge §88]10 062 $89] 10 096’1 $612°0 BJOW 10 0°001 2869 PSR4 900 Q'oL
2low 10 0'Se $89] 40 0'G2 $S8[ 40 06S'| 0L22°0 2J0W 10 0'001L 9'G9% 29'29 900 06
8low 1o 0'se 88910 0'Ge $88]10 09¢'L oeveo 210W 10 0'001 8'91Yy 120§ 900 0’8
810w 10 0'0E $$9|10 0’92 $$8| 10 000'L 18¥v0 ajoW 1o 0'001 Lave 8y'ee 900 0L
2I0W 10 0'0E $$®] 10 0°92 $$8].10 £98 96150 alow 1o 0’001 0°G6¢ Rl'e¢ 90’0 §'9
80Ul 10 0'0¢ $59] 10 0’92 $89|10 GE/L 6609°0 ajouW 1o 0°001L £'16¢ lZ'8¢ Q00 0'9
@loul 1o 0'o¢ $89} 10 0'9¢ $88(10 819 9%2.L°0 210W 10 0'001L ¢ e 9L'€C 700 S'S
oW 10 008 $$9[10 092 $$9[10 L 1S 6180 210U 10 0'001 9Ll p9'61 00 0'S
2low 10 0'0g $$8]10 0'9¢ ssejlogly ' 2JoW 10 000! 7yl 06’6l ¥0'0 Sy
@low o oo §82]10 0'9¢ $89] 10 L2E 210U 10 0001 LbbL YASKA" Y00 oY
alow 10 0'0E $89]10 0'9¢ $89| .10 0S¢ 210w 1o 0'001 £5°68 129'6 Y00 g'e
2loulio 0'0¢g $$9] 10 0’92 $89] 40 60¢ ypLe 8I0U 10 0001 6y 1L ero'e ¥0°0 ce
low 10 0'0¢ $88} 10 0'9¢ $891102LL 0Lg¢ 210U 1o 0'00} cL'8% G09'9 €00 6¢
2IoWw 10 0'0g $8®] 10 0 /S $8D] 10 €7 8YTe 2I0W 10 0’001 oc Ly 60¢°G £0°0 9¢
2J0W 0. 0'0e $S8110 0 /2 $S©110 2| (AN 2jow 10 0001 7608 SGLY £0°0 £C
8loW 1o 0'0E $82]10 0'L2 $$8}.10 8’98 187G 2J0W 10 000! £6'/2 erLe £0°0 0'C
alow 1o go'se §88|10 0'LC §8®9] .10 L'89 PLLO aloW Jo 0’001 £9'ce Gyg'e 200 8|
alow 10 0'ge §sollo 0’/ §$8| 10 £'vG £L9'8 810W 10 0'001 88°LL o2 00 o'l
2iou 1o 0'ge $$9| 0 Q' Le ssol 0 9Ly oc' Ll 8JoW 10 0'00} 89'¢l 684" L 00 'L
210W 10 0'Ge $88} 10 0’82 $89] 10 L'LE ve Gl BI0UL 10 001 50°01 el 00 <l
210w I0 0'Ge §8®] 10 08¢ §89[ 10 0'CT §6°12 2IoW 10 0’001 <869 PGE8L 0 00 o'l
alow 1o 0'ge $89].10 0’8 $$9]10 gL olLle 2i0W 10 O'001 959'S c9E9'0 00 060
8lowW o 0'ge §89]10 0'gC $88| 40 L'yl og've 2loW 1o 0'00} 69V'v 12050 0’0 08'0
2iou 10 002 $$8] 10 0'8¢ §$8] 10 801 L8y 810W 10 0001 Ley'e 8¥8€°0 200 040
low 10 0°02 $89} 10 0'ge $88| 10 62'6 96°19 2]oW 1o 0'001 0s6'e 2Le€0 200 S9'0
210w 10 0'0¢ $8@[10 0'8C $89]10 26, 6609 B8loW 1o 0’001 £ls'e yRAZYA 00 090
8I0W 10 0'0¢ $89]10 0'8Z $89] 10 G9'9 99'¢L 2i0W 10 0’001 4% Q.LEC O 00 G50
2l0W 10 0'0C $89]10 0’82 $89} 10 05'S 6.8 210W 10 0'001 oLl 7961°0 .00 050
8low o 002 - - Z2'60L 2Jow Jo £°'66 A 06510 .00 S¥°0
2I0W 10 0'0C - - L'BEL 2IO0W 10 £'66 LLEL yASTANG) .00 ov’o
@low 10 002 - - S'08L 20w .10 £'66 £598°0 129600 .00 SE°0
@low 1o 002 - - 6'5l¢e 8I0U 10 £'66 6710 270800 [JeX0] 2e'0
2lou 1o 0'0g - - 7992 2loW 10 0’86 ¢85S0 S0990°0 100 62'0
2I0W 10 0'G) - - vlee 210U 10 0’86 0cLy'o 60E50°0 100 9c'0
alow o oGl - - y'eey 210Ul 10 0'86 769£°0 S51Y0°0 8000 €20
alow io 0'gl - - 6'65% 2J0W JO 0'86 £6/42°0 PAARNORS) 8000 02’0
alow io 0'gl - - 169 20w 10 0'g6 £€9¢C°0 gv520'0 800’0 8L'0
2J0W 10 O'GL - e'vL8 oW .10 0'86 88/LL°0 LL020°0 2000 91’0
2l0U 10 0'Gl - - oevl'L aioW Io 0'gs 89€L°0 BESL0°0 anoo 710
2low 1o 0l - - 0'955'} 2loul 10 0’86 G0o0L'0 lelloo 8000 cto
elow Jo 0'gl - - oove'e 210Ut 10 0°'86 286900 758.00°0 8000 0L'0

(unys) 0,02 (wuy/B31) (zuwius)
(%) ww 052 (zwwi/By) (5y) (eousioEY) (eoualeley) (%) D.02 (souele)Y) (eouessiey) {(ww) seouels|o) (ww) Jeretuel(
uopebuoly Yibuais ejisue | peo| sjisue . souejsisal Ajanonpuos Wybiepp BOlE [BUONO9S 18jewel(]
ol108[]

(Z01€D SIN) A11omnoorg 10§ 1 py 10ddoy PITAL JO SONSLINORIRYD [-¢'f 9[qRL,

__927

This document is provided by JAXA.



'senjen plepuels o} @relel encqe ejge; el ul usAlb peo) ssue] pue @oue)sisal ou0se WbleMm ‘Bele jeuoloesg g

%19 10 AIAIONPUOD 2 ARl 0) §] el WnuRrune ey "L {e10N)
ol ¢LE'0 EpL0 0L o'yl cES eEVL'0 60850°0 10°0%F 920
oL cor'o Se6'0 oL oL 8chy £8LLO S0990°0 100+ 620
ot €95°0 gLl oL o't 3215 LLLSO Zy080'0 LO'0F 2e'0
ol v.i9'0 ge'l 0L oyl v6C 86520 128600 10°0F 9e'0
ol 0880 a/L') oL ol §gee P6EL0 15¢1°0 100+ ov'o
ot Lt ee'e 0L oy 81 £6SV0 065L°0 LO'0F S¥°0
ol 8e’L SL'e oL ovi vyl £0850 P961°0 LO'OF 050
ol 99°'tL ae'e 0L o'l 6L1 SiyP90 9.€2°0 cO0'0F G50
ol 86'1 96'8 0L o'l 001 €€9.°0 128e'0 200+ 090
ot [Ao%4 S9'Y 0L ovi c's8 645680 81£€'0 c0'0+F S9°0
[0} 69'¢ 682G oL oyl Vel 6E0'L 8Y8E0 2007 0L0
o'l 1e'S L0°L S50l a0yl ¢l (AR 6L°9 (A gel c'9s LSE7 L L2050 20'0F 08'0
o'l cL'9 6’8 g5°0L 4 Sty 658 0L S'el 144 BELE <9£9'0 20'0F 060
oL 62’8 o'th G50t @o..v F,, ¢l 05°¢ 9’01 oL S'el 0'9¢ LeLe y5e.L0 200+ o't
o't 6'LL 6'5l §5°01 jelol gl i o6’ L L'yl (A aum_x 0'ge Fs0'e e €00+ 'l
I 29t 9'te §5°01 S0V i 80l o'0e 0L o'gl '8l GGLY 6EGL €0'0F s
el c'le £'8¢ gg'0l 907t 9% Lyt [T 0L S'el L'y 0EY'S tioe e0'0F 9t
¥l 8'9¢ 8'Ge Gg'ol 80'71 -9l AN g'le oL sel [AaS CLE9 Syee £0°0%F 8t
vt l'ee [ G50l @Q.f . 9l oee €68 0L §él 00’6 £8y'a arl'e €0'0F 0'¢
gt 8'eP ¥'8S §5°0L 90l 8l 1'6¢ 6'1lS 0L e RAS 08’9 2L €0°0+ £¢
Sl 0’98 QYL S5°01 90Vl -8l c'Le 7’99 oL g'al 2e’s £e' 7l €0'0F 9'¢
gL 0’59 998 S5°01 9071 8t ey 0'LL 0L 5¢1 686Gy £9'01 €0'0F 4
9l L'69 6'¢6 §9°01 0L 8 T4 928 oL eRAN 8¢y £8° L1 £0°0+ 6'¢
9’1 9'6L 901 8501 29071 8l 8'CH y'ye 0L gl GL'E 8808 8vg'L Y0'0F L'e
L e've €Ll GS0L g0t /4 £'99 596 oL o.wwv 1g'e [WARYA 2ro'8 70'0F e
LY 443 set §9°01 90yl 0 V'ie gll 0L 0'cl v6'C 86'52 129’6 P0'0F gt
8l et 151 S50l 901 0c £'SL 43 oL 0L €92 £0'BT GL'01 P0'0F L'e
6’1 och 09l G50l o0Vl 0g 6L gel 0L Q¢ 6v'e 29'0¢8 FAS A ¥0'0F 8'¢
6'L gel 141 S50k 90Vl 02 YVGL 9gt 0’9 o0l ge¢ v6'EE P0°0F oy
0e ovl g6l 9501 0L 0¢ L'e8 6el 0’9 00l yoe oy LE YO'0F A4
o'c £gt j{v4 S5°01 Q0'vi 0g.- 148 Sv1 09 00t G6'1 02 68 P0'0F o4
0’ 891 vee g6'ol o0l 0g ¥'46 691 0’9 00k 8.1 £6'ey P0'0F SV
0'¢ L0S 9l¢e S5'01 0L 874 8il 961 09 0’0ol vyl £0'ES 70'0F 0's
(%) (B%) (6%) (quuyBy) | (B (%) (B &) GuwBy) | Guw/bBy) | () | (wyb) (puurw) {ww) (ww)
UIN ey U Xei "UiiN XeiN Ui "Xepn 0.08
(ww g 19d) ) eoue}sIsel Bale $60URIS|0}
uopebuoly peoj ejisua ], e uoneBuoy peo| ejisus) wBuens ejsus] 208]3 BIepn feuoloeg | ielewelq | Jelpwel]
(iv-vH) enm wnuiwnje prey-jweg (1y-v) onm wnuwnie plipy

SAILAN WINUIWIN[Y PIRY-TWSE PUB WNUIUN]Y PIIJAl JO SOUSLISIORIRYD) 7-¢'{ 9]q8

This document is provided by JAXA.



001

(wiz | 19j0ULRlp) JOpeo,] WNUINTY Ul $s0 [-¢'% 81

(uny) souelsIg

0005-00
00001-0005 03
0006100001 O
0000¢-000G1
00062-0000¢ &

0000€-00052 &

$50] JOpes) WNUILNY

0009

100001

=

00051 ¢ .
2]

p— |

00002 ==

r

1

00052

300008

This document is provided by JAXA.



() ueung
05

001

000S-000
00001-000s 0
000S1-00001 &
00002-000S1 &
0005¢-0000¢ @
0000£-0005c @

(wwug | 1jeurerp) Jopasy yoddop ur sso 7-¢'p S1g

(wy) souelsi()

]

Fe Heoost §

{0000z =

RN

0005

00001

5

000G¢

$80| a@@& Jeddon)

~Jpoooe

This document is provided by JAXA.



(W) wsung

(W] 07 9OUBISIP PUE WUZ | I9)9WERIP I9Pas) WNUILNIE) SSO7 'SA JUDLINY 19pady £-¢' 31

0g

1000

01070

0010

000 'L

000 0!

(1) 8807

This document is provided by JAXA.



5. Studying a Power Receiving System
5.1 Studying a Power Receiving Area

CCIR-Rep.679 specifies the power transmission efficiency between power transmitting/
receiving antennas in a space power transmission system. Where the antennas are located face
to face, the power transmission efficiency may be obtained from the curves given in Fig. 5.1~

I (Reference 1). In these curves, T may be obtained with the following expression:

JAA

T =

ADs
where
Ar : Area of the power receiving antenna
At : Area of the power transmitting antenna (diameter 9 km, circular)
A Wavelength (frequency 2.45GHz)
Ds : Distance between power transmitting and receiving antennas

From the figure, it may be gathered that the power can be transmitted approximately 100%
with T = 2.5 or more. A power receiving area may be obtained from the power transmission
efficiency which is one of the target design values. Table 5.1-1 shows the power receiving
areas corresponding to T= 0.5, 1.0, 1.5, 2.0 and 2.5. In the study below, discussions will
proceed on the assumption that T = 1.5. In this case, meanwhile, the power receiving area is

obtainable from the following parameters relating to the glass ocean:

T=15

At = (4.5x10°)xn = 63.6x10° (m?)

A =0.122 (m)

Ds = 384,500 (km)

Ar =78.5x10° (m?) = (5x10%)x7w (m?)

From Fig. 5.1-1, we can get a space transmission efficiency of 89% with T = 1.5. Where power

19 far o grninnn t coinn Ince nt
i

fann o onaq tranomicginn 108g O
aviv, 4G Savie REQUEEDIIIESOIUIL AUGS Ul

g .
11% can be achieved by providing power receiving equipment which covers a radius of 5

kilometers.

An SPS on the stationary orbit, however, requires the same power-incoming area as that

calculated above to satisfy the above-mentioned requirements to locate the power transmitting
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and receiving antennas face to face. In the case of the glass ocean, however, the rotation of the
earth on its axis changes the angle at which the power receiving antenna on the earth looks at
the moon with the passage of time. If the power receiving antenna itself has a tracking function,
therefore, it is necessary to increase the power receiving area. Now, assume that the power is
received at an incident angle of 45 degrees. Then, it will be necessary to provide twice the

power receiving area.
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A : Circular aperture
B : Quadratic apertures
C: Optimum aperture taper

P,: Power flux-density at the centre of the aperture
P: Power flex-density at the edge of the aperture
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o : Radius to a point on the aperture

7 : Efficiency

Fig. 5.1-1 Transmission Efficiency in Microwave Power Transmission (CCIR-Rep.679)
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Table 5.1-1 Power receiving Area

T 0.5 1 15 2 2.5
A 0.1224 | 0.1224 0.1224 0.1224 0.1224
D (km) | 384500 | 384500 | 384500 | 384500 | 384500
At (km?) | 63.617 | 63617 | 63617 63.617 63.617
Ar (km?) | 8.71 34.84 78.40 139.38 217.78
Rr(km) | 1.67 3.33 5.00 6.66 8.38
7 (%) 22 64 89 97 100

Report 679-2, CCIR

—100—

Reference 1. Characteristics and Effects of Radio Technigues for The Transmission of Energy from Space,
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5.2 Studying a Collector/Distributor System

The rectenna will have a configuration nearly identical with that in the reference system. A
brief study has been made here into the collector network for rectennas. The rectenna collector
system shown in Fig. 5.2-1 has been proposed in the reference system. Where two panels are
used to receive and collect a power of 14.8MW, approximately SMW will flow through one
cable. Rectenna elements are capable of generating a high voltage if connected in series. If
they are so connected as to have an output of 40kV, for example, a current of 125 amperes will
be available. The higher the voltage, the more the current will decrease. And it will also be
possible to reduce the loss in the power transmission cable. Even at 125 amperes, however,
the 1cm? copper cable identical with the power transmission line to households, if used, allows
us to obtain a resistance of 0.85 ohms at a length of 5 kilometers and a voltage drop of 106

volts so that the loss will be limited to 2.6%. In this case, the cable weighs 4.45 tons.

A rectenna’s efficiency varies with a fluctuation of load. This load fluctuation, however, may
be normally controlled to the optimum condition by means of an inverter as shown in Fig. 5.2-
2 so that the maximum power can be drawn out of the rectenna. In other words, the inverter
will automatically control the output voltage even if the load should fluctuate. And the full
power will have to be output at that load. If an excess power should be produced, it will be
regulated in the thermal power plant which allows output to be adjusted with ease. These
he

=t

technologies, including an inverter, etc. have been developed in a photovoltaic system on

arth, and they can be directly applied.

—101—
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Fig. 5.2-2 How to Regulate a Load in a Rectenna
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6. Studying a Distribution of Systems

With the above-mentioned study findings taken into account, a total power-generating,
-transmitting and -receiving system is assumed as shown in Fig. 6-1. In this assumed system,
it is necessary to take into consideration the loss items as described below. In the present
study, meanwhile, the power generating capacity available in the glass ocean is taken to be the
reference. It is necessary, therefore, to separately estimate the system’s heat-collecting

efficiency, etc.

6.1 Grounds of Loss Items

The grounds of each item are shown below.

g Power in Sub-array Control System

Ve ds A WN =ER. 4 5-4

Described herein is the power consumed in the receiver, phase detector, computer, and phase
shifter driver circuit, all required to control the phase of a power-transmitting antenna. In the

power-transmitting antenna, the phase is controlled on a sub-array by sub-array basis. This

M 1 p
power requirement, therefore, is to be reckoned on a sub-array by sub-array basis. Here a
- P . 3 i 3 e 1 e
power of 50 Watts is distributed to the sub-arrays and presumably broken down into 15W for

the receiver, 5W for the phase detector, 20W for the computer and 10W

driver circuit.

& A ES i < Y A
6.1.2 Feeder Loss (3}

This loss is the power consumed due to the electric resistance in the feeder from the glass
ocean to a sub-array. A loss of 10 thru 15% has been allocated here to the power cable on the
earth. In the present system, however, a loss of 1% is allocated ause it is necessary o

reduce the power transmission distance and to increase the fﬁcier}cy.

This efficiency relates to the conversion of dc power to a high-frequency one. The existing
SSPA in the 2GHz band has a conversion efficiency of approximately 40% at the maximum
though it varies with the operation of an amplifier. A power conversion efficiency of 50% is
herein allocated while being expected to increase along with the progress of technology in the

future.

—103—
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6.1.4 Feeder Loss (RF)

This loss is generated in the feeder and filter of the SSPA-converted high-frequency power to
the antenna at the end. In a communication system, a loss of 1 thru 3dB (20 thru 50%) is
reckoned generally. With a filter or the like inserted, moreover, the loss remains at approximaﬁe}y
0.5 thru 1dB (10 thru 20%).

In this case, a loss of 5% (0.2dB) is allocated, considering that the SSPA is located just under

the antenna.

6.1.5 Space Propagation Loss

This loss is represented by the value indicating to what extent 2 power-receiving antenna is
capable of receiving the radio waves radiated from a power-transmitting antenna. This value

is dependent upon the areas of both power-transmitting and -receiving antennas, distance
nogo r’\ EEN ')Tlif\(’ 1’27 5

WAt anil langot t ot -
between both and wave-length. Here a loss of 95% is allocated. What size a power

antenna should have to satisfy the value so allocated will be studied separately.

6.1.6 Atmosphere Absorption Loss

This is the loss of electromagnetic waves absorbed in the atmosphere around the earth.
Generally, the atmosphere absorption loss increases as the frequency gets higher. Fig. 6.1-1
(Reference 1) shows the zelaﬂonship between frequency and attenuation. From this figure, it
may be gathered that a frequency of 2.45GHz studied for the present system attenuates at a
rate of 0.2dB per kilometer (1 atm. ). In the case of a frequency which has arrived from space,
it is necessary to take into consideration both propagation length in the atmosphere and air
pressure. Here, however, it is assumed that the overall propagation length is reckoned at 1
atm., and that the propagation distance is 1 kilometer (because the atmosphere decreases, t0o,

although the propagation distance is really a little longer). And a loss of 5% is allocated.

4 N . oo s
6.1.7 Rectenna’s Energy Collecting Efficiency

This efficiency is represented by the value indicating to what extent the antenna element of a
rectenna, or power-incoming antenna, is capable of collecting the radiated energy. A rectenna
energy collecting efficiency of 88% is allocated. This is the NASA SPS reference model

value.

—105—
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6.1.8 Rectenna’s Energy Conversion Efficiency

This efficiency is represented by the value indicating to what extent a rectifier element is
capable of converting to electricity the energy collected by the rectenna, power-receiving

antenna.

6.1.9 Power Transmission Network Conversion Efficiency

This efficiency is represented by the value indicating how efficiently the system is capable of
transmitting to a power transmission network the power which has been collected by the
rectenna, power-receiving antenna, and converted to energy by the rectifier element. A power
transmission network conversion efficiency of 97% is allocated here. This is the NASA SPS

reference model value.

Reference 1: CCIR Rep.719
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6.2 Loss Allocation Chart

Table 6.2-1 shows the results of allocating the loss, based on the findings mentioned above.

Eventually, it has been found that a 100kW glass ocean system requires 109,626 ones.

Table 6.2-1 Glass Ocean Loss Allocation Chart

= Glass Ocean
ltem . < -
o S5 [ 100kW | 300kW | 500kW | B80OKW | 1000kV
Power Generated in One Glass Oceans kW 100 300 500 800 1000
Number of Glass Oceans 109626]  36542|  21925| 13703 10963
Total Power Generated in Glass Oceans GwW 11,0 110 110 11.0 11.0
Sub-array Control System Working Power W 50 50 50 50 50
Number of Sub-arrays 6600000 6600000 6600000; 6600000 6600000
Total Control System Working Power GW 0.-33 0.331-0.33 0. 33 0.33
Transmitting Power GW 10.6 10,61 10.6 10.6 10.6
Feeder Loss (DC) ND 0.89 0. 99 20,99 0. 88 0.99
Power Conversion Efficiency ND 0. 501 0.50 0.50 0.580 0.50
Foeder Loss(RF) ND[0.95]  0.95 0.95| 0.95 0.95
Antenna Terminal Transmitting Power GW 5 g 5 : g 5
Space Propagation Loss ND 0.98 0. 98 0.98 0.98 0.98
Atmosphere Absorpiion Loss ND 0. 95 0.95|  0.95 0.95 0.95
Rectenna Energy Collecting Efficiency ND 088 0. 88 ~{.88 0. B8 Q; 88
Rectenna Energy Conversion Efficiency ND ‘(0. 801 0. 89 0. 89 0. 8BS 0. 89
Transmission Pawer Network Conversion Efficiency NE? C,g’{" 0‘ 9"[’ 6 ‘j( O g? -{} g(
Transmission Network Supply Power GW 3.7 3.7 3.7 3.7 3.7
— 108~

This document is provided by JAXA.




7. Studying Reliability and Maintenance

To what extent maintenance is required will be calculated here concerning a gigantic group of
sub-arrays employed in a power-transmitting system for a lunar energy system aimed at

transmitting electric power to the earth.

For an output of 5GW to materialize, 6.6 million sub-arrays are to be installed on the surface
of the moon, with each sub-array composed of seventy-six 10W SSPAs (an equilateral hexagon
inscribed in a ¢3.5m circle). In other words, a total of more than 5 hundred million SSPAs
existin this system. If each SSPA (subsystem in the periphery of each amplifier) should have
a failure rate of 1000FTT, for example, a simple integration would allow us to gather that more
than 500 SSPAs will fail hourly. Considering that the overall system has a diameter of
approximately 10 kilometers, we must realize its maintenance will involve great difficulties.

From the viewpoint of ease of maintenance, therefore, we have here adopted a policy of replacing
on that the output of each sub-

he assumpti u

i
R 2 X Wil

s

; sub- array basis. On

the SSPAs on a sub-a y sub-arra . O

e OSFAS On un-arr

av by
ay b
array is to be normally monitorable and that up to an arbitrary number of SSPAS in a sub-array
are allowed to fail, to what extent maintenance will be required (number of SPPAs required to

be replaced per unit time) is clarified hereunder.

In the case studied below, the maintenance policy taken is such that each sub-array should be
replaced with a new one immediately after more than an arbitrary number of amplifiers in the
sub-array have failed. The time required for maintenance (replacement) is to be reckoned as

zero. And itis assumed that those sub-arrays which failed at a certain Time t are to be replaced
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(1) Case where a sub-array is to be replaced if one or more of its elements has failed:

Discussed here is the maintenance policy of replacing a sub-array with a new one immediately

after one amplifier or more in the sub-array has failed.

Assume that:

A - Failure rate of each amplifier (= 1000(FIT))
Poo : Probability with which all 76 normal amplifiers remain normal after the lapse of

a unit time,

Por - : Probability with which one or more of the 76 normal amplifiers may fail after the
lapse of a unit time,

Nr : Total number of sub-arrays

N : Number of sub-arrays (= 6.6E6) unless a redundant system is held

Na : Number of sub-arrays required to be replaced per unit time (1 hour).
Then,

Por=1-Poo

Poo = {exp(-A 1)}7® = 0.999924002
The total number of the sub-arrays required to allow for a decrease in output due to a failure is:
Nr=Nx {76/ (76-1)}

Therefore,

<Reference>

The policy taken is such that a redundant system is to be provided, based on not the total

t 1 *
,,,,,,,,,,,,,,,,,,,,, PO T . Af amnlifiare in a cthoarray

uuxuupx Uz. auu a.uajb sut i€ numoer o1 a;;xyzAL.sus_u A3X QL ORAUTLIIGT .

Na=N x [1-{exp(- A 1)}""] = 508.18 (7.1.2)

Thus, there is not such a significant difference between (7.1.1) and (7.1.2).
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(2) Case where a sub-array is to be replaced if two or more of its elements have failed:

(a) Estimating the number of sub-arrays to be replaced at Time ¢:

If one amplifier is allowed to fail after the lapse of Time t, obtain the number of sub-arrays in
each of which two or more amplifiers will fail after the lapse of t + 1 hour. All of the sub-
arrays, each of which has two or more amplifiers failed then (by Time t), are assumed to be

replaced with the sub-arrays which have not failed.

Set parameters as follows:

A : Failure rate of each amplifier (= 1000(FIT))

A+ : Failure rate of each amplifier by Time t
Poi  : Probability with which one of the 76 normal amplifiers may fail after the lapse of
Timet,

Poz : Probability with which two or more of the 76 normal amplifiers may fail after
the lapse of a unit time,

Pii : Probability with which one or more of the 75 normal amplifiers may fail after the
lapse of a unit time,

Nt @ Total number of sub-arrays

N : Number of sub-arrays (= 6.6E6) unless a redundant system is held

No : Number of sub-arrays, each of which has every amplifier remain normal at Time t

N1 . Number of sub-arrays, each of which has had one amplifier failed at Time t

Ng Number of sub-arrays, each of which has two or more amplifiers failed between

Time t and t + 1 hour (number of sub-arrays required to be replaced at t + 1 hour)
A total number of the sub-arrays required to allow for a decrease in output due to a failure is:

Nr=N x{76/(76-2)}

t is assumed that No contains those sub-arrays, each of which has two or more amplifiers

?

ailed and replaced with normal ones, and those which have not failed to begin with. Therefore,

Y

we can get:
No =Nt - N

Then,

N; =Nr X P
Po=76 x(1 -?L-L)” X A

Poz = 1- {(1I- M) + 76 X (1- M) x A}
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And we can get Nq as follows:
Ng = NoPoz + N1P1y
(Example)
With t = 8760(h),
= 8.72E-3
N =2.33E6, No=4.45E6

Ng¢=177.03 — 177 sub-arrays need be replaced hourly.

(b) Expression by a Gradually Changing Formula

Discussed here is how the ratio of sub-arrays in the Failure 1 mode to-those in the Failure 0

bR SR |

mode in a total number of sub-arrays changes, with the passage of Time t.

The sub-arrays composed of the amplifiers that are all normal upon starting will be divided

after the lapse of a unit time into the following three groups:
» Sub-arrays with all amplifiers normal,
¢ Sub-arrays, each of which has one amplifier failed, and

o Sub-arrays, each of which has two or more amplifiers failed.

r mamtenance s n

* All normal — < All normal s Failure 1 — o Fajlure 1
e Fatlure 1 » Failure 7 or more

e Failure 2 or more
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These mode changes may be illustrated as follows:

Time 0

NT (ENQ‘))

Time 1

Nol=Nt—Ni! Nil=Ng’ Po1

"“Wﬁfﬂ

anasnwecenon

Time 2

AT D s R T Ar. 72
No“=NT1—N1*
All normal o
W/  Eanilira 4 —
yd yd P =
7 - :
T Faiure 2 or more
Now, it is assumed that upon starting at Time n (after completion of maintenance)
Nt @ Total number of sub-arrays
Ni® : Number of sub-arrays, each of which has one amplifier failed
N .n - Nhairnbher af ennhoarravye Froe fFram Failnea
iy . 1N RLIIULL UL buU‘“c&iiC&yé LEUL iU rallUulic
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In each of the cases referred to above, the probability is to be set as follows:

Poo: Probability with which a failure-free sub-array may remain free from failure after
the lapse of a unit time

Poi: Probability with which a failure-free sub-array may have one amplifier failed after
the lapse of a unit time

Pox: Probability with which a failure-free sub-array may have two or more amplifiers
failed after the lapse of a unit time

Pio: Probability with which a sub-array in the Failure 1 mode may still remain in the
same mode after the lapse of a unit time

Py1: Probability with which a sub-array in the Failure 1 mode may have another amplifier
failed after the lapse of a unit time

where

Poo = 76Co « (1-A)™®
Poi =76C1 « (1- M) - A
Pro=175Co - (1- 1)
Po2 =1 - Poo - Po

Pii=1-Pu
As iliustrated,

Nt =N+ Py = Nt - Py
Ni? = Ng!« Poy + N1t Pio
= (Nt - NrPo)Por+ NrePor-Pro

=Nt Por- {1 + (Pio- Poi}}
N3 = No?+ Por + N1« P1o

= Nr« Po; + Ni2- (Pro - Po)
=Nr«Poi+ {1+ Pio-Pan)+ (P - Por)?}

Ni* = Ny P« 2, (Pro - Pop)*! _ (7.2.1)
k=1

Thus, it is possible to immediately obtain a ratio of sub-arrays in the Failure 1 mode to those in

the Failure 0 mode in a total number of sub-arrays.
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In addition, assume that Nd is the number of sub-arrays to be replaced at Time n during a unit

time. Then, we can get

Nag= (Nt - Ni") e Por+ Ni" ¢ P
= (Nt - Ni*) e (1- Poo - Por) + Ni* ¢ (1~ P1o)

(3) Case where a sub-array is to be replaced if three or more of its elements have
failed:

Discussed here is the maintenance policy of replacing a sub-array with a new one once three
amplifiers in the sub-array have failed while allowing two amplifiers in the sub-array to fail.

In each of the cases, set the probability as follows:

Poo : Probability with which a failure-free sub-array may remain free from failure
after the lapse of a unit time ‘

Por : Probability with which a failure-free sub-array may have one amplifier failed
after the lapse of a unit time

Pe;  : Probability with which a failure-free sub-array may have two or more amplifiers
failed after the lapse of a unit time

Pos  : Probability with which a failure-free sub-array may have three or more amplifiers
failed after the lapse of a unit time

Pio: Probability with which a sub-array in the Failure 1 mode may still remain in the
same mode after the lapse of 2 unit time

P11 1 Probability with which a sub-array in the Failure 1 mode may have another
amplifier failed after the lapse of a unit time

Pn Pz‘eba’sﬂi&y with which a sub-array in the Failure 1 mode may have another two
amplifiers or more failed after the lapse of a unit time
E 1 : Taiiss

Pao Probability with which a sub-array in the Failure 2 mode may still remain in the
same mode af%: er the lapse of a unit time

Pai 1 Probability with which a sub—array in the Failure 2 mode may have another

amplifier failed after the lapse of a unit time

where

Poo = 76Co (1 - 1)
Poi=7Cie (1 -A)P A
71 _ANTE %2

02 = 7652 %1 "~ 4dvj *iv

Pio=76Co (1 -A)7
Piu=25Ci-(1-A)"-A
Pao=74Co (1 -2)"*
Pos=1-Po-Po-Pn
Pi=1-Puo-Pu
Pu=1-Puw
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As illustrated on this page, clarify the relations of sub-arrays in each of the modes at Time n -
1 and at Time 1, and we will be able to get a gradually changing formula as follows:

No* = Nt - Ni* - Ny

Ni* = Ng™! = Pop + Ni** - Pro

N2® = No™t Pog + Ni*t e Pry + No™t s Pao
where

Nr=N X {76/(76-3)}

N : Number of sub-arrays, each of which has k-amplifiers failed upon start of Time n

(after completion of maintenance)
If the number of sub-arrays to be replaced per unit time is reckoned as Na:
We can get:

Naz=Ng*lePos + Nl Py + Nole Py (7.3.1)

s

Time ﬁ-‘il
v s
s ! Y
: Noa—1 = Ny — N1 A R '
E Ne® | =NT Nz\
: AN
Timen >< s
. ¥ % .@%/7% ;
> g ?77////%/ V7
No"=NT—N1"—N2" Ni"=No""!-Por N2"=N¢"~! Po
+N1*~1 Pro +N L P
+N22" P2
All normal . Failure 2

Failure 3 or more

7/// Faii?re 1
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(Suppierﬁent}

Concerning the maintenance policy of replacing a sub-array whose four amplifiers have failed
while allowing three amplifiers in the sub-array to fail, it is possible, in exactly the same way,

to obtain the number of sub-arrays required to be replaced per unit time (Na) as follows:

Poo = 76Co (1- A )76
Probability with which a failure-free sub-array may remain free from failure after
the lapse of a unit time

Poi = 76C1 (1- A)- A
Probability with which a failure-free sub-array may have one amplifier failed after
the lapse of a unit time

Por = 76C2 (1- A )% A2
Probability with which a failure-free sub-array may have two or more amplifiers
failed after the lapse of a unit time

Pos = 76Cs (1- A )% A%
Probability with which a failure-free sub-array may have three or more amplifiers
failed after the lapse of a unit time

Pio=75Co (1- M) :
Probability with which a sub-array in the Failure 1 mode may still remain in the
same mode after the lapse of a unit time

Pii=5Ci (1-A Y%A -
Probability with which a sub-array in the Failure 1 mode may have another amplifier
failed after the lapse of a unit time

Pio=5C (1-A )42
Probability with which a sub-array in the Failure 1 mode may have another two
amplifiers or more failed after the Iapse of a unit time

Pao = 74Co (1- A )+
Probability with which a sub-array in the Failure 2 mode may still remain in the

~A +
same mode after the lapse of a unitt

Po = 74Cy (1- A )P A
Probability with which a sub—ar“ay in the Failure 2 mode may have another amplifier
failed after the lapse of a unit time

Py =7Ce (1- 1)
Probability with which a sub-array in the Failure 3 mode may still remain in the
same mode after the lapse of a unit time

Poa=1-Poo-Po1-Poa-Pos:

Probability with which a failure-free sub-array may have four or more amplifiers
failed after the lapse of a unit time
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Pi3=1-Pio-P11-Pra:
Probability with which a sub-array in the Failure 1 mode may have another three
amplifiers or more failed after the lapse of a unit time

Pu=1-Pao-Pu:
Probability with which a sub-array in the Failure 2 mode may have another two
amplifiers or more failed after the lapse of a unit time

P31=1-Pso:
Probability with which a sub-array in the Failure 3 mode may have another amplifier
or more failed after the lapse of a unit time

No® = Nt - Ni* - Np* - Ns*

N® = N« Poy + N1« Pyo

No® = No™! - Pop + Ni¥1 e Py + Notte Py

Nit = N« Pos + N1t e Py + No®le Pyy + Nt e Py

where
Nr=NX{76/(76-4)}

Ni* : Number of sub-arrays, each of which has k-amplifiers failed upon start of Time n

(after completion of maintenance)

If the number of sub-arrays to be replaced per unit time is reckoned as N, we can get a gradually
changing formula:

Na=Ng™!« Pos + N e Pis + Novt e Pop + N3®t - Py (7.3.2)
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(4) Calculation and Consideration

Based on the gradually changing formulas found in (2) and (3) above, calculations are to be
made herein concerning the time-oriented changes in the number of the sub-arrays that have to

be replaced, based on each maintenance policy.

Fig. 7.1 shows how many sub-arrays need to be replaced hourly to maintain the system when

the following four maintenance policies (to replace sub-arrays) are held:

» Replace the sub-array which has one element or more failed (Policy 1).
> Replace the sub-array which has two elements or more failed (Policy 2).
» Replace the sub-array which has three elements or more failed (Policy 3).

» Replace the sub-array which has four elements or more failed (Policy 4).

iis of abscissas indicates the time that has elapsed after installing the system. Apart from
n the policy of replacing a sub-array which has one element or more failed, those sub-arrays
which have an allowable number of failures will increase with the passage of time. As aresult,
the number of sub-arrays that have to be replaced will also increase. After the lapse of 160

thousand hours, the number of sub-arrays to be replaced has neoﬂy converged, irrespecmve of

The a

(Policy 1) Na(1) = 508.27 pieces
(Policy 2) No(2) = 255.87 pieces
(Policy 3) Ng(3) = 171.76 pieces
(Policy 4) Nu(4) = 129.72 pieces
Fig. 7.2 shows t hanges in ratio of the number of sub-arrays comprising normal amplifiers

under each of the pohaes to the total of sub-arrays as a whole. The ratios after the lapse of 160

thousand hours have been obtained as follows:

(Policy 1) 1.0000
(Policy 2) 0.4967
(Policy 3) 0.3289
(Policy 4) 0.2450
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(5) Replace Sub-array which has i-Elements or More Failed (Policy i

Under the maintenance policy of replacing any sub-array that may have i-amplifiers failed
while allowing (i-1) amplifiers in the array to fail, we can find the formula given below from

the study results obtained so far.

If the total number of sub-arrays required to avoid a decrease in output under Policy i is reckoned

to be Nrw, then we can get:
Nrg =N x {76 / (76-1)}
As already mentioned, moreover, it is assumed that:

Ni* : Number of sub-arrays, each of which has k-amplifiers failed upon start of Time n

(after completion of maintenance).
Under each of the maintenance policies, the probability is to be assumed as follows:

Py : Probability with which the sub-array having g-elements failed may have another 1-
elements failed after the lapse of a unit time (q + 1 <1)

: Probability with which the sub-array having g-elements failed may have another r-

elements or more failed after the lapse of 2 unit time (g +r=1)

n agh N gL
Ni}ﬁ NTE) _ﬁNi“NZ .......... “Ni—l
i-1
= NT® - 2, N}
k=1

N1ft=No"~! Por+Ni1* 1 P10

N2R=No*~1-Poa+N12~1-Pr1+N2"" ! Pag

- nol a1 ahi—-1gp
Néix = N;& .?%_” + NE ‘?EG=Z) .......... =‘N§~=E 'Eﬁei}ﬁ
. E‘E‘ Ni-1lp - 1
A Y (7.5.1)
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where
a) Withg+p <i,
Pqr=76—qCr (1— 1) "~ i (7.5.2)

b) With g + p =1,
=1-3 P (7.5.3)

From the above, we can get the probability in each case.

Sequentially calculating the gradually changing formulas will allow us to obtain the Number
of Sub-arrays to be Replaced at Time n under Policy i (Nu(i)) as follows:

, ; i .y
N,@) = J P NT L‘Pzasn .......... A
i=1
n—1 -
= 2 N7 Py, (7.5.4)

Fig. 7.3 indicates Nu(i) relative to i in each case after the lapse of 160 thousand hours. If the
result has i =42, it indicates the minimum value. It is difficult, however, to think that Nq(i) has
converged in relation to every i in 160 thousand hours. The calculation results already referred

to indicate that the time to approach the convergent value according to an increase in 1 shows

(2838} £ oif LIX
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(6) Maintenance Policy

Now, assume that Nag has converged. Then, it may be considered that the number of sub-
arrays in each failure mode becomes constant. Under a certain Policy 1, in other words, we can
get a formula to obtain the number of sub-arrays, each of which has a total of 1- 1 elements
failed, as follows:

N1 = NoPo1 + NP

N2 = NoPo2 + NiP11+ N2 Py

Nz = NoPos + NP2+ No P + N3Py

i-1
Nii =2, Ni- P19 (7.5.5)
k=0
Besides,
Nig = No + Ni++ ==+ Nis (71.5.6)

In this case,

NT(i): N x {76/(76 - 1)}

&
o

Py =76 - oCr (1 - A)T60™ (7.5.2)

where
] — & &FEE
Al A PRV E D

A = 1000 (FIT)

All from Ny, except Ny, are constant.

Sy
-
5

Y.
i oiner wor

S ¥ AR i YW

e e it e AN
s, combining (7.5.5) with (7.5.6) will alk

simultaneous equations, which have i-unknown numbers from No to Nii.

Under these simultaneous equations, obtain Np thru Nii.

Ng = NoPoi + N}Pm.n e e o0 = Ni-lP(i-l)i
i-1

— N..D ...
= N« Prii
k=0

Now, we can get Na.
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Table 7.1 shows Value Nq with i = 2 thru 75 as calculated under the policy referred to above.

Related curves are shown in Fig. 7.4.

Convergent Value Na has shown a curve to take the minimum value, with i =48. Coupled with
an increase in i, the redundant system turns out to be effective so that the number of sub-arrays
that need to be replaced decreases. Nevertheless, the redundant system will be larger to secure
an output in the event of failure once i has exceeded a certain value. And the number of sub-

arrays to be replaced will increase, accordingly.
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Table 7.1 Calculation Results (Number of Sub-arrays Replaced Hourly)

i N¢{) i N&i)
2 255.3680 41 18.6676
3 171.7586 42 18.5272
4 129.7240 43 18,4087
5 104.5202 44 18.3210
6 87.7323 45 18.2369
7 75.7541 46 18.1837
g 66.7824 47 18.1527
9 59.8155 48 18.1444
10 54,2523 49 18.1596
11 46.7104 50 18.1992
12 45,9349 51 18.2645
i 42,7492 52 18.3572
14 40.0274 53 18.4790
15 37.6770 54 18.6326
i6 35.6288 55 18.8208
17 33.8298 56 19.0472
18 32.2388 57 19.3162
19 30.8233 58 19.6333
20 29.5575 59 20.0052
21 28.4202 60 20.4404
22 27.3944 61 20.9494
23 26.4859 62 21.5460
24 25.6230 63 22.2478
25 24.8557 &4 23.0783
26 24.1559 &5 24.0690
27 23.5164 &6 25.2637
28 22.9313 &7 26.7248
29 22.3953 68 28.5447
30 21.9043 £9 30.8661
31 21.4542 70 33.9231
32 21.0418 71 38,1283
33 20.6643 72 44,2947
34 20.3193 73 54,2678
35 20,0045 74 73.4552
36 19.7183 75 128.1459
37 19.4590

38 19.2252

39 19.0160

40 18.8304
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Based on the calculation results already mentioned, we may safely come to the conclusion that

the maintenance policy to minimize the number of sub-arrays replaced hourly is:
“Once 48 of the 76 elements in a sub-array have failed, replace that sub-array.”

The number of sub-arrays to be replaced, moreover, is 18.1 pieces per hour under normal

operating conditions.

The reason why the wording “under normal operating conditions” is used here is because it is
considered as the time when the number of sub-arrays to be replaced nearly reaches the
maximum and that a considerable time (approximately one million hours = about 114 years

according to an estimate) is required to reach the normal operating conditions.
The redundant number under the policy, moreover, will be as follows:
6.6E6 X [{76/(76-48)}-1] - =6.6BE6x1.714
=11.31E6

In other words, it is necessary to provide approximately 2.7 times the number of sub-arrays
required without a redundant system. In those initial stages when hardly any elements fail, a

significant quantity of electricity will be obtainable.

minimizing maintenance is adopted. Essentially, therefore, it is desirable to minimize the cost
having taken into account the cost involved in securing a redundant sysiem.
Now, assume that:
Cost incurred on the replacement of one sub-array: Ci
Cost per piece of sub-array (parts and installation): Cs and
System service life (hours): T
Then, we can get:
Replacement cost (Cn): Cre Na(1) <T1
Initial cost (Ci): Cs- 6.6E6 - {76/(76-1)}
i, therefore, should be obtained so that the sum of Cn + Ci will be minimized.

At the present stage, each cost has not been clarified. ihas been determined so as to minimize

Cm, accordingly. Discussions hereinafter will proceeded with i = 48 as the optimum policy.
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With this policy taken, a group of sub-arrays will have a size of approximately 16 kilometers

in diameter on the moon.

From the viewpoint of ease of maintenance, the size of 16km in diameter is enormous, which

should preferably be controlled after being divided into a certain number of areas.

Fig. 7.1 shows an example of the sub-array group divided into 36 equal control areas. In this
case, each area covers approximately 5.58 x 10 (m?), which may be converted to an equilateral

square of approximately 2.36 kilometers per side.

In this case, the number of sub-arrays that need to be replaced in one control area may be

averaged at:
18.1444/36 = (.50 (pieces/hour)
This means that approximately one sub-array must be replaced every two hours.

To reduce the burden on one control area, furthermore, another concentric circle may well be
added which is divided into 64 control areas, each of which covers 3.14 X 10°m? (an equilateral
square of 1.77 kilometers per side). In this case, the number of sub-arrays that need to be

replaced in one control area will be:

18.1444/64 = 0.28 (pcs./hour)

16km

Fig. 7.1 Control Area Divided into 36
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1wber of Parts

8. Studying a Decrease in Numn

8.1 Configuration and Production Process of Microwave
Monolithic IC (MMIC)

Fig. 8.1-1 shows a general IC production process (Reference 1). Fig. 8.1-2, moreover, is a
sectional view of the MOSIC in each production process (Reference 1). In the wafer processing
process, a mask pattern is printed optically to differentiate the portion to be treated from the
one not to be. This printing is performed by thinly applying an ultraviolet ray curing resin and
exposing it to ultraviolet rays by way of a mask so that uncured portions can be chemically
removed (etched). In the stages where the process has ended, irregularities are mixed and
aluminum electrode spattering is carried out. In this way, the wafer has unnecessary portions
entirely removed together with the resin by the use of another chemical after being subjected
to some kind of treatment. It then proceeds to the next process. In the assembly process, IC
chips are packaged. The ICs for use on the earth are generally filled in epoxy resin and ceramic
packages. The ICs for a microwave application have to be put in a metal housing, because of

their characteristics.

Reference 1: LSI Process Engineering {Revised Ver. 2), Masatoshi UDAKA, Ohm-sha, 1988
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8.2 Microwave Circuit Size

8.2.1 Microwave Circuit

To configure a microwave circuit as a flat circuit, a microstripping line is generally used. The

lower the frequency on the microstripping line, the larger its circuit element will be.

8.2.2 Phase Shifter

Phase shifters are available in two types; analog type and digital type. The analog type permits
the line length to vary continuously. A variable-length coaxial cable or the like belongs to this
type. The digital type should be operated with the selection of a line with two or more fixed
line lengths. This type is now the most commonly used. Considering their usability in space,
the analog type phase shifters, which have some mechanical parts, are thought to be unsuitable.

The digital type phase shifter is taken up in the description below.

Fig. 8.2-1 shows an example of the digital phase shifter employed on a microstripping line
(Reference 2). The description below relates to typical digital type phase shifters.

(1) Switch Line Type Phase Shifter SLPS

In this phase shifter, a difference in length between two strip lines selectable with a switch
element is set so that an electric length equivalent to a shift requirement can be obtained. In
i e place due to the leakage through a line
hifter, therefore, is contrived to prevent such
error and/or loss. The present system is unsuitable for the achievement of a high frequency

and for many switch elements. Despite these disadvantages, however, the phase shifter has a
J ¥ H s I
S

A phase shift is changed by selecting a loaded line, which has an identical magnitude of
Susceptance b connected in series with a main line of Standardized Impedance Zn and Length
A /4, so that the code of that loaded line will be inverted. This circuit needs to have Target
Phase Shift ¢, Main Line Impedance Zn and Load Susceptance be which are related by the

expressions below.
Zm = COS<¢ / 2)

ho = tan(g / 2)
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Fig. 8.2-1 Types of Digital Phase Shifters
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A phase shifter of this type has a small insertion loss while allowing the phase to vary relatively
little within the band (without being affected by the power transmission whose frequency 18
fixed). This method, however, does not allow a phase shifter to achieve a phase shift of almost
180 degrees. So, it is unsuitable for the phase shifter which may require a large phase shift.
Besides, a loaded line type phase shifter is of complicated design. Nevertheless, it permits the

number of switch elements to be reduced.

(3) Branch Line Type Phase Shifter BLPS

A phase shifter of this type selects a phase shift, based on a change in phase of Reflecting
System I, which is caused by turning a switch element on and off. This method may not allow
a required phase shift to be achieved by the switch itself with its phase shift stroke only. If so,
an impedance converter circuit may be inserted to achieve the required phase shift. The method
permits a significant phase shift to be achieved with ease. Nevertheless, it has a slightly large
insertion loss while being of complicated design. A branch line type phase shifter, however,

allows for a decrease in the number of switch elements.

(4) Comparison of Phase Shifters

Althou gni; re is a difference more or less according to the phase shift requirement, various
TC

type e shifters have their respective characteristics r@ughly related as described below.

(/)

Insertion Loss . small SLPS < LLPS < BLPS large
Dimensional Construction  : small SLPS < LLPS < BLPS large

Frequency Characteristic . low frequency SLPS, BLPS < LLPS high frequency

Phase Shift . small phase shift SLPS, LLPS < BLPS
Number of Switch Elements : large SLPS >LLPS = BLPS small

(EY Cuitnbh Wlovmant

Re)f WO YVERRER BUBLERATERR

As a switch element, a PIN diode is often used. More recently, however, there is an increasing
number of FET-applied ones. The cost of an electronic scanning type antenna depends upon
its switch elements. Itis desirable, therefore, to reduce the number of switch elements employed

as far as practicable. A smaller number of positive parts is also better, taking into consideration
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production on the moon. Shown below are the features of both PIN diode- and FET-applied

switch elements.

(2) PIN Diode

The PIN diode, which has a small ON resistance (1 ohm or less), has a smaller insertion loss
than an FET. From a configuration point of view, on the other hand, it is necessary to flow a
bias current through an RF line so that a slightly complicated circuit will be employed. In
addition, the PIN diode switch element has another disadvantage that its current consumption
will become significant if a large number of diodes are employed. One diode has a current
consumption of approximately 20 milliamperes. A current of 4 amperes or more is required

for the 19-element antenna employing a 3-bit phase shifter.

(b) FET

A field effect transistor type switch element may be turned on and off with a voltage at the gate
electrode independent of an RF line. As a result, its basic circuit is far simpler than that for the
PIN diode. It has an ON resistance of approximately 2 ohms and eventually a large insertion

loss. To make a phase shifter of MMICs, moreover, it is necessary to employ an FET.

Reference 2: Design and Analysis of Car-bone Antennas in a Mobile Satellite Communication Systems, and
Challenges for the Future, Textbook, GIKEN Information Center, May 1991
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8.3 SSPA Circuit Configuration

To achieve an output of 10 Watts at 2.45GHz, it is necessary to connect amplifiers in a number
of stages in series. If the amplifier in each stage has Gain G, Total Gain G available in the

amplifiers in series may be obtained by the following expression:

G = Gi1G:Gs.... .G

Currently, an SSPA has a gain of approximately 10dB per stage. It is necessary, therefore, to
connect amplifiers in three stages in series. If the amplifier in each stage has a gain of 10dB,
the total gain will reach 30dB. And an SSPA input power of 0.01W is required.

—138—

This document is provided by JAXA.




8.4 Studying MMIC Applicability
8.4.1 Phase Shifter Size

As gathered from Fig. 8.1-1, the size of a phase shifter is determined according to the working
frequency. LLPS and BLPS, both based on A/4, will have A of approximately 12 centimeters
at 2.45GHz, that is A/4 = 3 centimeters. One BLPS, therefore, has a size of 3cm*3cm.

8.4.2 SSPA Size

Inductance and capacitance, working inside the circuit of an SSPA, are dependent upon the
frequency. The SSPA operating at 2.45GHz, therefore, will be very large.

8.4.3 Production Process

As already mentioned, an IC production process is very complex, resorting to a large number
of chemicals and production equipment. In addition, every process requires a very high level
of cleanness. It is questionable, therefore, whether ICs can be produced on the existing surface

of the moon.

entioned above, it is necessary to incorporate two or more FETSs

BELRELAR SRS 5 i

in a size of 3cm#*3cm for a single stage of the phase shifter. To change the phase shifters i

=)

L

two or more stages over to an MMIC, it will be necessary to increase the size further. This size

is far larger than the approximately lcm#*1lcm generally available for an LSL

In the case of an SSPA, it is likely that the circuit will have a large size if the amplifiers in three

stages or so are changed over to an MMIC on account of a related circuit constant.

Ty 17 e Tiahle o
Generally, an IC is liable to

will be a significant amount of defects.

e production process problems on the moon, this would make it difficult to

= = - T s

apply an MMIC to the power transmission system in the glass ocean.
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8.5 Miscellaneous Measures

Another measure to reduce the number of parts for such a circuit without using an MMIC is to
make it hybrid. In this case, however, it is fundamentally necessary to combine individual
parts. Considering that the number of parts required will increase and that the production
process will be complex, it is tought to be difficult to produce and assemble a hybrid circuit on

the moon.
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9. Studying the Cost

9.1 Prime Cost of Power Generated throughout Service Life by
Power Source in Japan

According to the data available from the Ministry of International Trade and Industry, the cost

of power generated throughout a service life by power sources in Japan is as shown in Table

9.1-1.

Table 9.1-1 Results of Estimating the Prime Costs of Power by Source (Based on the Operation
Started up in Fiscal 1989)

Construction cost
{per kW)

Prime cost of power throughout setvice life
{power transmission terminal) (per kWh)

Nuclear bower

Approx. 8 Japanese yen

Hydroelectric power
in general

Approx. 640 thousand Japanese yen

Approx. 13 Japanese ven

Qil-fired thermoelectric

Approx. 190 thousand Japanese yen

Approx. 11 Japanese yen

Coal-fired thermoelectric

Approx. 230 thousand Japanese yen

Approx. 10 Japanese yen

LNG-fired thermoelectric

Approx. 200 thousand Japanese yen

Approx. 10 Japaﬁeséyeﬁ

(Source: "Nuclear Power Pocket Book" 1894 Edition, prepared under the supervision of
Nuclear Power Bureau, Agency of Science and Technology, Japan Nuclear Power Industry
Conference, P.13)
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(Reference) Chart of the Grounds to Calculate the Cost of Power Generated in Fiscal 1989

Power Source Hydroslectric, in general | Oil-fired | Coal-fired | LNG-fired Nuclear
OCutput (kW) 10,000 ~ 40,000 600,000 600,000 600,000 1,100,000
Service year (year) 40 15 15 15 16
Fuel calorie _ 9,800kcalll | 6,200kcallkg| 13,000kcalkg _
Thermal efficiency ~ 39.7% 39.1% 40.5% -
In-house consumption 0.4% 5% 8% 3% 4%
ratio
Number of employees 3 persons 60 persons 70 persons 50 persons. .| 100 persons
per plant
Labor cost per capita * 8,100,000 8,100,000 8,100,000 8,100,000 8,100,000
(Japanese yen)
Ratio of fuel cost to _ Approx Approx. Approx. Approx.
prime cost of power 60% 40% 50% 20%
* Including retirement aflowances, welfare expenses, etc
= Approximately ten percent is spent tc purchase condensed uranium

—142—

This document is provided by JAXA.




9.2 Estimating the Prime Cost of Nuclear Power Generation

The prime cost estimation chart given in 9.1 does not show how to calculate the prime cost.
To compare the prime cost with the requirement for the glass ocean system, a general cost
calculation procedure is herein used to estimate the nuclear power prime cost throughout the

service year, based on the values specified in 9.1.

The cost of power annually generated may be generally obtainable from the expression below.
Annual expenditure (yen)/annual supply power (kWh)
= prime cost of power generated (yen/kWh)

The term, annual expenditure, as used herein, relates to those expenses which will be incurred
yearly to manage and maintain the equipment for a power plant constructed. It comprises such
capital expenses as interest, depreciation expense, various taxes, etc. and such running costs as
labor cost, repair/maintenance cost, fuel cost and so on. The majority of the annual expenditure

is taken up by interest, depreciation expenses and fuel costs.

To calculate the annual expenditure, an annual expenditure ratio is predetermined. Except for
fuel costs, a simple calculation method is generally employed to obtain the annual expenditure

by the following expression:

Annual expenditure (yen) = construction cost (yen) X annual expenditure ratio

The annual expenditure ratio covers both annual expenses and running costs, such as interest,
depreciation expenses, repair/maintenance costs, etc. except for fuel costs. Strictly speaking,
its value varies from year to year. Adopting a different annual expenditure ratio from year to
year, however, would make calculations complicated. A mean expenditure ratio, therefore,
has been applied so that the amount of the current value for a certain period will be equivalent.

Table 9.1-2 shows the annual mean expenditure ratios and service years by type of power

plant.
Piant Annual mean expenditure ratio {%) | Service year (years)
Hydroelectric Power Plant 12 ~14 Approx. 35
Thermoelectric Power Plant 15 ~19 Approx. 15
Nuclear Power Plant 18 ~20 Approx. 18

{Source: Electric Engineering Handbook, Society of Electricians, 1988, p.930)
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The annual mean expenditure ratio is used to calculate the prime cost of the power generated

in a nuclear power plant.

Calculations are based on the following prerequisites:

<Prerequisites>
Power plant capacity ;4.4 x 10°%kW (1.1 million kW class x 4 plants)
Working ratio 2 70%
Service life : 16 years

Ratio of fuel cost to prime cost of power generated: 20%
Unit construction cost 1 310,000 yen/kW

Annual mean expenditure ratio : 19%

The construction cost may be calculated by the following expression:
Construction cost (yen)= unit construction cost (yern/kW) X power generated (kW)

= 310,000 (yen/kW) x 4.4 x 105 (kW)

The total power annually generated may be calculated by the following expression:

4.4 x 10° (kW) x 8760(h) x 0.7

= 2.7 x 10" (kWh)

o1t :

The annual total expenditure may be calculated by the following expression:
Total expenditure = annual expenditure + fuel cost
= construction cost X annual mean expenditure ratio + total expenditure X 0.2

= construction cost X 0.19 + total expenditure X 0.2
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Therefore,
Total expenditure= (construction cost X 0.19) / 0.8
= {1.364 x 10'? (yen) x 0.19} / 0.8

= 3.24 x 10" (yen)

The prime cost of power generated may be calculated by the following expression:
Prime cost for power generated = total expenditure / total power generated
=3.24 x 10" (yen) / 2.7 x 10*° (kWh)

= 12 (yer/kWh)
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9.3 An Estimate for the Glass Ocean

Based on the idea of estimating the prime cost for nuclear power generated as described in 9.2,
the glass ocean construction cost is to be estimated to secure a power production cost at a level

equivalent to that for nuclear power.
The glass ocean system is to have a power production capacity of SGW.

If the system is composed of many sub-arrays, the working rate may increase remarkably. Ifis

reckoned, therefore, to be 95%.
Since solar energy is to be uiilized, the glass ocean system will be free from any fuel cost.

The system has a small number of operating parts. Unlike the earth, moreover, the moon does
not have either air or water so that the system will not be adversely affected by corrosion or the
like. As a result, the system may be deemed to have a far longer service life than that for
equipment on the earth. As shown in Table 9.1-2, moreover, hydroelectric power plants have
the longest service life among equipment on the earth. Consequently, they show a low annual
mean expenditure ratio (12% thru 14%). The glass ocean system, on the other hand, is expected

to achieve an annual mean expenditure ratio lower than that for a hydroelectric power plant.

Based on what has been discussed above, the prerequisites for the study have been established

as follows:

<Prerequisites>
Power plant capacity 5 x 10°%kW (1.1 million kW class x 4 plants)
Working ratio 95%

Ratio of fuel cost to prime cost of power generated : 0%
Annual mean expenditure ratio : 10%

Prime cost of power generated : 12 yen/kWh

The total power annually generated may be calculated by the following expression:
Total power generated = power generated (kw) X time (hours) X working rate
=5 x 105 (kW) x 8760 (h) x 0.95

=4.16 x 10" (kWh)
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The total expenditure may be calculated by the following expression:

Total expenditure = prime cost of power generated X total power generated

12 (yen/kWh) x 4.16 x 10*° (kWh)

=499 x 10" (yen)

The construction cost may be calculated by the following expression:
Construction cost = (total expenditure - fuel cost) / annual mean expenditure ratio
=499 x 10" (yen) /0.1

=499 x 10" (yen)

The unit price of construction may be calculated by the following expression:
Unit price of construction (yen/kW) = construction cost (yen) / power generated (Kw)
=4.99 x 102 (yen) /5 x 10° (kW)

=998 x 10° (yen)

i nu

For nuclear power, the unit price of construction amounts to 310 thousand Japanese yen. For
the g‘iass ocean system to secure a power production cost nearly equivalent to that for nuclear
power, therefore, it is necessary to limit the cost of equipping and constructing both glass

ocean and earth systems to a level of approximately three times that for nuclear power.
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9.4 Estimating Cost of Power Generated in SPS

Likewise, the prime cost of power generated in an SPS is to be estimated.

Calculations are based on the prerequisites described below. The annual mean expenditure

ratio has been set equivalent to that for the glass ocean.

<Prerequisites>
Power plant capacity © 5 X 105%kW
Working ratio 0 98.4%
Service life : 30 years

Ratio of fuel cost to prime cost of power : 0%
Annual mean expenditure ratio  : 10%

Unit haulage cost: US$12,500 per kilogram (1,250,000 yen/kg at an assumed exchange
rate of 100 yen per US dollar)

The construction cost may be calculated by the following expression:

= SPS construction cost (except for haulage related cost) + haulage unit price X SPS weight
=2.67 x 10%(yen) + 1.25 x 10°(yen/kg) x 5.1 x 107 (kg)

= 6.64 x 10'% (yen)

The total power annually generated may be calculated by the following expression:
£ £y
nerated = power generated (kw) X time (hours) X working rate

=5 x 10° kW) x 8760 (h) x0.98

=429 x 10'° (kWh)
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The annual total expenditure may be calculated by the following expression:
Total expenditure = annual expenditure + fuel cost
= construction cost X annual mean expenditure ratio + total expenditure X 0.0
= construction cost X 0.10 + total expenditure X 0.0
=6.64 x 10" (yen) x 0.10

=6.64 x 10" (yen)

As mentioned above, the cost of power generated in an SPS may be estimated to be

approximately 13 times that of nuclear power.

The SPS has a haulage cost taking up a significant percentage of the construction cost. If the
haulage cost can be reduced in the future, it will be possible to reduce the cost of power

generated in the SPS.

The glass ocean system also requires the cost of haulage to the moon. It differs from the SPS,
however, in the sense that materials can be procured on the moon, too. How the haulage cost
could be reduced and how the local procurement ratio might be increased may be considered

as the key points in making the configuration of a glass ocean feasible.

The prerequisites mentioned above in relation to the SPS have been cited {rom the report
submitted by Mitsubishi Research Institute, Inc. to NASDA in June, 1994 under the title of “A

3

Survey of Space Infrastructure’s Far-Reaching Effects.
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10. Challenges for the Future and Conclusion

10.1 Subiects of Research into Microwave Power Transmission

&

The report presented herein is only an elementary proposal relating to wireless power
transmission from the moon. For the proposed system to materialize, there are many subjects
of research to be tackled in the future, such as technological development on earth, demonstration
experiments in space, and so on. These subjects of research are summarized below. The

underlined items are those which require space experiments.

(1) Developing element technologies for a power transmission antenna:

1. Frequency selection: 2.45GHz/5.8GHz/laser

Rainfall attenuation, and ionosphere passage characteristic

2. Developing power transmission antenna elements, and developing antenna elements which

match moon surface conditions and amplifiers.
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Phase shifter control (phase shifter configuration method, phase determining method,

easurement method - interference meter), and

retrodirective antenna system, (pilot signal frequency, receiving antenna, circuit

configuration, and jonosphere influence)

Control from incoming power distribution

Sub-array dimensions

4. Aperture plane distribution (radiation pattern), Gaussian distribution, Taylor's distribution,

grating lobe and side lobe

5. Feasibility of Extremelv Large Antenna

Functioning as Active Phased Array Antenna
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(2) Developing a Microwave Circuit

ok

. Increasing the output of silicone semiconductor amplifiers
2. Increasing the efficiency of silicone semiconductor amplifier
3. Countermeasures to suppress higher harmonics

4. Temperature regulation, 60 degrees centigrade or below

5. Feasibility of production on the moon. merits of microgravity

[

. Application to mass production, MMIC and adjustment omission (gain and phase)

(3) Developing a Power-receiving Antenna

1. Improving microwave-DC conversion, circuit configuration, and receiving antenna
2. Developing a rectifier element, high voltage-resistant diode and/or electron tube

3. Reception direction control, and the relative positional relationship between moon and

earth

(4) Developing Power Generator Systems

1. How to connect the power generator with an amplifier:

Stabilizing the power supply, ON/OFEF control (radiation pattern), and integration

2. Evaluating the effects on the atmosphere

(6) Evaluating Effects on the Environment '

Evaluating effects on the electromagnetic environment. communication and electronic

2. Evaluating effects on living things
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10.2 Demonstrative Experiments in Space

For the proposed system to materialize, it is considered absolutely necessary to evaluate the
performance of the above-mentioned research subjects through power transmission experiments,

with the following stages taken into account:

(1) Ground Power Transmission Experiment

Some experiments to transmit power between fixed points or to a flying object (airship,
helicopter or aircraft) are to be conducted to measure the basic characteristics of a developed

microwave power-transmitting/receiving system and to evaluate iis performance.

(2) Low-orbit Satellite Experiment (satellite group and rocket experiment)

This is an experiment to evaluate developed technologies in space. At the same time, it i$
aimed at testing those items which cannot not be confirmed in any other than a space environment

(underlined).
1) Remote Phase Control Performance Test

(Testing the performance of controlling microwave beams, using a pilot signal from the

carth)
2) Measuring the microwave ionosphere passage characteristics
3) Measuring the microwave atmosphere passage characteristics
4) Microwave/ionospheric plasma interaction experiment

5) Evaluating the effects on communications

Several power transmission antennas are to be located on the moon to test the phase control
and environment on the moon, thereby evaluating and demonstrating the technologies required

for microwave power transmission.
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10.3 Conclusion

Not such a long time has passed since substantial research into microwave power transmission
was begun. And only a power transmission test at a maximum of one kilometer has been
conducted so far (Goldstone). There are a lot of further subjects to be researched from now on.
Microwave power transmission, however, involves no problem, in principle. And the existing
research challenges, moreover, are fully feasible at the technological level available today.
For wireless power transmission from the moon to materialize, it is considered important to
proceed step by step while repeating developments and demonstrative experiments. Microwave
power transmission, moreover, has a lot of applications not only in full-scale space power
transmission but also on the earth, such as the transmission of power to microactuators, conduit
robots, wireless relay platforms in the stratosphere and isolated isles. Upgrading the
technological level of microwave power transmission while making these applications

materialize is considered the way to bring about wireless power transmission from the moon.
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