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Al_stract

The proposal of retumzing to the Moon to stay was made by President Bush in

July 1989, but the changes in the geopolitical envi_tonment since the end of the

cold war have prevented a serious discussion of this proposal until now. it is

expected, however, that this question of a permanent research facility on the

Moon will come up again early in the next decade. Thus concepts and plans have

to be ready by that time to be discussed and evaluated. This report is an updated

version of an earlier study by the Same author entitled:"The Lunar Laboratory ''ls.

It describes in detail a Lunar Base that is supposed to grow from about 40 to 120

people in 30 yearS. Some 1,200 metric tons of facilities and equipment are needed

on the Moon. Average crew duty cycles are assumed to be six months. A lunar

space transportation system comprised of a heavy lift launch vehicle, a lunar

ferry vehicle and a space operations center in lunar orbit is proposed. Tile systems
behaviour, the dynamics of selected parameters and the overall performance and

cost-effectiveness of the lunar laboratory are analysed and presented. It is shown

that the average annual cost of a lunar man-year is expected to be approximately

42 tnillion (1994) dollars and that the average annual operations cost of this lunar

base including a 10 year development phase may be less than 3 billion $. The

results are summarized in 28 tables,17 figures, 20 references comprising 51 pp.
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EXECUTIVE SUMMERY:

A REPRESENTATIVE CONCEPT OF AN INITIAL LUNAR BASE

(Model 4.0-July 1997)
H.H.Koelle

Spaceflight is to be considered as a natural step of the evolution of the human

species. Exploring space, using its resources, learning to live and work in space
will improve the quality of life on Earth and also enhance the survival chances
of humankind.

Roboters are extremly useful in many applications and are in operation for

several decades in near Earth space as well as in interplanetary space. Some have

even left the solar system. There is no question, that they will be uscd also

heavily in the future. However, roboters have advantages and limitations, in

selected applications they must be supplemented by human skills. For many

decades in the past, Astronauts and Kosmonauts have demonstrated their

usefulness in laboratories in orbits about the Earth and even began to explore the

Moon. However, this is just the beginning of mastering a new dimension. It

must and will go on, the question to answer is only when and how. Options have

to be defined and be ready when the time comes to take new decisions3,5,7,9,11,12.

After the expected completion of the International Space Station (ISS) in the year
2002 - or even before - the question will have to be answered: WHAT IS NEXT?

It appears unlikely that the human exploration of space will come to an end, the

evolution will not stop 11,12. A likely choice would be returning to the Moon and

to establish an International Lunar Base (ILB) possibly followed by crewed ex-
peditions to planet ,_,IARS:

in so doing, the following objectives would be -at least partiNly - achievedg,16,17:

1. Provide a science laboratory in the unique environment of the Moon fog

experiments which can not be conducted on Earth.

2. Improve our knowledge of the Moon and its resources.

3. Stimulate the developinent of advanced technology on Earth.

4. Establish the first extraterrestrial human settlement as an initiN step for

expanding human activities in our solar system beyond our home planet.

5. Iraprove the understanding of our own planet.
6. ISroduce marketable services and products on the Moon for extraterrestrial or

terrestrial use.

7. Demonstrate the potential growth beyond the Earth.

8. Enhance the evolution of the human culture into space.

9. Provide a survival shelter in case of global or cosmic catastrophes.

10. Provide reliable space transportation systems to the Moon.

11. Improve our understanding of our solar system.

12. Improve our under'standing of the universe.



An adequate sized lunar base providing commercial opportunities, seems to be

an attractive and affotdable option for the first half of the 21st century. A detailed

model of such a lunar base has the following characteristics.

Table ES-I:

Overview of Lunar Ba_e characteristics during a 30 year operational life-cycle

year
of operational

life-cycle

1

3

6

10

15

2O

25

3O
rl _ u ¸ n

30 yr.total

average

numberof

total
lunar crew
member_

4O

43

44

56

total
lunar

facilities
tons

361
459

488

580

688

796

68

79

T

total

projected

totai output

imports
tons.p.a.

73

97
97

oflunar
facilities

tons p.a.
335

568

66b

748

total no. of
lunar missions

I00

120

2,170

72.3

982

..... i,167

1,i67

70B

114

122
i |,,

I29

150

173

3,813

882

948

21,900

730

10

7

4

5

5

6

7

8

180'
5

The cost of such an enterprise supported by public funds are summarized in the
next table.

Table ES-2: Cost summary of a Lunar Base with a 10 year development phase

and a 30 year operational llfe-cycle (million 1994 $)

CO ST ELEMENT-

Development & test of lunar facilities-10 y.ear

Dev.& test of sp.ace transportat!gn system-10year

Subtotal development & test- 1.0 year

Sustahaed eflgineering STS - .30 year
|l i

Productionof space transportation system(STS)

Operation of space transportation system(STS)

Operation lunar facilities
,. i, i i

Subtotal.operations - 30 years operational LC

Total Lunar Laboratory S.ystem - 40 year life-cycle

11,200

28,587

39,787

4,998

17,130

I7,595

ii,640

51_63

M $ p.a.

1,120

2,859

3,979

167

571

587

388

1,712

% of
LC total

12.3

31.4
i ml

43.7
n i n

5.5

18.8

19.3

12.8

56.3

2,280 100

A graphical presentation of the growth of the lunar crew and the improvement

of the cost-effectiveness vs time shows the general trends to be expected.

2

m

I

I
!

I
I

I
I
I

I
!

I
I
I

I
I
I

I
i

I
I



3

160

140

÷ 120

loo
ao

5= oo
_ 40

0 I I I ', I ', ', : I I' I ÷ I I i 'I I I : I I I : i I i, I I I
--- tO kO I"- O-, ,--- I,O LD I_. O', ,-- _ LIO r--- 0",

•-- ,-- ,-- _ _ e',J N ('_ ¢,,I

year of operational life-cycle

Figure ES-I: Growth of lunar population and reduction of specific cost per lunar

labor-year (M 1994 $)

The non-recurrent overall system cost and their distribution over the

development period (leftside of table ES-3) is an important information because

thisnear-term expendit_rreis a very criticalparameter in any decision.

Table ES-3: Lunar Base system development and operating cost at selected years

during the 40 year life-cycle ( million 1994 $ with 1 direct human labor year = 0.2 M $)

ye_

-8

-7

up-front
costlunar
facilities

I0

290

costspace
transpor-

tation

lunar base

i,176

total

develop-
ment cost

year
of opera-

tion

1,466

operation
cost lunar
facilities

3

operation
cost LSTS

lunar base

total cost

4,369

125 135 1 2a_2 5,974 6,216

290 4,659

-6 675 2,528 3,203 6 321 851 1,172

-5 1,060 3,340 4,400 10 356 829 1,185

15 384 794-4

-3

-2

1,300
J

1,900

2,335

1,950

K951

4,097

4,649

5,251

5,997

6,984

2O

25

408

461

1,027

1,528

1,178

1,435

1,989

-1 5,011 6,961 30 512 937 1,449

0 1,680 5,210 6,890 total 22,843 70,862 93,705
i

ann.av. 571 1,772 2,343



The graphical presentation of the initial investments required versus time are an
illustrating example of what it takes to enter a meaningful next phase of lunar
development. It should be noted, however, that the investments requised in the
peak yearsof 7 B $ is merely one percent of the present military expenditures on
this globe. The investments would not be required now, but begirt no earlier than
ten years from now with the peak after year 2010. By then the military
expenditures are expectedto comedown by more than theseamounts.

7000
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sooo
_,_ 4000

='_3000

E 2000
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0 I "--"_ I i I I I I I I

development year

Figure ES-2: Annual d{stributlon of development cost (non-recurrent cost)

of the lunar fadliti_s (lower bar) and the logistics system (upper bar)

There is a major decline of annual cost to be observed after initial beneficial

occupancy of the lunar base as seen in figure ES-3. This public financial burden

can be reduced by leasing laboratory, spaces on the Moon to interested commercial

enterprises and also by selling lunar products at the amount of about 100 tons p.a.

to the interested companies or persons. If half of the available laboratory spaces

could be leased at a fate of 20 M $ p.a. and half of the available export products can

be sold at 1,000 $/kg, then 250 x 30 = 7.5 B $ + 1,230,000 kg x 1000 $/kg = 1,23 B $, or

a total between 5 and 10 billion dollars is the commercial potential of this

particular lunar base concept.

In case the lunar space transportation system or elements of it are employed also

in other space missiohs e.g.planetary exploration, the development burden of the

lunar space transportation system for the lunar base will be reduced by 1/3 to 1/2.

Additional cost reductions are possible, e.g.by increasing the crew duty-cycle as

the lunar base grows and provides more comfortable living conditions.
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Figure ES-3: Lunar Base Sytem total cost trend (upper curve) with lunar faciliy

costs (lower curve) and space transportation costs (middel curve)

.CQNCLUSIONS AND RECOMMENDATIONS:

1. There is no quick and dirty or cheap solution to return to the Moon soon and

to accomplish a meaningful activity of lunar exploration to achieve the defined

objectives. The construction and operation of a small lunar outpost for a limited

time can not be recommended at tki_ time due to its poor cost-effectiveness and

high risks involved. Most investments would have to go into an infrastructure

that is poorly used.

2. Based on present insights and extending modestly the present state-of-the-art,

it is possible to develop technically feasible and attractive concepts of r4turning to

the Moon in order to establish semi-permanent or permanent lunar facilities.

This would allow to continue the lunar exploration early in the next century at

affordable expenditures and an acceptable risk.

3.The big hurdle of a decision to enter a new phase of lunar development is the

sizable up-front investment requiting an average of about 4 billion (19945) $ and

peaks of up to 7 billion $ for a ten year period.This investment can not come



from privat sources, it would have to be made by a group of national

governments interested in the exploration and utilization of extraterrestrial

resources for the benefitof the present and future generations.

4, It appears quite possible that - after ao. initial phase - the annual burden to the

public for maintaining the operation of this type of a lunar base can come down

in_ clue course by partially commercializing lunar activities from 2.2 billion $ p.a.

to about one billion dollar which makes this option a very attractive propositon.

It would open the door to a development leading to space based solar and/or

nuclear energy delivered to the users on Earth and in space.

5, It is recommer_ded to reopen the discussion of returning to the Moon at the

time the International Space Station (ISS) is fully operational present!y planned

in 2002. After a few years of discussion at the international level an agreement

among the participating nations should be possible by 2005. Development could

begin by 2006 and beneficial occupancy of an initial lunar base should then be

possible by the year 2016. This planning should include the option to continue

thislineof exploring and utilizingextraterrestrialresources by expeditions to the

planet Mars involving human crews.
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1. lnt_odu_ion

The first phase of lunar development ended with _he flight of APOLLO 17 to the
Moon in December 1972. The primary reason for ending the first phase of lunar

development was the Vietnam war, which was requiring all available resources
of the United States, 100 billion dollars m the peak year of this engagement! But it

was also determined, that - after achieving the political objective of being there
first - the relatively poor cost-effectiveness of the APOLLO program in exploring

the resources of the Moon was preventing more lunar excursions of this type n.

The seventies ot the 20th centu D" saw a space program conce_trating on the
developme:_t of Earth satellites and space transportati.ua systems, among them

the partly reusable Space Shuttle. This sFace vehicle was designed for crewed
transportation missions to t_e low Earth orbit originally with the intention to

replace all expendabl," systems. The unfortunate loss of the CHA[,LENGER
vehicle changed all this, _t caused a big gap i.n the American space program and a
severe cut-back of Shuttle launches. This in turn increased the cost per launch
greatly. Under these circumstances it was not possible to revive .any plans for the

immediate continuation of the lunar exploration program.

In the early eighties some interest developed again in returning to the Moon in
connection with feasibility studies of Space Solar Power Systems (SSPS). Lunar

resources were found to be an attracti,_e means to reduce the cos_ of constructing
solar power plants in GEO a,2,_3 . Also the US Congress _temanded in the mid-
eighties an answer to the question of how the space program should continue.

ANat;onal Commission On Space mandated by Congress, made a positive
recommendation to return to the Moon among other _pace programs_. Other
studies in those years 4,5,6,7,9,11supported this recommendation.

The result of these efforts was the recommendation of Presiden_ Bush in Juli

1989, 20 years after the first landing of men on the Moon, to return to the Nloon
to stay. Ho, ._ver, three months later, the Berlin wall came down and the

dissolution of the Sowjet Union began leading to the end of the cold war in
December 1991. All government supported space programs suffered from this
upheavel of the geopolitical scene and most of them were put on the back burner
as the consequence of changing priorities _._5. On the other hand commercial

space projects in the telecommunication area flourished.

In the mid 90s the European Space Agency expressed an intere:,t t,_ take up lunar

exploration after some lunar pr_}bes of Japan and the United 5tares were quite

successful' L ]hus it is encouragement enough to discuss again the pros and cons
of returning to the Moon and establishing a permanent facility on the lunar
surface. This planning activity is sponsered also by the International Academy of
Astronautics, which re-activated its Subcommittee on l,unar Development _"

Several national and international symposia took place during the last decade to
discuss various aspects of robotic and human exploratio_t of the .kloon in the
future.



A great deal of the information presently available has been compiled in a 400

page Lunar Data Base 17 a 200 pag-: summary "Prospects and Blueprints for Future
Lunar development" of which is available on the iNTERNET:

http://vul ca in.fb12, tu-berlin, de / ILR / petsonen / bh_koelle.html

The presently recognized objectives of continuing the exploration and utilization
of lunar resources have been summarized as followsg,16:

Table 1-1: Objectives of a Lunar Base

Genuine ( primaD, ) objectives of a lunar base:

1. Provide a science laboratory in the unique environment of the Moon.

2. Improve our knowledge of the Moon and ',ts resources.

3. Produce marketable services and space products on the Moon.

4. Establish the first extraterrestrial human settlement.

5. Contribute to the supply of the Earth with space based energy.

6. Provide a focus for the development of space technology.

7. Demonstrate the potential growth beyond the Earth.

8. Enhance the evolution of the human culture into space.

9. Provide a survival shelter in case of a global catastrophe.

i0. Provide reliable space transportation systems to the Moon.

11. Provide an isolated depository for high level wastes in case of need.

SecondaD' objectives of a lunar base:

(these could also be achieved or supported by other than space programs)

1. Improve the understanding and control of Planet Earth.

2. Stimulate the development of advanced technologies on Earth.

3. Provide opportunity for international cooperation.

4. Provide rewardh_g job opportunies.

5. Assist in reducing tensions and conflicts on Earth.

6. -Provide the infrastructure and experience for global enterprises.

7. Provide opportu_,it)., for involvement in frontier activitieS.

8. Provide a peaceful outlet for the military-industrial complex.

9. Contribute to the national prestige of participating nations.

10. Improve our u_derstar, ding of our solar system.

11. Improve our understanding of the universe.

Thus one has to bear in mind, that lunar activities will help to achieve several

of the identified objectives listed above. These will change their relative

priorities as function of time, depending on the current state of the planet. While

a dec'i,;ir_n t_. go back to [he Moon _;_th people can not be expected in tiffs decade,

it may become an issue shortly after the turn of the century I _.-
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Quite a few services and products which may be offered by people working on

the Moon have been identified already, such as shown in the following table:

Table 1-2: Secvlces and Products of a Lunar Base

LUNAR SERVICES

Kaowledge derived frorrt science of the Moon
Knowledge deri_.,ed from science h=om the Moon
Knowledge derived from science on the Moon

Ehgineeting development services ot_ materials
Engineering development services on processes
Engitleering development services on equipment
Launch services for space transportation systems

Maintonence & repair of space transportation systems

1LUNAR PRODUCTS

oxygen and liquid oxygen
hydrogen
technical gases

other than oxygen and hydrogen
food
raw materials

feedstock (benefited minerals)
construction material

Waste storage ber%lces
Administrative services

Trainin 8 services for other space projects
Tele-education and Tele-Entertainment

Health care to special ailments
Tourism

Space observation and protection
emergencies

of Earth in

nuclear fuels ( Helium 3}

thermal and electrical power
metallic prod ucts

ceramic prod ucts
elect_'ic materials

pharmaceuticals

Now is the time to develop attractive options for a new phase of lunar
development so that politicians have a choice of alternatives to select from, if

and when a decision is due. It is obvious that the key question is that of
transportation of people and supplies to the Moon, because there is no lunar

space transportation available at present or in sight. But new space transportation
systems have to be matched to program size and objectives, consequently the size

and !ife-_,cle of potential lunar bases are important factors determining the

overall progratn. To make this relationship transpa_'ent is the primary purpose of
this report.

This at_alysis begins with discussing the ground rules adopted for developing the

program structure, litniting the size and logistic requirements of a lunar base.
The lunar space transportation system is subsequently selected on these

assumptions and described in some detai], to be followed by a cost analysis of the

entire program. This concept promises to be one of the better options for the next

phase of lunar development.



I

2. Pro_am Structure

A lunar base with built-in growth potential would be a logical choice to return to

the Moon early in the 21st century with the goal to establish a permanent facility

on the lunar surface to explore and utilize lunar resources for the benefit of

humankind. This example of a lunar base is planned on the basis of a ten year

development period, a 30 year operational life-cycle and a lunar crew up to about

120 persons. Its primary objectives are :

(1) exploration of the Lloon,
(2) research under lunar environmental conditions on and from the Moon,

(3) pilot production experimetlts and
(4) laying the foundation for further steps of lunar development such as an

expansion towards a lunar settlement.

i

I
i

Groundrules and assumptions:

1.- This initial lunar installation and the space transportation system supporting

this lunar enterprise are government owned, e.g. financed by public funds

through budget allocations to national space agencies. This assumption excludes

financing costs and a general profit. Standard profits are permitted, however, for

the contractors delivering the hardware and services required.

2. - The space transportation sys.tem serving the lunar installation could also be

employed in other space pro!ects requiring flights to the low Earth orbit, to the

geostationary orbit or other extraterrestrial destinations. It is assumed that the

lunar logistics activities require initially most of the available launch capacity and

thus accepts the development burden. This is an assumption leading to
conservative cost estimates.

3. - The first control variable for sizing these sdence oriented lunar facilities is the

number of laboratory spaces to be provided for experimenters involved in public

and commercial reseafch and development activities on the lunar surface. - This

parameter starts out witt_ only few working places in the early years growing to

about 40 in the 30th year of the life-cycle in the selected scenario.

4.- The second control variable of operating a lunar base is the length of the duty

_per crew member. It impacts heavily the launch rate of the passenger

vehicle serving the lunar facility and thus system cost. The average duty cycle for

lunar crew members in this science oriented enterprise is planned to be about six

months due to its experimental character.

5. - The third control variable for sizing lunar facilities is the mass of lunar

products to be produced anually. - Typically, the production begins in the first

year of the life-cycle processing lunar soil at a rate of about 10,000 metric tons per

year producing lunar oxygen and some raw materials. The production activity
becomes more effective during the hfe-cycle by increasing utilization rates of the

lunar soil input.
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6. -Itt this scenario it is further assumed that nearly all the oxygen propellants

foe the luna_ landing and launch vehicle (LUB..US) will be produced on the

Moon. The return propellants of the HLLV payload stage will use Earth

propellants to be onboatd at launch for reasons fo crew safety instead using lunar

oxygen, Some liquid oxygen must also to be i_ported during the first yeai's by

tanker flights from the Earth to the lunar orbit service station (LUO-SOC),

because the production of lunar oxygen will probably not covet all of the

requirements initially. This assumption is a compromise, adopted with the
intent to increase crew safety, not to overload the production facilities, to keep

the operation as simple as possible and keep the cost down.

7.- Hydrogen propellants are delivered from _th(_ Earth by the HLLV throughout

the life-cycle to lunar orbit for refueling the lunar launch- and landing

vehicles(LUBUS) at the lunar orbit space operations center(LUO-SOC). This space

based facility is a modified second stage of the HLLV. It is prepared for its mission

in LEO, transfered to LUO by its own propulsion, and will be operational before
the first lunar crew arrives at the lunar base site.

A preliminary mass model of the lunar base facilities applying the groundrules

above, must be derived first to determine the logistic requirements. An iterative

matching process will follow until a balance is achieved between the capabilities

of the space transportation system, the requirements of the lunar facility and the

resources considered available for such an enterprise.



3. ,Ie.unar Base size and performance

3.1, Sizing of the lunar base facilities

An existing lunar base simulation model (LUBSIM) 1 was used for deriving

relevant development trends versus time for the life-cycle of the lunar facilities.

This parametric model calculates the annual growth of the respective facilities

for the life-cycle planhed as a function of the outputs in terms of products and
service_ desired. This lunar base model is science-oriented with a very small

production capacity and is an updated version of an earlier lunar laboratory
version (mode] 3.0 of 1996) 2°. This simplified concept permits to reduce the

number of base elements from 20 (see table 3-4) allowed by the model, by

grouping the production oriented elements as well as those comprising the
infrastructure into one each.

Thus the simplified mass data presented is shown in table 3-1 in the following

categories:

• lunar laboratories and scientific equipment

• habitat including life support system

• production facilities
• infrastructure facilities.

Figure 3-1 is a layout of a Wpical lunar base observing types of facilities, required

distances, but leaves also room for modest growth.
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Figure 3-2 illustrates the flow of masses, information and energy between the

elements of a typical lunar base, but also indicates where lhuman labor is

required.

Table 3-1 lists the tkeoretical growth rates as projected by the mathematical

model on the basis of the relations and assumptions comprising the model. In

reality however, these facilities will not grow incrementally in the early years.

The base will grow rather in way of a step-function, because entire modules, not

fractions of them, must be transported to the iVloon. This is particularly the case

in the beginning of the acquisition period. The selected model of system

acquisition is determined by the capabilities of the transportation system and the

available human labor at the base site. A detailed annalysis of this problem is

part of the acquisition planning discussed in chapter 5.

The production-oriented facilities on the Moon are considered to be at best

plants for various production experiments, such as raw materials, feedstock,

and some more complex products such as construction materials converted to

components in a mechanical workshop. The lunar oxygen production plant is an

exception. This early oxygen plant has to produce enough propellants for the
LUBUS flights. If it does not initially, the difference has to be imported from

Earth by extra flights.

I



The consumables produced on the Moon include recycled water, the gases (CO2)

and the biological wastes of the crew, but also the food produced in the biological

laboratory (experimental far'm) including some oxygen using part of the waste

material.- The spare parts listed are either handmade parts iix the workshop or

reworked parts which have failed in the past.

The defined facilities allow a certain production rate of various products for

lunar use and export as a function of their size and mass. The outputs resulting

from these production activities are shown in Table 3-2.

Table 3-1: Typical Growth of lunar population and facilities (metric tons)

Numbers in ( ) indicate the individual facilities of the baste model summarized as a group.

year lunar toial labora- habitat pilot infra- total actual

science luiaat tories + farm prod.fac structure lunar annual
cr_w crew and sci. elements & _quip. facility facili- facility
p.a. p.a. equip. (17-19) (1-6,9) & _quip. ties & equip.

(7)) growth
•11 2 40 8 109 i01 !1°1614i 361 361

2: 3 "44 ' 11 139 _118 180 "448 87

3 4 43 15 142 122 180 459 11

4 4 42 18 146 124 180 467 8

_ 5 ' 5 .42 , 22 149 , 124 " 180 474 ' 7

6 , 6 44 : 27 157 124 I 180 488 14
7 7 48. 31 , 17_3._ i27,,, 181 512 , 24

.8 _ 8 50 , 36 187 128 i831 ._ 536 24
9 9 53 41 200 131 1861 558 22

10 10 56 46 2 i 4 133 189 ] 580 22
'111 ' 1 58 50 227 '134 192; 602 22

12 12 '60 55 _ " 2401 .135 '-' 194 623 21
13 13 63 60; 253' 136 196 64._ 22

14 14 65 65 266' 136 199 .... 666 ..... 21

15 "15 68 70 .. 279 .fl38 .... -20! ' 688.'[ "' 22

16 16 70 75 294 139 202 _709 . 21
• 17 .......... _ -" ' -' _ ........... "- 731 ' 22

18 752! 21

19 774_.!. 22
' 20 796] 22

21 843 ! 47

• 22 873 .30

23 36

24 30

25 ,37
26 36

27 37

28

29
i

3O

sum
|

av.

17 72
18 '"74

19 77

20 79
22 85'

24 88

80 306 --, 139 204
85 320 .140 207
90 334 140 '209

95 348 141 211

105 379 142 217

115 397 143 220

124 418 143 223 .... 909
134 441 143 227 945

144 463 144 230 982

l'._! 485 144 234 1,o18
164 509 145 237.. ...1,055
174 532 145 241 1,092
184 555 146 " 245 1,129

194 579 146 248 1,167
. . .

82 308 135 195 700

26

28

30

32

34

36

38

40

523

17.4

92 ¸
9f,

100

104

108

112

115

120

2,170

72.3

37

37

38

• .2,!67
39
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Table 3-2: Projected average annual outputs of defined lunar base facilities

(kW and metric tons per annum)

year lunar

power
produced

(kW)

• 1,176

lunar

produced
spares &

extensions

221

2 1,593 25

'1',677 17

1,729

1,745

16

16

20

lunar

produced
comum-
¢nables

pt'oducts
for

exporl or
use TBD

27
42

,r

,.. 53
58

60 I
| ,

64

lunar

oxygen
produced
for LSTS

2-38
341

382
t

397

398

420

total

output
of lunar

facilities

6 1,871
7 2,000 24 68 439 597

8 2,116 27 "456

29

33

35

39

42

2,220
2,324

2,424
2.523

2,620

2,716

9

I0

11

12

13

2,906

3,oot I

14 45

15 2,811 48

16 51
5L

,3,094 _ 58
3,189' 61
3,282'

3,588

17

18
19
20

21 3,475
22

23

2_
25

26

27

28

29

65
r

8!
m

80

88

94

1o.0
106

112:

119
125

143

1,776

59

3O

3,731

3,873

total

lunar

produ_s
for direct
lunar use

4_ 7o
w

60 86

62 79

62 78
61 78
64! 54
67i 90

69' r 96
7!. 1oo
73 106

i,

75 111

7".7. 1161
79 120 I

r

80 125'

82 130'

83 134.
84 139

86 144
I'

87_. 149

88 153
91 !72

93 173
95 183

96 190
98 198

100 206

102 214

104 2.22

105 230

108 251

2,460' 4,230

82 141

4,018

4,163

4,3O9

71

7.5
78

80

83

85

87

89
91

470

482

494

504 i

513'

522

530

537

544

T

335

.... 468"
514

. 533.
535

568

623
645
|

666
685

4,457

4,607

4,820

2,935

702

718

734

748

762
77692

94 551 788

95

97

92

97

557

563

568

573

577

582

586

590

594

598

602

605

15,210

507averase

96
r_

97

97

98

98 _
99 !

99

92
2,4601

82

800
r

812
831

843

8_56
869

||

882

895

..9,o7.
919
931

948

21,900

730

As shown in table 3-1, the initial facilities are extended as required by the

projected production rates, partly by imported parts and partly by lunar produced

parts. The lunar produced components have to be subtracted from the total mass

for extention to obtain the imports required. All complex facilities and

equipment will have to be imported, also most of the higher quality food. In

general it can be stated that the itnport rate of supplies per crew member will

decline during the life cycle due to increased use of lunar products.
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The initial facilities have to be transported to the Moon before or shortly after the

arrival of the first crew, they are not included in the following table.

Table 3-3 : Projected imports required by the op_etational lunar base

on the lunar aurface as projected by the model (metric tons p.a.)

year

1

2

3

4

5

6
m., ,

productioti
Supple-

ment
materials

3O

-. 40
44

45

45

46

spare new
parts facilities

and

equip.

12

lii;
support &

oonsurfi-
mables

23

26

25
" I

26

26

29

• t • "

space
vehicle

parts

0.7

1

1.4i

total

projected
imports

73
167
97

92

89
J

97•[.7!

2,1

2;4:
7 48 31 109

8 50 33 112
9 51 361 2.8 112

10 52
il

38 ! 3.1

25 O'

.... 22; 7910
'T

21 7
261-"

20,

20
20

20

20

2O

19

19

19 "

19

19

19

19

1-

19

19

19

19
• 201

261
20 I

20

20

2O
m

2O

603

2o

114

116

20

21

lb
, ,,,¢ .... |, i

17

17
, i

17

16

16

16

16

16
± _

15

34

20

24
i

24 _

24

_ 2g

23

23

22

35

608'

20

53 40i 3.4

12 54 42 ! 3.8 117

i3 _ 55 4.1 119
14 I

16

17

44

48

18

57

571
i

58 ¸

50

52

55

57

59

64

67
T

71
75

• 79
83

87
i

91

95

59

19 59

20 60
21..... s'6
22 61

23 61

24 62

25 62

26 63

27

28

4.5 120

4.8 122

5.2

5.5
5.9
6.2

6.6

6.9
i

7.2

7.6

7.9

L -' 8,3
L 8.6

9JO

9.3
9J7

10
.... 15"0

5

63

29
30

64

64

64 100

55 53averase

123

125

126

128
129

152

139

. 146

148

150

152
i-

!54
155

i57
173

3£813

127

Taking the data from the above tables a comparison of the masses produced on

the Moon for lunar purposes and the total projected imports is possible. After

about ten years of operation more supplies come from lunar sources than from
the Earth!

I

I
I
I
I
I
I
I

I
I
I
I

I
I
I
I

I
I
i



I
I
I

I
I
i
I
I

I
I
I

I
I
I.

3OO

Z50

=_ ZOO

loo

50

0 : ........ _, ................... :-I ''I I I I I I I I I I I I I I I I I I i I S S I I ¢

.== tO LD I'*- O_ _-- I_ _ r*- o_ _- l_O LI3 r _ i_
--- _ -- ,-. -- _N N N N

operational year

Figure 3-3 : Development trends of lunar products for lunar use

and the mass of imports to the lunar surface

This frame of reference for the crew size, the mass of the lunar facility, their

output and input requirements must be the basis for selecting a suitable space

transportation system. This vehicle program, to be discussed in chapter 4, has to

be sized and structured with respect to performance and capacities required by the

lunar and other space programs. In this case it is assumed that the initial lunar
base program would be the drive,' of the space transportation system under

consideration. Generally, in planning a logistic system such as a lunar space

transportation system, one has already an idea with respect to the space

transportation system assumed to be available, otherwise an iteration process

between lunar facility and lunar space transportation system will be
unavoidable.

3.2 Acquisition and operating costs of lunar facilities

Non-recurring cost:

The program structure is the basis for estimating program cost, it was developed

and presented in the previous chapters. To estimate cost and distribute these over

the calender years is the next task to be accomplished.

This cost estimate begins with the non-recurring costs of the program to be

carried out during an eight to ten year development and test phase of subsystems

and total system compatibility. These costs are primarily the development costs

first unit costs and system tests.
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Table 3-4: Overview of preliminary estimates of the upfront costs of lunar

facilities (1 direct labor, year = 0, 2 M 1994 $ )

no_ Facility designatior_

1

2

3

4

5

7

9

10

1i

13

14

15

16

17

18

191

develop
_ent
cost
MS

strip mine 90

beneficiation fac.ilitv . . 180

chem.processin_ facility .. 900

mech.processin_ facilit},

fabrication & assy.shop

laboratories

gas processing facii!ty 600

propellant stora_;e , 180

power plant _ 900

space port 360

first unit sysi_m ..... toial
cost ckeckout upf_t
M $ cost costs

MS MS
i i

10 31 103
j, .... ,,

10 3 .,193

20 16 936

480 14 2 496

180 6 1 187

900 14 l 915

13 1 614

2 1 183
r

212 6 1,118

24 2 386

central storage

central workshop

carpool ,,

controlcenter

120 11 2 133

90 12 1 103
i

480 15 1 496

900 35 4 939
=.

housing facility 1,200 144 16 1,360

bioI.processin _ facility ., 840 ,. 20_ . . 4 864

8,400! _2 62 9,022

A distribution of these totals versus time is shown on the next table.

Table 3-5: Summary of non-recurrent cost of lunar base

( million 1994 dollars )

Legend:

(1) Year of development

(2) Initial development cost of lunar facilities prior to initial beneficial occupancy.

(3) Cost of first units of lunar facilities and equipment, if manufactured during

the years before the beginning of the operational period including system
checkout.

(4) Four 3rd stages of the HLLV which -after landing - will retnain on the Moon

serving as storage containers at 330 $ each, not included in the model!

(5) Cost of planning activities, systems engineering and training of initial lunar

crew members, this is not included in the operational part of the model!
(6) Total lunar base facilities =_6) + (7) + (8)
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year,(1.)

-8
,L • ,

!0

-7 50

-6 75

-5

-4
, i

(2) (3)

240

600
J,

960

1200
Ir

1800

1800...

1200

600

-3

75

200

350

• 62.__55.

-2 360

4OO

500

-1

totals

100

10o

100

i00

150

230

875

•(6)

10
i =

290
i

675

1.060

1300
i

1900

2335

1950
i

1680.

11,200

Recurrent cost of laboratory:

The "recurrent cost" during the operational phase are presented next, first of the

lunar facilities and eq_uipment to be followed by the recurrent cost of the space

transportation system.

Table 3-6 presents the directoperating costs associated with the lunar facilities

proper. This includes the imports such as equipment and consumables. It

indicatesthe estimated level of supporting effortrequired back on Earth in the

areas of sustained engineering for facilityextensions and improvements, but also

administration, trainingof lunar crews and theirsalaries.All thisadds up to the

operating cost of the LULAB facilities,but does not include transportation cost.

Alternativelythe LULOX costare deducted because they have been charged to the

space transportationsystem.

Table 3-6: Direct operating cost of lunar laboratory

(million 1994 $ p.a.)

Legend:

(1) OperatiOnal year.

(2) Cost of the personnel for sustained engineering, training of lunar crews and

administration supporting activities on the lunar surface (the largest share of all
cost elements!)

(3) Cost of goods imported

(4) Salaries of the lunar crew members including their duty cycles on Earth.

(5 Cost of facility modules, equipment and other imports.

(6) Cost of Earth ground support of science operations on the Moon.
(7 Cost of reimbursed Lulox from LSTS

(8) Total cost of LULAB activities on the Moon during the operational yeats
without and with consideration of reimbursed lulox cost.
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(2) (3) (4) (5) (6) (7) (8)
total crew science total re- _.otal

impor: salaries support recurrent imbursed direct
goods lutiat base lulox cost recurrent

costs costs

44 30 100 582 ....34:.1 ' ' 242

sust.eng
admin.
crew

training
1 408

i, , ',

2 408 183 35 100 _ 726 .. 451 275 _
3 408 63 33 100! 603 313 290'

4 408 56 32 100' 595 29'7 299:

"5 408 53 "" 32 100 592 285 ''307

6 408 62 33 . 100 603 283 '" 321
7 408 78 ....... 36 ' 100 6221" ""285 337

8 408 84 38 100 630 ' 286 '3d,4

9 408 81 40 100 629 281 348

10 408 83 42 100 633 ! 277_ - 356

11 49b 83 43 100 OM 272 362

12 408 83 45 100 637 269 368

13 408 84 47 lO0 639 265 "' 373

14 408 84 49 100 641 262 379

15- . _ 408 .. 85 50 100 ...... 643 2_9 384
"t_ 408 85 52 100 645 256 389
17 408 -'871 54 100 648 254 395

lS 408 87 55 100 650 251 399
19 408, 88 5Z 100 653 249 404

'20' 4081 8¢' 59 100 654 247 '408
21 408' 125 63 100 697 252 _ 445

22 408 102 66_ 100 675 242 434
408 110 69 1 100 686 240 t 447

408 111 71"' 100 690 236 454

408 111 74 100 694 232 461,
408 112 77 100 697 229 468

"'408 113 80" I00 700 226 475

4os '113, s3 100 764 _.223 .... 481

2O

I

I

I

i

t

I

I

I

i
23 ,
24

25.
26

27

28

29

30

sum

av

408 114 86 100 7{38

408 136 91 100 735 223

12,240 2,784 1,620 3,000 .._19,644 _. ['7,324
408 93 54 100 655

221 487

512

11,641
244 388

3.3 Specific costs of lunar products and services

As a consequence of these investments and activities the lunar base is producing

values by offering services, such as laboratory spaces, or products, such as

construction material and feedstock. The mass flows and services as projected

have been presented in table 3-1 in absolute terms, but not their specific costs. If

the overhead costs of the lunar base operation are prorated on the bases of mass

flows, human labor and energy consumed over all products and services offered,

then we obtain the specific cost.of products and services. If we can find a market

for some of these, we would be able to reduce the expenditures to be provided by

public funds in the beginning of this extraterrestrial human activity accordingly.
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The following table presents the respective cost data on the basis that the
transportatior_ costs are paid by the public agertcies involved and thus arenot
prorated over the individual products and services. Thus the specific costs
presented are theoretical mittimum costs only, since they do not yet take into

consideration interest, taxes and profits, h_ a commercial environment the
transportation cost would have to be included. Consequently commercial prices
would be higher than shown in the next tables.

Table 3-7: Specific direct costs of lunar prod, acts and service_
excluding logistic costs, financing and profit

)'ear LULOX Lulab Work- klabita't Farm

(S/kg) (MS/ shop (MS/ pro-
MY) (MS/ MY) ducts

M Y) ($ / k_)

¢, "t

1 1,430 36.27 16.32 8.83 5,005

2 1,324 39.04 32.37 11.55 7,244

.... 3 820 _ 27.56 15.30 7.¢2 4,970

4 7._7 24.63 16.42 7.15 5,182

5 71_3 22.59 17.27 7.13 5,255

6 672 20.97 17.70 7.071 5,378

_ 7 649 19.71 17.79 i 7.36_ 5,349

8 629 .18.34 16.92 7.99 ! 5,284
9 598 17,08 1.6.26 6.72 5,085

10 _ 573! 16.13 15.75 6.54 4,99 0

11 5.32 1"_128 15.26 6.32 4,867

i:2 -_ ' -".._3 14.58 14.8l 6.15 4,772

13 516 13.96 14.40 5.98 4,675

14 502 13.411 14,0i 5.83 4,.r_,9
15 489 12.92'I 13.65 _5.69 4,506

16 477 12.48 13.31 5.56 4,4)0

17 466 12.10 13.03 . 5.46 4,370

18 456 I1.73 12.73 5.33 4,288

19 447 11.4t 12.47 5.24 4,233

20 ....... 436 11['09 12.17 5.12 4,157

" 21 4.J4 11.71 12.38 5.5.8. 4,520

22 422 10.71 11.06 4.88 '3,9'82
, ,,, ,

23 415 10.40 11.02 4.89 4,000

24 .103 9.99 " 10.69 4.75 3,89.,3

25 I 3% 9.62 10.41 4.61 3,794

• 2_ }, 38_; 9.28 10.10 4148 3/098

27 L 3SiJ 8.98 9.83 4.37 3,6 i 1

"-"_--].. [_"3 8.7(1' 9.56 4.25 3,527

'-:'_"]" [ _'_ .... 8.44 9.31 4.15 3,450

,30 I 369 ....8..54 10,.92 J 4.38] 3,646

Control Power Export a_,.total

center plant goods Itlnar

(MS/ ($1 average out-put
MY) M W h) ($t kg) ($1 kg)

"35.15 11,835 2,7601 1,565

36.84 13,99i 2,806' 1,485

32.09 7,062 1,828 4J43

33.06 6_.544. 1,658 862

33.76 6,237 1,570 828
¢

32.58 5,747.. 1,505 782
31.56 5,523 1,448 755

30[28 5,754 1,381 730

29".i9 5,365 1,3.06 695

,28.23 ' 5,127 1,247 667

27.34 4,880 1,195 642

26.54 4,681 1,150 620

25.79 4,494 1,1 ! 0 601

25.10 4,330 1,073 584

2_745 4,178 '1,040 .570

23_86 4,040 1,01 l 555

23.,56 3,918' ' 985 . 542

22.9.9 3_781_ , 960 J_ 530

22.49 3,688 937 . 520

_'.21.98 3,574 ' " 915 510

21.88 I. 3,872 9.15 510
26.32 ..... 3,386 ..864 . 487

19.87 3,376 845 477

19.20 3,256 822 46_

18.57 3,148 860 455

17.99 3,044 779. 445

17.45 2,950 759 435

16.94 2,859 741 426

• 16.46 . -2,775 .. 724 418

16.29 2,910 717 " 418



I
22

I
IIX general, it is fairly expensive to produce lunar goods and services within the
frame of a small luftat base, because the production volume of this science I

oriented operation is low.

Of partioalox interest of the items listed in this table are the specific cost of lunar
produced oxygen listed in the first column. The life-cycle average price is 5zl $/kg I

which is an equivalent of 2.6 labor-yeats. This value would have to be entered

into the TRASIM model as the minimum price to be paid for using lunar LOX to
obtain the total transportation cost including the Lulox r,.fueled on the Moon. I

Also of special interest is the next column, indicating that a working space in the

laboratory research and development facilities could be leased for an average of
11.6 M $ p.a. or 5,8 million $ per 6 month activity period, not including the I

roundtrip cost of the research scientist.

I
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Figure 3-4: Trends of speCific cost of selected lunar product_

1 = all. products for lunar use, 2 = exports, 3 = all lunar products including Lulox

The other limiting case is an operation where the lut_ar laboratory operation will

be charged with the non-recurrent and recurrent cost of the lunar space

transportation system. In this case the total space transportation cost are a burden

to be distributed over all lunar products and services thus increasing their specific

costs. Not yet included are those charges connected with a fully commercial

operation such as financ'mg cost and profit,however.

Multiplying the specific cost of lunar products and services with the annual

amounts ( mass, labor yeats, kwh ) yields the annual "sales" to be realized in

ten'as of million (1990) $, if they are to cover the cost of the operation. The lunar'

_.aboratot_" would have - under these assumptions - the following sales potential:
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Table 3-8: Projected total annual sale_ potential (million $ p,a.)

with total transportation cost charged to the lunar operator

year expofls'
or infra-_

stCuc-
iure

pro-

pellants

1 74., 341
'2 451

3

4
5

6

7

8

9

10

11

12

131'
14

15

16

117
97

95
t

94

96
_s
99

9s I
97

9b

95

94

94

93

92

9)
9O

89
t

89

S4
i

84

81
'79

78

76

313.
297

285

2S3.
285

286

281

277

272

269

2_
262

259

256
r

254

2.51
249

247

252 .
242

240

2_
232

229

port
services

overhaul
vehicles

9

20

10

l a
11

11
11

11
',, rT •

11

10
r,|

10

19
10

Ira,,

10

10
"10

• 10 ....

19
10

,, =|

10
• ..

o10
10

17

18

19
2O
2i''

22
23

24

9

9
,, ,LL_

27 75 226 9

28 73
'7229

30

9

9

11

r

laboCa_

tory
Spaces

72
i

106

96

104

i12

125

,. 1.37
145

152

"' 160

166

173

180

186
' 192

_98

., 2_
209

235...
220

_ 2_55
255
268

277

sales of

all prod.
and

services

_%
694

515

506
i ,

502

515
531
541

542

544
f

545

547
549

55!
554

5_
559
56O

.. 563

•.. 565

ii _0 O

590
598

602

605
609

612

615

products

usod_

638

..... 3.22 6.113 17,590 '1,638
2O4 .=,86 55

61

35

34 ,

38

42

43

44

45' "
i

47

48

49

5O

51
si
53
54

55

56

60

63

4

65

65

... 66

67
67 ¸

H=|l

76

2,593"
86

7,591

253 11
--, .,,

223

223
220

aver,_ge

66

294

302

310

318 619

iufiar
base
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4: The lunar space trarlspOrtation syatem

4.1 System definition

The governirtg factor of the concepb acquisition process and operation of the

lunar base specified above, is the payload capability and launch rate of the lunar

space transportation system (LSTS) to be employed. It deteri-nines the size and the

growth rate of the lunar base. Logistics cost is the major cost item of the entire

life-cycle system cost. Geneeally, pre-fabricated modules with large dimensions
and masses transported to the Moon are preferred, because they lead to reduced

requirements of expensive human labor on the Moon. Ort the ott,er hang if the

flight frequency, is less than four flights p.a. then the operatioiaal flexibility would

suffer. Furthermore it must be assured that enough reserve payload capability for

unforseen emergencies will be available 1°,2°.

The logistic support system for the lunar base selected in this case study is a near

state-of-the-art fully reusable space transportation sytem, using high energy

chemical propellants and available subsystems from the Shuttle and other

existing programs 9.10.20. It is expected to offer an initial operational capability by

about the year 2016 after a nine to ten year development and flight-test period. It

also offers considerable growth potential for other Earth orbital, lunar and

planetary- programs. Aside from spaceports on the Earth and the Moon, the lunar

space transportation system (LSTS) conceived is comprised of three elements :

(1) A three stage heavy lift launch vehicle (HLLV) for passenger and cargo

transportation between the Earth spaceport and a space operations center in lunar

orbit, or direct flights to the lunar surface respectively,

(2) a space operation center (LUO-SO(_) in a low lunar orbit (100 km), being used

during standard operations for the transfer of passengers and cargo payloads, but

also as propellant storage and fnaintenance facility, and

(3) a lunar bus (LUBUS) for local transportation of passengers and cargo betwoen
the lunar spaceport and the LUO-SOC.

4.2 The heavy lift launch vehic-l.e. (HL.LV)U_, 2o

The HLLV has a launch mass of 6,000 tons, allowing a payload capability of 110

metric tons (t) to lunar orbit and of about 50 t on a direct flight to the lunar

surface using in this application its third stage to land the cargo. This payload

capability is the average.- • performance during the entire life cycle. It would be

somewhat lower in the early years and grow during the life-cycle resulting from

regular product improvement efforts, but the payload capabilit3.' is kept constant

throughout the life-cycle of the lunar base to keep the model simple. This

assumption does not change greatly the overall life-cycle performaf_ce.
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Figure 4-1:

Longitudinal cross-section of

the NEPTUNE -2015
HEAVY LIFT LAUNCH VEHICLE

Technical University Berlin

This three stage heavy lift laurtch

vehicle, based on the NEPTUN concept

shown in the next picture, has been

developed by the Aerospace Institute of

the Technical University of Berlin

during the last two decades for an

employment in a multi-mission

global space program 4,9,10,20.

Among other applications, it can

either transport cargo, passengei's (or

in a mix passengers with some cargo)

to the lunar orbit. The dry mass of the

payload stage is 47 metric tons and the

net mass is 52 t. The return flights with

a 50 t passenger or cargo module ( = 102

t) require a mass ratio of 1.30, thus a

gross mass of 132 t including 30 t of

return propellants which it brings

along from the Earth in its early lunar

logistics job. Substracting these from

the 110 t nominal payload result in an

effective payload delivered to the lunar

orbit of 80 tons for both the passenger

and the cargo version of this launch

vehicle, aside of the return

requirements. - The three stage

NEPTUNE dimensions are 40 meters

Wide and 72 m high.

The HLLV passenger version carries a 50 ton crew cabin including 40 passengers.

It is attached to the 3rd stage and is capable of returning to the Earth from the

LUO-SKX; without retueling. With a 50 t module, a 30 t propellant capacity for the

return flight and about 12 t or hydrogen for the LUBUS a total of 92 t are required,

which leaves 18 t of equipment delivered to support the lunar SOC, or additional

hydrogen to contpensate for vaporisation losses of the SOC. Thi_ excess of

payload capability can also be considered as a design and/or performance reserve..
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Figure 4-2: I

Horizontal cross section of the three

of the NEPTUNE -2015 |stages

heavy lift launch vehicle
imm

Cargo vehicles can either tetut_ empty

to the Earth or with a cargo of lunar •

products or equipment up to 50 _. In

addition, the 3rd stage carries also the n

hydrogen required for the continuing

flight of the LUBUS roundtrip between N

LUO and lunar base as a standard

operational procedure in this analysis, m

The HLLV cargo version would thus

have a capability to carry a 60 t cargo

module, a 3 t payload container, 30 t of •

return propellants and 17 t liquid

hydrogen propellants for LUBUS N

operation, adding up to 110 t nominal

HLLV payload capability. I

_,Q,. The payload plattform must be

compatible with the LUBUS which has •

a platform with a diameter of about 7 []

m. AdditioP, al payload containers can

be placed between the engines of the

thirs stage if requited" I

Several direct flights of the HLLV 3rd stage to Earth will be needed during the •

early acquisition phase of the lunar base to transport the initial large facility

modules amounting to about 400 tons to the lunar base site before or shortly after •

the ari'ival of the first crew. These flights will be in addition to the regular

schedule considering only the supply and crew rotation demands. The third stage

would have to undergo tile following modifications for this purpose : •

- enlargement of the propellant capacity by about 25% (from 215 to 270 t ),

- change of the heat shields ( no aerodynamic braking required ),

- addition of a landing gear. n

I
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The mass and performance characteristics of this direct lunar landing stage would

look approximately as follows:

Velocity requirement = 5,900 m/s, exchaust velocity 4,500 m/s, mass ratio = 3.70.
Initial mass in LEO 365 t

usable propellants 266 t
cut-off mass on the Moon 99 t

stage mass 53 t
residuals and reserves 8 t

net payload on the Moon 45 t

Th_ empty stage would remain on the Moon and be available for storage of

liquids and gases. Also the 5 to 8 t of residual propellants and gases after landing

and components would be available for other use. The production cost including

modifications of these stages which ate on the order of 330 million $/unit would

have to be included in the cost balance of the lunar facilities to obtain a complete

picture. A few flights will be scheduled in the year before the first crew arrives on

the Moon with the most critical large facilities, such as habitats, power plants and

oxygen plant. These have to be at the lunar base site, checked-out and in operable

condition to allow beneficial occupancy when the first crew arrives.

4.3 The lunar orbit service center

The lunar orbit operations center (LUO-SOC) has an empty mass of about 250 t

and it is a modified second stage of the HLLV20. It transports itself during the

first operational year in an extra flight to the lunar orbit, after modifications,

refueling and checkout have been completed in low Earth orbit. Two secondary
refueling flights to low Earth orbit (LEO) are required by the HLLV ( this is a total

of 30 to make this transfer of the LUO-SOC facility irito lunar orbit (using its oxen

propulsion system) feasible. These additional flights are calculated automatically

by the program as secondary missions in the first opet'ational year. Some

propellants ren_ain onboard of the SOC after arrival in lunar orbit if completely

fueled in LEO before departure. These propellants are needed for suplying the

initial LUBUS flights due to a limited LULOX production capability on the Moon

in the earl}' }'ears. This space facility is scheduled to be activated in lunar orbit,

before the first lunar crew arrives. Under standard operational conditions, the
LUO-SOC has a maintenance crew of 3-6 astt'onauts depending on the traffic. An

average crew dut 3, c)'cle of six months is assumed resulting in additional

secondary missions.
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Figure 4-3: Space Operations Center(SOC) derived from the second stage of the
NEPTUNE HLLV

Mass model:

The transfer of the LUO-SOC from the tow Earth orbit to lunar orbit requires a

velocity increment of 4,165 n_/s, with an effective exhaust velocity of c = 4,500

m/s this results in a mass ratio of r = 2.523. The LUO-SOC with a dry mass of

250 t arrived in LEO with 300 t residual propellants to be modified for its lunar

orbit mission. After refueling 2 x 300 t in LEO its take-off mass is 250 + 900 = 1,150

t. The required mass ratio of 2.523 leads to a SOC mass at arrival in LUO of 1,150 :

2.523, = 456 t or 250 t hardware, some 20 t unusable residuals and about 180 t of

propellants for later use by the LUBUS.
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4.4, The luna.r lau_ch- and landing vehicle (LUBUS_

Figure 4-4:

The lunar launch and landings vehicle -

LUBUS

/
/ \

/ \
1 \

The lunar launch- and landing

space vehicle is a single stage
vehicle. It is modified third

stage of the heavy lift launch

vehicle with a 7 meter loading

plattfoJtm ontop and other

payload locations at the

bottom. Using a charateristic

velocity requirement for a

single flight between the lunar

orbit and the lunar spaceport
of 2,000 m/s and an exchaust

velocity of 4,500 m/s, the

resulting minimum mass ratio
becomes 1.56. These

assumptions lead to the

followin.g mass- and

performance characteristics on

which the lunar landing- and
launch vehicle (LUBUS) has to

be designed. The masses

specified are then used for
estimating the additional

d ev el opme nt and

manufacturing costs.

LUBUS Passenger Flights:

_DOWN LEG of the LUBUS from LUO-SOC

empty stage
crew (:abin with crew

hydrggen for ascent

stage at cut-off

usable propellants .required
take_off mass in. LUO

20 t

25 t ( 40 passengers for 1 hr flight time)
7t

52 t

30 t ( 5 t LH2 + 25 t Lulox)

82 t

29
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ASGENT of the LUS to LUO

empty stage mass
cabin with crew

Lulox for dow_ leg
cut-off mass

usable propellants required
Take-off mass on the Moon

20 t

25 t ( max.capacity 40 persons for I hr )
25 t

7O t

40 t ( 7 t LH2 + 33 t Lulox)

1i0 t

LUBUS Canzo flights:

DOWN LEG from LUO-SC)C

empty stage mass

cargo incl.packaging

bydroge-n for ascent
cut-off mass on the Moon

usable propellants required
Take-off mass in LUO

20 t

63 t

10t

93 t

52 t ( 7 t LH2 + 45 t Lulox )
145 t

ASCENT of Cargo-LUBUS

empty stage mass

Lulox for down-leg

return cargo
cut-off mass

usable propellants required
Take-off mass on the Moon

20 t

45 t

50 t

115 t

64 t ( 9 t LH2 + 55 t Lulox)
179 t

blas_}-balance HLLV passenge.r flights with max. 40 Person_: 50 t creW cabin + 30 t

return propellants + 12 t hydrogen ( without losses) = 92 t, propellant reserves or

additional suppties 18 t, Total nominal life-cycle average- HLLV payload capability
= 110 tons delivered to LUO.

Mass-balance of HLLV cargo-flights : 30 t return propellants + 16 t _- 1 t losses

hydrogen for LUBUS,+ 60 t Cargo ÷ 3 t container = 110 t total payload delivered

to LUO, used as n o m i n a l payload capability for this scenario.

Lunar LOX-requirements at the lunar spaceport:

Passenger flights : 25 + 33 + 2 losses = 60 t pet flight

Cargo flights: 55 + 45 = 90 t per flight

It has to be noted that the LUBUS propellant tanks have to be sized allowing the

refueling of both propellants for the e_ttite roundtrip. All hydrogen is fueled in

lunar orbit, all oxygen is fueled on the Moon! This explains the relatively large

dry mass of this vehicle.
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4.5 Space Transportation Syste.m performance

Table 4-1: Typical flight schedule for supporting the lunar base

(pass(_nger flight = 40 pez'sons, cargo flights = 60 t, one-way -- 50 t + empty stage )
") five flights tesis, "*) 2+2 Lubus delivered partly fueled to LUO,# tanker flights

Y rio.and noof I extra total flights total Lulox Lulox Lox

E capa- regular cargo cargo to LEO no.of reqrd pro- brought
A city of cargo flights capa'- &SOC HLLV duced from
R pass. flights init. city fac.+ lunar Earth

flights facil, rqrd. prop. flights

p.a. -.
0 0 0 0- 0'- s*)+ _ o4-6 o 0 o
1 1 2 3 .... 120+150 2".')+2 8+2 240 230 280
2 2 2 2 120+120 2"') 8 '-' 480 340 100

2 2' 3 50 +120 ';' 480 '380 2003
4 2 2 2 "120+120 6 486 "400 ....

5 2 2 86 " 4 "' 300 400

6 2 2 95 4 30b_ " 420

7 ' 3 2 106 ' 5 300 440 -

' 8 3 2 109 5 ' 36'0 _' • 450

9 3 2 lo9 5 360 470

10 3 2 111 5 360 480

[1 3 2 112 5 360 490

12 .... 3 2" 113 ' 5 360 50()
• m

13 3 2 114 5 360 510
14 '3 2 1"i5 5 ' 360 520

15 3 2 ...... 116 B " 360 520 ....

16 4 'I 2 118' 6 420 530

17 4 2 119 6 420 540
. ,, ,. -- I ,.

18 4 2 120 6 420 550
19 4 2 121 O 420 550
20 4 2 i 22 6 420 ,_.0

21 4 2 144 6 420 560 !

22 4 2' 132 6 420 570 I

23 5 2 138 6 480 ._ 570

24 5 2 139 7 480 580
25 5 2 1_,1 7 48'0 580_

26 5 2 "' 143 7 480" 580

27 5 2 144 7 480 590

P.8 '" 6 2 "" 146 8 540 5901

29 _ 2 ] " 161 8 Ko' '60o
30 6 2 142 8 ._I.0 600

dan 110 60 '10 3,900 4+9' 186") 12,060 15,000 580
av 7.33 2' -- 130 500

*) including 6 development flights ,some 18 secondary flights have to be added

Matching annual launch rates with a first approximation of the requirements of

the lunar base leads to the payload capacities and propellant requirements listed
in table 4-1. The table shows that the system performance is greatly determined

by the demands for crew rotation. With 2,170 labor-years on the Moon and an
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average duty cycle oi 6 months the capacity of the passenger flights must offer

4,340 seats, or 4,340:40 = 108.5 passenger rountrip missions.

The operational performance of the HLLV and the LUBUS in terms of vehicle

inventory, number of aixtmaL flights scheduled, number of flights per vehicle in

the inventory and turn-around time available between flights are presented in
the table 4-2.

Table 4-2: Operational performance of space vehicles

Y HLLV
E mven-

A tory
R

1 1

2 2
,,, [., ,

3 3

DO,

flights
HLLV

11.31

ti2m-

around
time

32
S4

flo.fl,

p.a.per
vehicle

11.3

Cubs
inven-

tory

""'i

nO.

flights
Lub_

no.ft.1- |'

around
time

5! 73
8 I ' " 91

41 '272

p,a.per
vehicle

4.3 24 4
145 2.5 31 1.3

2.23 6.5'
'3 5.4

169
2o2 1.8

6 202

2og

9

10

3 5.4

3 5.4

3 5.4
•. , .n i

3 5.4

3 5..4

3 5.4
3 5.4

3 5.4

203

203

203

203

203

203

11

12

13

1.8

1.8

1.8

1.8

1_8

1.8

1.8

!.8

41 6

4 5

4 5'

4 5

4 5

4 S

5

5

' "" 5'

1

4

4

4

J" "4'

242

29O

290

290

290

1.5

1.3

1.3

1.3

14
15
16

17
T

18

19

20

21
22'

23

24

25
26
2_ "-

28

29

30

5tlm

av

3q
31

' 3 _

• .31

3

3

3

3

3

2.6

., =.

5.4

5.4 i.
6.5
6.5

6.5

6.5

6.5

6.5

6.5

7.5

7.5

7.5

7.5'

7.5'

8.6
i, , !

8.6

8.6

202

6.7

203 1.8

2o3 , !.8 ,.
169 2.2
169 2.2

i, | i J

169 2.2

169 2,2
169 !" 2.2

1;9' 2.2

"169 2.2
i

_ !45 . 2.5
145 2.5

96 3.8

96 3.8

96 3.8 i

84 4.3

84 4.3

84 4.3

- 85

153 2.8

4

4

4
"t

4

4

4

4
J

4

4

4

4

3

110

3.7

1.3290

290 1.3

290 1.3
r

290
290

c

5 290

5 29O

6 241
6 24i

6 241

6 ; .241
6 241

6 24I

6 241

7 207

7 207
t .

7 207

7 207
_ 20'7_ ,
8 181

I

8 136

T8o. •.....
6 230

1.3
1.3

ii,3
1.3

!.5
1.5
1.5

1.5

1.5
1.5

1.5

1.8

1.8

1.8

1.8

1.8

2.0

2.7

2.7

53

1.8

The demands for cargo transportation are smaller than those for passenger

transportation with the exception of the first .few years.With the heavy deliver'

schedule of facilitie_ plus the additional Earth propellants needed for the return

flights in the early years, a fairly high launch rate restfltsj which might be difficult
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difficult to attain. But it it quite clear, that only the actual performance during the

development phase and the actual rate of progress will determine how fast the
acquisition process can be realized. Thus, the flight numbers indicated for year

"0" might in the worst case situation, they might have to be distributed over two

years. This requires a detailed analysis of a type shown in chapter 5.

As pointed out already, the actual number of vehicles available in the inventory

is larger than shown, because the prototype vehicle and the pl:e-production

vehicle are available in the early years in addition and will reduce the annual

number of flights. On the other hand it must be noted, that every few years a

vehicle will be taken off the flight tine for the purpose of overhaul and

upgrading. The demands on a particular vehicle with respect to launch frequency

are very modest due to the assumption that four vehicles have to be available

during the operation. This is a ve D, great growth potential for higher launch rates

and cost reduction going along with this.
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4.6 Acquisition and op.erating_c_st of space transportation system

Non-recurring cost:

The program structure of the space transportation system is the basis for

estimating program cost, it was developed and presented in the previous chapter.

To estimate cost and distribute these over the calender years is the next task to be

accomplished.

Ttus cost estimate begins with the non-recurring costs of the program to be

cat'fled out during an eight to ten year development and test phase, before the
operational phase can be initiated. These costs are primarily the development

costs and first unit costs derived by cost estimating relationships developed using

relevant data on past experience during the last decades and entered into the

TRASiM code2,10. In case pre-production of vehicles or modules ,%re required due

to the anticipated schedules prior* to the first operational year, these are estimated
at the level of first unit costs.

This cost estimate of the up-front costs (= non recurring costs) is followed by an

estimate of the recurrent cost of the logistic system during its operational phase.
Knowing the vehicle flights required, it is possible to derive at preliminary cost

estimates for the various elements of the space transportation system. This
estimate was done with the help of the TRASIM code which has been used

frequently in the past with great success.

The following comments will help to understand the calculation procedure used

for deriving the non-recurrent costs listed in the specified colurnr_s of table 4-3 :

Legend:

(1) Development cost the heavy lift launch vehicle (HLLV) and lunar lander

(LUBUS), including prototi:pe, ground facilities and flight testing, but excluding

crew cabins and payload coW:ainers.

I
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(2) Cost of development of crew modules and payload containers for HLLV and

LUBUS including prototypes and flight tests.

(3) One pre-ptoduction unit - in addition to the prototypes - of all elements of

the space transportation system (other than the SOC) as back-up vehicles in case

of mishaps. - This has to be accounted for separately as this is not included in the

standard estimate procedure!

(4) Development cost of the space operation center (LuO-SOC) on the basis of a

modification of the second stage of the HLLV. The pr.',duction of the first
complete unit will be listed not under development but under production cost.

(5) Total cost of the logistic system R&D phase, items (1) thru (4)

Table 4-3" Non,recurrent cost of space transportation system
( million 1994 dollars )

(2)year _ (1) (4)
-8 t25

1,tO0-7

-6
'-5 ='

,. ,. ,,

-4

-3
i

-2

-1

1,7661

2,230

2,532

2,5441

2263 I

1,8021

1,3151

15,677

0 45

totals' 546

(3}

31

70O

1,032

1,331

1,465

1,358 900

1,097.... '.'14oo
770 2,180

7,784 4,580

(5)

45 i, 176

62 2,528

78 3,340
88 3,951
88 4,O97

78 4,599
62 4,46l

4,310

28,587

Recurrent cost of space transportation system •

The LSTS is comprised of the two vehicles HLLV and LUBUS plus the LUO-SOC
their costs are somewhat more difficult to determine. A total of about 200 HLLV

flights comprise this 30 year program. These vehicle costs are estimated with the

TRAS1M model of the Aerospace institute of the TUBerlin (1990)10. They are

presented in tables 4-4 and 4-5 using the following explanations of the individual
columns:

Legend:
(1) Operational year of the life-cycle
(2) Cost of sustained engineering & product improvement during the operation of HLLV and LUBUS.
(3) Production cost for both vehicles and LUO-SOC with full cost of a unit listed in the year of

delivery, excluding one HLLV wtucb was already considered as a preproduction unit under
development costs, but including the production cost of the LUO-SOC.
(4) Operational cost for the ifidividual vehicle flights, including LUO-SOC operations, but

excluding Lulox cost
(5) Sum of columns (2)+(3)+(4).

{6) annual cost of Lulox originating on the Moon but to be charged to the transportation system
(7} total recurring cost of space transportation system
(8) Direct cost per HLLV flight with passengers from Earth to LUO and back, but excluding front-
end and lulox costs.

(9) Direct co_.t per HLLV flight with cargo froin Earth +oLUO and back, but excluding front-end and
lulox costs.
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(10) Direct cost pet LUBUS flight with 'passel_gerS from LUO to LUS and back LUO excluding
ffont,-end and lulox costs.

(11) Direct cost per LUBUS flight witPt cargo from LUO to LUS and back LUO excluding front-end
and luloxcosts.

(12) Direct cost per passenger toundtrip mission Earth spaceport to lu_tat spaceport.
(13) Direct cost per cargo trip one way EaCthspaceport to lunar spacepofl and empty return.
(1") Specific cost lu00 $ per passenger roumtip (Earth-Moon) including Lulox cost at 525 $/kg
(15) Specific cost o| ca(go $/kg (Earth-Moon) including Lulox cost at 525 $1 kg

Table 4-4- Overview of sustained engineering, production, operations

and total Cost during the operational phase (million 1994 $ )
(1) (2) (3) (4) (5) (6) (7)

year

ir J,

2
i, "3

5

6

7

8

10

12

13

14
J

15

,,, . ,'!" 6 i

17
18

sustaiped production
engng.

cost

166}

i661
1661
166 _

166 i
l_:x_

cost

6031

276

opera- total
tions cost
cost w.oJulox

9s . i 'i i'7,1' 3d

re-

imbursed

lulo_ cost

total

recurring
cost

7,4'74

599 451 4,738
"483 313 4,369
414 297 .... i,I'53

285
283

348 868
343 851

93]' 339 285 883

166 335 286
166
166

166
166
166

166
166

166
166
166

19 166
"2o i_

21 166

166

23 .
24
25

55

58
496
_5
75

48
g2
51

106
'50

54
245

481

102

211
711

76
2_o
22fl

81

17,130

. 571

166

u

166
lf_6

331

328
325

322
320
318
3161
377 _
3751

372

370
368

365

i. 364
4?.2

42O
418
416

414
471

468
466

-,_,,,==m

10,271

342

4,2871
4,055

857

582
' 568

598

556
579

,,, = ,

552
988

-

544

561
t,--

533
r

535
595
647
_9

59O
78O

1,013
578

690
798

1,296
658

8OO
857

734
714

34,269

1,142

166

160
T_

26
L,.

27

281

277
272
2691

843
86O
829

1,260
812

2651 826

2621 795
259' 794

851

254: 901
251 84O

839249
247

252
242

240

229

226
28

29 166

30, 166

sum 4,998

a_ 167

223

220
223'

7,324:

244

1,027
1,264

820

930

1,03¢
1,52_

888

1,026

1,080
955

937

42,275

1,409



Table 4-5: Over'vlew of space vehicle direct operations cost of primary flights

without Lu2ox cost (8) thru (13) and Specific transportation costs of cargo and

passenger transportation during the operational phase with Lulox cost (14 and

15) - (million 1994 $, M $ p.seat and $/kg respectively)

(I) (8) (9) (1i) (12) (13)

year dir_cOst iot.dir, to't. dir.

2

3

4

5

p.cargo
flight
Lubm
• 5.51

8

8.4!

8.7!

8.4

8.4 _

cost

pass.fl.
ES-LUS

1'77

161

156
_56

i56

cost

cargo fl.
ES-LUS

169

dir.cost

p.pass.
t|ight
HLLV

164.0

149.2

l'44.8

144.7

144.4

"'142.9

]41.7

140.8

139.3
• 338.5

137.6

136.9

136.2

135.7

"_35.i
133.5
133.9

131.8

126.2
] 29.7
129.3 I

127.31

123.5

153

149

f48

(10)
dir.cost dir'.cost

p.cargo p.pass.
flight [tight
H LLV Lubus

159.3 12.6

144.2 "11.4

1.39.9 11.6
139.9 1!.3

i

139.7 il .2

138.3 11.1
137.1 11.0

136.3: 11.0

134.8 10.9

134.1 i0.9
133.4 10.7

132.7 10.7
132.0 i0.7

131.5 10.6

131.0 10.6

129.4 , !'..0.5
129.7 1.0.4
i27.7 10.4
122.1 1o),
125.7 10.4

125.3 i0.3

123.3 10.3
119.6 i0.2

io._
_ I0.1

103
10.1

t. _l = , i i

105.6 10.0

105.3 I 0.0
1o5.: 9),
132.4 10.5

148
. =_ ,

1476 8.4: 1.54
'7 " 8.3 ....... i53 145

152
9

10

8.3

8.2 150

149_

145
"_43

1428.2

8.2 148! 142

148 14'I

147

8.2

8.2

8.1

14'01

8.0

i., 8.0
8.0

8.0

8.0

146

8.1 146

• "144 137

7.9

7.9

11

i2
13

14

15

16
" I

17

18
19

_0

2l

7.9

7.8

"7..8 ....

144

142
"13_

140

140

138

134

136

124

123

123

22

i3
24

25

26

27
7.8

. .

7.8

28 7.7 120

29 7.7 119

3O 7.3 119

,,, ,,, • •

125.7 121.8
11k.2 1_0.3
112.8 109.0

112.5 108.7

109.5

109.2
108.9

128.1averago 8.2 139

140!

13'91

138

!36

130

134

133
i31
128

130
11'g
1i7
11_'

113

113
11"2

'14i

(14) 05)

cost per $/kg

passen- cargo
gerseat direct
ES-LUS Es-LuS

6£367! 2,.544
..... 4.299' 1,760

f

4.i80 1,713
4.164 1,708!

4.154 1,706
4.11'0 1,688

4.074 1,674

4.046 1,663
42oo4 1,646
3.981 1,637

3.953 1,628

3.932 1,620
,,,

3.912 1,611

3.895 1,605

3.880 1,599

&832 1,579

3.841 1,583

3.784 1,559

3.634 1,495
3.727 1,535

3.711 1,531

&657 1,509
3.554 1,464

3.612 1,489
3.305 .1,358

3.266 1,342

3.258 1,338

3.173 1,303
3.165 1,299

3.146 1,291
3.7o6 ],688
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The production cost of the individual vehicle (column 3, table 4-4) is paid fully in

the ),ear of delivery in this model. Any fit_ancing costs will have to be part of this

cost. Consequently the distribution of annual expenditures is irt'egular as can be

seen in column 5 of table 4-6. This is listing for selected years the annual

expenditures required for the lunar logistic system employed in this model. In

reality the peaks will be lower since it is common practice to pay one third of the

cost when the vehicle is ordered, one third in the second year and the last third

upon delivery.

I
I

I

I
I
II
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Useful for general comparisons are the cost per mission (figure 4-1)becauSe they

do not specify exactly the payload. But more precise are the specific transportation

cost trends of the columns (14) and (15) are presented in figure 4-2 because they

do include the payload delivered. This calculation is based on the assumption

that the vehicles will fly as often as their design life will allow. In this
conset'vative scenario, however, this is not the case. they are not used fully. The

/

number of vehicles is determined by the minimum number of vehicles required
on the flight-line. When they are taken-off, they will have a residual value

because the production costs are prorated over the number of flights designed

into the vehicles. Thus, the specific costs given below are considered to be the

lower limit, they could be about 10 % higher. In case the nominal payload

capacity of the vehicles is not fully used, the cost go up proportionally.

160

140

,_ 120

'i (oo
Ib,
,_ 80
m,.

60
i:

40

2O

0 i _ ; i i i i i i ! i i i i i i | i | i i i i i | | | i

operational yea(

Figure 4-5: Mission cost for passengers without lulox cost

-upper curve, and for cargo without [ulox cost -lower curve,
(million 1994 $ )

In calculating the cost per roundtrip, the production cost are prorated over the

number of maximum flights the vehicle is designed foe if fully used during its

lifetime. This scenario will not fully use the number of allowed flights, thus they

will have a residual value when taken off the flight line.
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Figure 4-6: Specific recurrent transportation cost [or passengers

1,000 (1994) S/seat and for cargo transportation $/kg to the Moon
taking into account the cost of government furnished lunar

propellants at 521 $/kg.
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.5. The acquisition of the lunar laboratory

The development phase is part of the acquisition phase of the lunar laboratory.,

After reaching a decision to proceed with the program, which can be very time

consuming as experienced with the International Space Station(ISS), we know

from previous programs that the development phase is the most critical one

with respect to technical feasibility/ operational feasibility and financial

acceptability. -

Consequently, it is necessary to develop detailed plans for the total system

particularly for the development and transition period. This requires at this point

a breakdown of the program activities and milestones on a quarterly basis from

the time of program initiation up to the first flight test to develop a better

understanding of the development sequence and time periods involved.

Table 5-1: Initial Lunar Base Program Development Schedule
year x = )'ear of first development flights
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year & Qarter
x-10

..

X'9

X-8

x-7 / 2nd Qtr

x-7/3tdQtr

x-6/1st &
2nd Qtr

x-5/2nd Qtr

x-4 / 1st Qtr

x-4/2nd Qtr

x-4/3rd Qtr

x-4/4th 'Qtr

x-3/1st Qtr

x-3/2ndQtr

x-2 / 3rd Qtt

activitY or flight mission
.... i T r f •

Program. planning activities are initiated
program definition & specifications complet'ed, mern0rancium

of unders.t.artding (MOU) siga3ed by.p_tners
''1

progra_.y! approval, industrial, .. competitio n for contacts

i begin of vehicle and facility developments

design b._gin of crew capsule for HLLV, crew cabin of LUBUS,

and of lunar facilities; construction, be_in of launch facilities

design reviews of HLLV elements, the lunar power plant

module and the lunar L.OX production module

design reviews of crew cabin 'for LUBUS aridthe .I2iLLi?' System

desisn review o'f LUBUS stage, lunar hab!tat module

design review of lunar workshop module,

lunar spaeeport& mobility equipme.nt

d_si.gnreviewandappro,,_aof LUBUSSystem
des!gn raview and approval of SOC modfficatio_ __

design review of lunar base control system

begin of component testing of new elements

begin Of prototype production of all vehicles

and lunar facility modules
,= ,, J

x-2/4th Qtr begin of subsystem testing

x-l/1st Qtr

x-1 / 2nd Qtr

x-113rd Qtr

x-l/,tth Qtr

begin of assembly .Of prototype vehicles

beg!n of ground tes.ting of prototype vehicles

completion of launch facilities

acceptance test_of proto_,pe HLLV and-l,uBu? _

I



A precise list of hardware requirements and a flight schedule must be available

before high quality cost estimates of the vehicles can be derived. This leads to a

manifest for the flights planned with emphasis on the first five years.

Table 5-2: Detailed quarterly flightplan for the acquisition period

* = HLLV + LUBUS flights, all other HLLV flights without LUI3US

Legend:

Year 0 used for initial flight tests, year l is the year of beneficial occupancy
(1) Period of time (quarter)

(2) Flight tests of the HLLV prototype vehicle
(3) Flight tests of the HLLV ÷ LUBUS prototype vehicles
(4) Direct flights of the 3-stage HLLV to LUS, 3rd stage one-way (50t moduleb
(5) 2 stage HLLV flights to LEO in support of LUO-S(X_ acquisition (300 t LEO)
(6) HLLV Earth-Lox Tanker flights to I.UO-SOC for replennishing (100t)
(7) Delivery of partly fueled LUBUS units to LUO ( 20 + 50 t Lox)

(8) Special facility delivery flights with LUBUS roundtrip (60 t facility modules)
(9) Standard operational cargo flights (60 t equipment and supplies)
(10) Standard operational passenger flighls (40 passengers _- luggage)
(11) Total number of HLLV flights in this quarter

(12) Total number of LUBUS flights in this quarter

(1)

0/I

0/Ii

0/In

OIW

1/I

1/I]

I/In

l/W

(2)

1

1

(3)* (4) (5) (6) (7)" (8)* (9)*
1,

1

1

1

2

1

1

1

1

(10)* (11)

1

2

2

1

3

3

2

(12)*

0

1

1

1

0

1

2
2...-

12

!
40

!

I
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Including the test flights during the last year of the development period C0"),

42 HLLV and 31 LUBUS vehicle flights ale on the regular schedule for the first

five operational years!

After defining the number and type of flights, the balance between masses
required at the individual destinations must be compared with the payload

capabilities of the scheduled vehicle flights.

Table 5-3: Mass balances

Total mass delivered from the Earth during first five yeats:

4 direct flights with complete modules 50t each 200 t

12 regular cargo flights wi_h facilities, equip. &supplies 60 t each 720 t

total delivered from the ea_'th including reserves 920 t

Mass required during the first five years

At the end of the third year the following masses must be on the Moon:

Lunar facihties and equipment as estimated by the model 465 t
imported spares 115 t

supplies 300 t

total mass imported from the Earth 870 t

Lox propellant balance first 5 years
Lox left in SOC at arrival in LUO

Lox left ha 4 LUBUS flights brought to the LUO-SOC

2 tanker flights to LUO with 100t each

LULOX produced .by lunar facilities during first 5_years
Total Lox available in LUO or on LUS

180 t

200 t

200 t

1,753 t

2,333 t

LULOX requirements :

12 cargo flights with facilities from LUO to LUS,90 t each*)

9 regular passenge_r flights LUO to I,US,,60.t each
sub total

1,800 t
450 t

2,250 t

*) only in case all of the return payload capability of 50 t is used

Balance: Available 2,333: required 2,250 = 83 t reserve

plus cargo return propellants not used

Most of this reserve will probably have to cover vaporization losses ! This

balance shows that the plant_ed typical flight schedule for the logistic support of a

lunar base with the desired attributes and performance is about what must be

expected. Now it is possible to specify the missions and payloads for each of the

flights scheduled during the flight operatiorm in the e_ly years of the acquisition

as shown in the ne,_t table. At this point in time it is sufficient to use a quarterly

schedule which has to be replaced later with a monthly schedule to make sure
that the needs of the initial ltmar crew are satisfied.
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Table 5-4: Typical manifest for HLLV and LUBUS flights

quarter vehicles
011 HLLV

0/If HLLV
HLLV+Lubus

0/I'll HLLV_-Lubus
HLLV

0/IV HLLV+Lubus

1/i HLLV
ttI..LV
HI.LV

1 / 11 H LLV
IqLI.V
ItLLV_Lubus

1 / 111 '" I ILLV, Lubu's

HLLV+Lubus
1/ IV H/_LV÷Lubus

HtLV+Lubus

2/1 HLLV_-Lubus
t 4.HLL_ Lubus

HLLV+Lubus

2l l[ HLLV.Lubus
HLLV-_Lubus

2./ill' ' ' ttLLV_-Lubus

ttLL\" ,-Lubus ,
2/IV HLLV _-Lubus

3/1 FtLLV+Lubus
H LLV

3/11 'i ILL\"
Ht LV*Lubus

3/111 ,LILLV-_Lubus
i

3/IV tfLLV
t4LLVq.ubus

HLLV_Lubus
11LLV_-Lubus

HLLV_Lubias

ttLLV_-Lubus
HLL_'*Lubus

ttLL_" [.ubus

H LLV-'-Lubus

I II.llV+t, ubus

II1 .LV-L ubu's

IIL[.V-Lubus
III.I.V _-Lubus

missions
1st test fl!6'.ht I with,? s'tal_es to LEO fo't recovery

test flight with 3 stages to LUO and return

test flight to LEO for Lubus fl,!._ht test + rendevouz
back-up vehicle for systems test

2 sta_e flight with SOC module to LF.O
systems verification flight iesi to I.UO + re'turn
2' stage flight to LEO with propellants for SOC

3 stage dir. flight to L US with 501 fac. module
3 stage dir. flight to LUS with 50t fac. module
2 stage flight to LEO _,ii'h propellanis for SOC

3stage dir.flight to LU5 with 50 t fac.module
3stage transfer ilight of Lubus to I_UO _50 tlox

3stage transler tlight ol Lubus to LUO +50 t lox

3stage flight to LUO/LUS v,,ilh 60 t suAvplies

3stage cargo flight to LUS with 00 t equipment
3stage_passenger flight to LUO/LOS & return

.la%e fliglit to LUO/LUS with 60 t facility module
3sta;4e flight to LUO/LUS with 60 t supplies

3stal_e transfer flight of Lubus to LUO ÷50 tlox

3stage passenger flight to LUO/LUS & return

3sta_e.transfer flight of Lubus to LUO +50 tlox

3stage flight to LUO/LUS with 60 t facility module

3stage flight to LUO/., .,LUS..with, 60 t supplies ....

3stage passenger.fl!ght to LU,O/LU.S & retu, rn
3stage flight to LUO/LUS with O0 tsupplies

Mill'

4/IV

5/I

5/'11

_/111'

5/IV

3sta_e,
3stage
3stage

3sta_e
3stage
3stage

3stage

3sta e
3stage
3stage

..3stage

3stage

3.,,ta_;e
3__lagt,

3sta.k4_(

3,,rage
%rage

d!,r.flisht to LUS with 50 t fac.module
tanker flight to LUO with 100 t Iox
passeng2er flight to LUO/LUS & return

flisht to L.L'O/LUS with 60 ! fadlit2/ module
tanker flight to LUO with 85 flux
passenge r flight to LUO/LUS & returra

flight to LUO/LUS with 60 t facility module

fliI_ht to LUO/LUS with 60 t supplies
flight to LUO/LUS with 60t supplies

passen_ei flii_ht to LUO/LUS & return

fli6ht to LUO/LUSiw!.!hi60t supplies,

passenger fli_,ht to LUO/LUS dr return

fli_hJ to LUO/LUS"with 70t supplies

passenger flight to [,UO/LUS & return
flight to LL;O/LUS _ ith'7n"t_'ut,iq!e_

passenger flight i0 i_'L'O/LUS & return

passenger flight to LUO/LUS dr return

The chapters above supply the basic information to e_timate the acquisition and

operating cost of the lunar facilities and the space transportation system

supporting the lunar base logistically.

I
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6. Coat Summa_ and System Effecti_¢enes_

A typical lunar base with its facilities has been structured and analysed with

respect to mass flows, energy and human labor requirements in sufficient detail

to derive at f_,ifly realistic cost estimates for the up-front and operational costs.

These have to be combined with the attributes arid performance of the entire

lunar base system including the logistics of it during the entire life cycle, which

was assumed to be 10 years for development and 30 years of operation.

6.1 Program Cost su__rnarv

To obtain the total cost of the program one has to estimate the two major

elements of the system seperately, the space transportation system and the lunar

base. This has been done Ln the respective chapters above. In case the space
transportation operator reimburses the lunar base operator for the Lulox used at

an agreed price level, then the total amount paid to the lunar base operator for
the Lulox used during the life-cycle must be deducted from the total base cost! [n

addition 1,500 MS of 1,644 M $ for the LUO-SOC production have been shifted as

follows to avoid undesirable peaks: from year 1:900 MS to year 0; 550 MS to year

-1 and 50 M $ to year -2 .This is more realistic, these costs are now where they

occur. With these changes the cost summary looks as follows:.

Table 6-1 : Lunar Base llfe-cycle cost summary (million 1994 $)

with 10 + 30 year life-cycle

COST ELEMENT

Development & test lunar facflit!.es-10y

Dev.& test of space transp.system-10y

Subtotal Development & Test - 10 y

Life cycle
M S

11,200

M $ p.a.

1,120

28,587 2,859

% of

LC total

17,130

12.3

31.4

39,787 3,979 43.7

sustained engineering LSTS- 30 y 4,998 167 5.5

571Production space transportat!0n system

Operation space transportation system

18.8

19.317,595 587

Operation lunar facilities 11,640 388 12.8

Subtotal operations -30 years LC 51,363 1,712 56.3

Total Lunar Laboratory. System - 40 y 91,150 2,280 100

The next graph illustrates the rate of change ifl the required development funds

and the peak during the end of the developrf-tent phase.
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Figure 6-1 : Annual distribution of expenditures for development and testing of

the elements comprising the lunar base project I( space transportation system on top and lunar facilities at the bottom )

Table 6-3: Annual total system/program cost ( M 1994 S, 1 labor year = 0.2 M S)

year LtLrlar

facility

cost p.a.
0

2 L0

3 290

67_4

1,060

6 1,300

7 1,900
8

9
2335

1,950

LSTS

cost

p.a.

year

22

23

24

25

26

27

28

total

system

cost p.a.
0 0_

125 1351

l, L761 "'1,466 ]

2,528 J- 3,_03 i
3,3401 4,400

3,951 5,25l

4,097: 5,997

41649 6,984

5,0ll 6,96i
5,210 6,890

5,974 6,216

4,738 5,013

4,369 4,,059
1,153 1,452

868 1,175

851 1,172
883 1220
s45 1,187
_6o _,2os
829 Ll85

1,26'0 1,622

29

3O

Lunar

facility

cost p.a.
368

LSTS

p.a.

3841

_399"i

34

812

total

system

cost p.a.
L1,80

3731 826 l, 199
"3791 795

794"

395

399

404

85l
9o[
84O

839

' 1,b27.,408

1,174

l,i78

1,240

1,296

1,239

1,034

1,243

1,435

!0 1,680 31 445 1,264 1,709
ll 242 32 433 "' 820 1,253

12 "' 275 33 447 930 1,377

13 290 454

299 1,5283514

1,488

40 y.av.

2O

21 1,772

46l

15 307 36 468 888
i

16 321 37 475 1,026 1,50l

17 337 38 48l 1,080 1,561

18 '344. 39 487 955 1,442
19 348 40 512 937 1,449

356 _rn ' 22,843 70,862 '93,705
3621 " 571 2,343

I

I

I

I

I

I

I

i

I

I

I



45

A graphical illustration of these trends beings out dearly that there is a peak
demand of resources during the development phase and a sharp drop after the

initial beneficial occupancy of the lunar base. Irregularities indicate new

hardware buys.
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Figure 6-2: Lunar Laboratory Sytem total cost trend (upper curVe) with lunar

faciliy costs (lower curve) and space transportation costs (middel curve)

The simulation of the system life-cycle has resulted in additional insights into

the behavior of this system. The growth of the facility mass with time and the

specific output pet mass facility as a function of time are depicted in figure 6-3. It

appears that the system as a production entity gets less efficient with time. The

reasons for this is that the production rates ate deliberatly kept down and the
strong increase of the laboratory and scientific equipment mass in the second half

of the life-c3'cle does not contribute to the mass output, it was also found that in

this specific scenario lunar oxygen is cheaper than imported oxygen from Earth

as shown in figure 6-4.

If hardware products (spares and construction material ) and lunar produced food

are considered, then we have to wait several years to arrive at the break-even

point. On the other hand the average cost - including raw materials and lunar

oxygen - is in a range clearly below the specific transportation :ost. Also the

pleasures from growing part of their own vegetables will enhance the well being

of the lunar crew. A mol'e detailed analysis is thus recommended for a specific

scenario and life-q, cle.
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Figure 6-3: Growth of lunar facility mass (tons) and mass of lunar products per

ton facility mass (upper curve)
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Figure 6-4: Trend of specific cost of tranSportation of imports
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6.2 Program cost- effectiveness

Program objectives, program structure and program cost are the elements

required to determine program effectiveness. This effectiveness is the most

itnp,,rtant criteria for a go/no-go decision. The factors depicting the annual

trend give a more complete insight into the behaviou_ of the system analysed

than cumulative values. The primary parameters selected for this overview

presented in Tab. 6 -4 are the following:

(1) Systems life-cycle cost per lunar labor-year ( M 1994 $/labor-year )
(2) Systems life_cyc|e cost per lunar science year (M 1994 $t laboratory workplace )

(3) Systems life-Q, clc cost per unit mass produced on the Moon ( M 19945 t )
(4) Lunar facility mass per lunar crew member ( t/ person )
(5) Imports per lunar crew member (t p.a./person )
(6) L.unar manufactured products per lunar crew member ( t p.a./person )
(7) Share of import mass per unit mass of lunar products
(8) Mass of lunar products per unit mass of lunar facilities (t p.a./t)

(9) Installed power per unit mass of lunar products (kW/ t p.a.)

Table 6-4: Development trends of primary systera-effectivness ratios

year

1

2

3

4

6

7
8

9

10

11

12

13

14

16

17

18

19
t

20

21

22

23

24

25

2O
i i

27

28

29

3O

(i)
155

(2)
3,1_8
1,67i

(5)
1.83

(6)

8.36

10:64

(8)
0.93

(9)
3,51

114 3.80 1.04 3.40

108 1,165 2.26 11.95 1.12 3.26
. .. .m.

35 363 2.29 12.68 1.14

28

27

25

24
23

235

195

174

134

119

147

98

921

84

79

7_

"70

2.12
2.201

1"

2.27:
i

2"04
2.00

1.95

"'1189
1:_5

(3) I (4)
1"8.577 9.0

10.7li 10.2

9.696 1o.7
2.'727 1I.1

"'2.1_97 11.3

2.063 11.i

2.042 10.7

1.906 . 10.7
1.872 10.5
1.780 10.4

2.369 10.4

1.680 10.4

1.669 10'.2

1.600 19,2
1.574 10.1

L626 1b.1
1.o71 10.1

1.572 10.I

1.553 10.0
1.7"67 10.0

2.055 9.9
1.487 9.9

1.608 9 9

i.712 9.8
i

2.255 9.8
! di6 9.7

1.653 9.7

1.699 9.7

1.549 9.7

1.528 9.7

21

1.79

1.76

1.74

12.73
"12.91

12.44
12.46
i2"i7
u:s9
11.80

_ 11,70
11.40

11.29

11.00

1o.89

1.13

i.16

1.17

28

2O

3.25

'3;26
i '

1.16 3.40

.I .16 3.44
1.15 &49

1.14 3.54
1.13

1.12

1.10

1.09

1.07

3,59

3.65

...... .3.70
3.76

3.82

(7)

0.22

0.36

0.19

0.17

0.17

0.17

0.18

0.18

0.17

0.17

o j7

0.17

0.17

0.16

0.16

0.16

0,16
0.16

0.16

0.16

0.18

0.16

0.17

0.17

0.17

0.17

0.17

0.17

m o/17
0.18

19

10,77 1.06 3.87
09 130 10.65 1._)5 3.93

3.9810.39

10.28

65

72

1.66

1._3
78 1.79 9.78

52 1.58 9.57

9.301.59

1.54
53

53 9,05
66 i._0 8.82
42 1.46 8.60

44 1.43 8.40

1.03

1.02 4.04

0,99 4118

0.97

0.94

4.26

4.36

4.460.92

0.90 4.56

0.88

0.86

17

t8

18,
17 t

181
20

14

15

16

20

13

14

14i

13_

12

8.20

8.09

7.9

138
1,37
1.44

43
,

38

36

0.84
i

4.65

4.75

4.85

0.82 4.95

0,81 5.08

47

I
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The fo!lowing table describes the life-cycle performa1:ce of the lunar laboratory

program by listing ttle most important state-variables and parameterS. These data

are suitable to compare options for lunar development. While this summary is
neither a complete picture nor a very accurate data base, it is the best presently

available and awaits further improvements.

Table 6-5: Life-cycle performance and cost sumtnary of a Lunar Base program -

(cost in million 1994 dollars ; 1 labor year = 0.2 iTrillion $)

lunar facilities .avai!able at the end of the life-cycle

total.. lunar..products available
---- I,C lun.a:'_rqpellants used for spac e vehicles

.... LC lunar products for infraslructure extension or export ,

.... £C lunar products used directly by the lunar labora.tory

1,167 t
• ______

21,900 t

15,210 t

2,-100 t
4,23(9 t"

total lunar labor-years available 2,170 y

-.----. laboratory years available for lease 523 y
cost of planning and progratn integration activities 875 M $

initial develop.me.nt, cost of lunar facilities _ 8,400 'M $

production cost of initial facilities -' ' ...... 1,885 M$

lunar facilities acquisition 1_,200 M $

cost of'engineering support d'uriag expal, sion of lunar facilities, 12,240 M $

& consumables

administration and tra!ni.n_;
salaries Of hmar crew

cost of i m ported spa,res,'equiFme n,t ,,,

cost of lunar science support_( 100 mi'llion $. p.o.)

rem.!.bursed lunar produced oxygen

operations cost of lunar facilities

subtotal lunar.laboratory acquisition and operation . .

cost of space vehicle development and eng_ineerin_

pre-production of backup vehicles

total space transportation system develop.ment cost

product improvemenl during operalign ....

total pro,.duction cost
total o.perations cost..... _...... i,. "

total recurring cost lunar space transportation system .....

subtotal logistic system.acquisitio n and opetatiotl

total LUI._A8, of stem cost for60 yr life-cycl_e.

.ennual avt_:r,l_.,¢ during the 9 dev. +-N) oper. = 60 year life,c 'c.gf_le

1,620 M $

2,784 MS
3,0o0Ms

r .... , ,,

7,324 M $

11,640 M $

22,840 M $

241007 M $

4,. _0 M $

,%_8,587M S

4,998 M $

i7,_ 3o M'%

.... 17,545_x_,_

39,7,23 MS

68,310 MS

• 91,150 M. _,

= 2_.279 M $
J 42.0 _,_Sly

.1cost Per hmar.lab0r-year
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7. Study Results and Conclusions

In the process of analysing and evaluating alternative plans for the next phase of

lunar development, several options have been investigated by means of detailed

simulation models. These have allowed an annual estimate of the most

important system parameters arid the system behavior as a whole, The governing

consideration in this analysis can be formulated as follow_:

:Fhe primary objective in the process of the evolution of the human species is to

develop the access to extraterrestrial resources, beginning with the _[oon, to

learn to live and work in space, use the resources available arid last not least, to

establish the first extraterrestrial human settletaent.

A representative lunar base development, modestly extending the present state-

of-the-art, has been analysed in some detail to obtain a general overview of the

costs and belle fits involved. A typical scenario would be a go-ahead in the yea_"

2005, a developmeiat phase from 2006 to 2015 and beneficial occupancy in 20i6

with a 30 year operational life-cyle. A science- and technical development

oriented lunar base would start out with a crew of about 40 people. The lunar

population would reach e. level of about 50 after ten yeats, 80 after 20 years and

i20 after 30 year's. Various services are offered to users on Earth and pilot plants

would experiment with the manufacttating of lunar products. It could be

downsized at any time in the operational phase if the expected benefits are not

achieved, or upgraded if new developments requite such action.

The development and operation of a modest lua_ar base could be achieved in 40

years for less than 100 billion (1994) US dollars, if planned carefully and realized

by a competent international organization. The peak demands of public funds

would reach about 7 billion dollars annually at the end of the development phase

which is the equivalent of one percent of global milita D, expenditures at the end

of the 20th centuD'. The average annual cost over tee 40 year life-cycle would be

less than 2.5 billion dollar, which is merely one percent of the prcscnt annual

military expenditures of the United States. Form this viewpoint it appOats

economicaUy feasible.



!

Based on the present insights the following_conclusions seem to be justified:

1. There is no quick, ditty and cheap solution to return to the Moon soon and

proceed with a meaningful activity of lunar exploration within the defined

objectives of the long range lunar developn_ent program.

2. Based on present or near-term state-of-the-art, it is possible to develop

concepts of returning to the Moon establishing semi-permanent or permanent

lunar facilities and thus to continue the lunar exploration early in the next

century, at affordable expenditures and an acceptable risk.

3. The big hurdle of a decision to enter a new phase of lunar development

appears to be the up-front investment requiring an average of up to 5 billion

(1993/94) $ for a 10 year period. This investment can not come from privat

sources, it would have to be made by a group of governments interested in the

exploration and utilization of extraterrestrial resources for the benefit of the

present and future generations.

4. It appears quite possible that - after an initial phase - the burden to the public

for maintaining the operation of this type of a lunar laboratory can come down

to less than a billion dollar per ),eat which makes this option a very attractive

propositon.
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