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Alternative Space Transportation Systems
for Several Potential National Space Programs
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A general analytical structure for comparing total costs of alternative space transportation
system families is formulated against the background of traffie requirements for several po-
tential national space programs. First, payload capabilities and cost characteristics of exist-
ing and projected transportation systems are explored to identify which constitute meaningful
families. Next, traffic requirements are projected for a range of possible space programs, in-
cluding cases where emphasis is on near-orbit or far-orbit operations or both, and for different
levels of national effort. Then, analytic expressions are written for the total recurring and
nonrecurring costs for each system combination, breakeven conditions are determined, and
regions of economic preference are plotted, against which are shown projected traffic require-

VOL. 7, NO. 10

ments. The outcome can be quite sensitive to the near-orbit vs far-orbit traffic fraction, as
well as to the projected size of the national space program. If only one system is to be de-
veloped, there are strong indications that it should be in a medium size range.

Nomenclatuare
C = total (development plus operational) cost
¢ = operational cost/lb in near orbit
D = system development cost
F = funded space transportation system
P = projected space transportation system
t = time from initial system operation-
W = total weight placed in orbit
Subscripts
f = large (>250,000 Ib in near orbit)
l» = funded system (medium)
fs = funded system (small)
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m = medium (25,000-250,000 b in near orbit)
p = projected system (large)

pm = projected system (medium)

ps = projected system (small)

s = small (10,000-25,000 Ib in near orbit)

Introduction

WHATEVER the scope, scale, and growth rates of the
national space program beyond the Apollo lunar landing
project, it is clear that analytical studies to identify the most
economical families of space transportation systems will be a
central space planning task. The requirement for such
studies was stressed by Heiss and Morgenstern.! Recent
work in this area, as represented in Ref. 2, has included some
treatment of the general question of comparison between
alternative systems. It is a complex question, which can
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encompass considerations of versatility, operational factors
and system development approach, as pointed out by Morris.?
Its mathematical treatment can be greatly elaborated as in
Stroup.*

The purpose of this study is to formulate a simplified,
tractable analytical structure for comparing the economies of
possible post-1975 families of space transportation systems.
The approach is to compare the parametric cost expressions
for programs involving several likely system combinations,
including both funded and projected systems, against the
background of a number of possible space transportation
requirements to obtain analytical trends indicating which
future transportation system development efforts, if any, are
economically preferable. The structure is framed to show
in particular the sensitivity of the outcome, to the near-orbit
vs far-orbit traffic fractions.

Space Transportation Systems

For purposes of classifying mission requirements, space can
be divided into three regions; near-orbit space (100-500 naut
miles altitude), for which round-trip transportation velocity
gains (AV) in the order of 26,000 fps plus losses are required;
the magnetosphere (500 ~ 50,000 naut miles altitude),
26,000-40,000 fps plus losses; and far-orbit operations (beyond
~50,000 naut miles altitude), 40,000-45,000 fps plus losses
(Table 1). For each region, four typical kinds of missions
and equivalent near-orbit payloads can be roughly identified:
1) unmanned spacecraft, <15,000 Ib; 2) manned shuttle pay-
loads, 10,000-25,000 1b; 3) manned stations, 25,000-250,000
Ib; and 4) lunar and interplanetary payloads, >250,000 Ib.
Corresponding size categories of space transportation systems
are: 1) unmanned, 2) small, 3) medium, and 4) large, re-
spectively. Typieal vehicles of the unmanned category
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would be the Atlas/Agena, Thor/Agena, and many others.
A typical small launch vehicle already funded (F,) would be
the Titan III-C. As technology advances, #; may be super-
seded by some projected small system (P,), such as a reusable
shuttle vehicle. A typical medium launch vehicle already
funded (F',.) is the Saturn V. This may eventually be super-
seded by a P,, perhaps involving nuclear propulsion and
partial or total reusability. There is at present no funded
large vehicle (), although Saturn V may (in up-rated ver-
sions) be capable of partially assuming this role; P; have been
visualized, including such concepts as Nova and Orion.

No manned missions are shown in the magnetosphere in
Table 1 because it is difficult to visualize a requirement suffi-
ciently strong to justify the heavy weight penalities which
would be associated with Van Allen belt shielding. Because
of the higher AV associated with far-orbit operations, each
vehicle category can be associated with the next lower payload
range in far orbit than in near orbit.

Table 2 lists the orbital payload capabilities, operating
costs and development costs to be associated with the two
funded and three projected space transportation systems.
The costs associated with the funded vehicles are reasonably
well-known. The costs assumed for the three projected
vehicles are thought to be representative of typical results of
prior studies by others, and they will be varied parametrically
later.

Figure 1 shows all possible combinations of the aforemen-
tioned systems. In evaluating the realism of some of these
combinations, it is assumed that it would not be meaningful
to program a family of boosters containing both a funded
and projected vehicle system in the same size range. Such
cases are therefore eliminated from consideration. In addi-
tion, certain other elements of the matrix can be eliminated
as economically undesirable by quantitative comparison of
their costs over reasonable parameter ranges. Finally, the
case representing no space program at all is eliminated as
trivial. After these eliminations, eight candidate national
booster families remain.

Space Traffic Projections

Two basic areas of uncertainty are 1) the total level of effort
the nation will decide to invest, and 2) which regions of space
will be shown to be most appropriate for what types of opera-
tions. For example, whereas near-orbit space has lower
transportation costs and satellite power requirements and
higher photographic resolution for Earth surveillance, far-
orbit operations have better line-of-sight coverage of the Earth,
lower maneuvering velocity requirements, and reduced vulner-
ability to ground fire.

To attempt to bracket these uncertainties, Table 3 includes
three levels of effort, denoted I, IT, and III in order of increas-
ing effort. For each level of effort, general emphasis may be
placed on near- or far-orbit operations, or approximately di-
vided between the two. Thus, nine potential space programs
are considered. For each program, a number of launches is

Table 1 Classes of space missions and transportation systems

Unmanned Manned Manned Lunar,
satellites, shuttle, station, interplanetary
Region <15 klb 10-25 klb 25-250 klb >250 klb
Near orbits Atlas/Agena F(T-I11C) F.(3-V) Fo.(8-V)
(AV ~ 26,000 + losses) (typical) A P P
Magnestosphere Atlas/Agena
(AV ~ 26-40,000 (typical)
+ losses) F(T-I11C)
Far orbits F(T-111C) F.(8-V) F.(8-V) (Py)
(AV ~ 40-45,000 P, P, P,

-+ losses)
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Table 2 Near-orbit payloads (W) and operating (¢) and
development (D) costs for funded and projected space
transportation systems

W, ¢, D,
System 10% 1b $/lb 10° §
F, (Titan I1I-C) 25 500 1
F,, (Saturn V) 250 250 3
P (Reusable? H,-0,) 25 1007 3?
P,. (Reusable? H»-0,) 125 50? 57
P; (Nova, ete.) 1000 252 57

postulated for flights to near orbits, far orbits, and lunar and
interplanetary missions. Only manned or man-related
launches are considered, since they are assumed to play the
dominant role in the space program. Any extensive un-
manned interplanetary program is assumed to require manned
orbital platforms for assembly, checkout, and launch, and its
transportation requirements are assumed to be included in the
total logistics activity shown for such studies. That reduced
space transportation costs enhance the economie desirability
of manned servicing of unmanned equipment, is demonstrated
in Ref. 5. The range of traffic requirements embraced by
Table 3 is thought to be sufficiently broad to include virtually
the full spectrum of national level-of-effort projections cur-
rently under serious consideration. For each region of space
operations, space launches of these three types (shuttle,
station, and logistic) are listed, and the class of booster re-
quired for each is indicated by a letter in parentheses.

The projected large launch vehicle (P;) has been left out
since, as will be shown subsequently, it isdoubtful that develop-
ment of P; represents a reasonable course of action, even for
the heaviest launch weights assumed. Also, for case I no
manned interplanetary activities and only a very minimal
lunar program are visualized. In general, the number of
flights assumed for case II is approximately twice the number
for case I, and the number required for case III is approxi-
mately three times that required for case II. These assump-
tions result in a spectrum of national space programs involv-
ing from 16 to 22 manned launches per year for case I, to
184-241 manned launches per year for case II1.

Table 4 converts the number of flights per year as given in
the preceding chart to number of pounds launched per year,
simply multiplying by the appropriate orbital payload capa-
bility of each launch vehicle. This results in annual manned
launch rates from about one million Ib/yr for case I to nearly
30 million 1b/yr for case II1.
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Analysis

For each of the eight candidate system families shown in
Fig. 1, total cost may be expressed as follows:

Ci =0+ cxWs + conWa + oW, 1)
Cy = Dps + cp Wy + oW + cpsW, (2)
Cs = Dy + 5cpmWs + ComWin + comW; 3)
Ci = Dy + cWs + csWo + W, )

Cs = Dps + Dy + ¢psWe + ¢omWa + comWs )

Cs = Dys + Dpy + cpsWs + Wi, + W, (6)

Cr = Dy, + Dy + ScomWs + comWi + coiW (7)
Cs = Dy + Dy + Dpi + W + oW + W, (8)

In the cases where P, is utilized to launch small payloads,
a factor of 5 penalty is taken since only about one-fifth the
total payload capability of the vehicle is utilized in these cases.
Neither I, nor P; is used to launch smaller payloads than
those for which it is intended, since these cases can be shown
to be unsound economically because of the high operating
costs of I, and P;.  Where payloads are launched in segments
by smaller vehicles, some weight penalties must inevitably be
allowed for assembly and refueling. Such a penalty is not
shown in these expressions, but is introduced later in the
study.

If Egs. (1-8) are set equal, the resulting expressions give
the corresponding break-even conditions. The equation for
break-even between, for example, system family A and system
family B expresses in effect the total weight which must be
placed inorbit by, say, system A before the difference in develop-
ment costs of A and B can be amortized by the savings per
pound in orbit associated with A. The plot of this equation
forms the boundary between the regions of economic pref-
erence for A and B.

Figure 2 shows the regions of economic preference for the
eight candidate system families for various combinations of
total cumulative weight in orbit for small payloads, medium
payloads, and large payloads (W,, W,, and W;). Both W,
and W,, are allowed to vary between 0 and 100 million Ib and
W is allowed to vary from 0 to 400 million Ib. For W; = 0,
it is seen that in the small triangular region near the origin
corresponding to W,, <20 million Ib and W <8 million Ib,
there will be insufficient launch activity for a projected trans-
port system to pay for its own development costs, so that the
least-cost alternative would be to develop no new boost sys-

Table 3 Numbers of flights per year for alternative national space programs for three levels of effort (I-III) and three
emphasis categories

1 11 111
Mission* Near Both Far  Near Both Far Near Both Far
Near orbits Manned shuttle (s) 15 10 5 25 15 5 75 45 15
Space station (m) 2 1 0 5 2 0 15 6 0
Logistic (m) 1 1 0 2 1 0 6 3 0
Manned shuttle (m) 0 2 5 2 5 10 6 15 30
Far orbits Space station (m) 0 0 0 0 5 10 0 15 30
Logistic (m) 0 1 2 0 2 5 0 6 15
Lunar Manned shuttle (m) 2 5 15
Space station (m) 0 0 1
Logistic (m) 2 5 15
Interplanetary Manned shuttle (s or m) 10 (s) 10 (s) 10 (m) 30 (s) 30(s) 30 (m)
Space station (m) 1 1 5 3 3 15
Logistic (m) 10 10 25 30 30 75
Total flights Fsor P, 15 10 5 35 25 5 105 75 15
Fn or P, 7 9 11 30 36 75 91 109 226

% Letter in parentheses shows size of F or P required.
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Fig. 2 Regions of economic preference (referred to total
equivalent weights in near orbit, in millions of 1b).

tem and to continue to use Fy and F,,. As W, and W,, in-
crease beyond this small region, the development of P, be-
comes preferable. For W, <20 million lb, as W,, increases
past the 40 to 100 million-Ib level, it becomes economically
desirable to develop P,. For W, > 20 million 1b and for
W,, > 100 million lb, it is economically preferable to develop
both P; and P,. The remaining material in Fig. 2 shows
that as W, increases, there are expansions of the regions of
economic preference for booster families containing P, and
eventual appearance of regions for families containing P;.
Several indications arise at this point. First, the booster
combination P,, + P; never appears economically preferable.
Second, F; + P, + P, appears preferable only if the total
cumulative weight of large payloads (W) is at least an order
of magnitude greater than total cumulative weight of either
the small (W) or medium (W,,) payloads, which seems un-
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likely. Third, P + P, 4+ P;appears preferable only if W; >
200 million b, certainly an improbable projection for any 10
to 20 year evaluation period for which such a booster decision
would be made. Fourth, P, + P; appear preferable only if
W, > 67 million Ib. Whether or not this is a realistic condi-
tion is treated in Fig. 3.

Figure 3 shows the savings that can be obtained by utilizing
P, + P;instead of Py, as a function of W;. The nominal case
is shown by the solid line (which becomes positive at W; = 67
million 1b), accompanied by dotted lines showing the results
obtained with different combinations of development and
operational cost parameters, that are thought to be repre-
sentative of bounding conditions. The upper portion of the
figure shows the expected values of W; over a 10-yr period
resulting from the nine potential national space programs
discussed above. The expected values are thought to rep-
resent high estimates for W, since they were taken to include
all launches shown on the nine potential space programs,
except near orbit missions and manned shuttles.

Comparison of the two portions of the chart shows that for
the nominal case, only one of the nine postulated space pro-
grams involves high enough launch rates to benefit signifi-

Table 4 Weight in orbit per year for alternative national space programs
(near-orbit equivalent weights in millions of 1b/yr)

1 11 111
Mission® Near  Both  Far Near Both Far Near Both Far
Near orbits Manned shuttle (s) 0.375 0.250 0.125 0.625 0.375 0.125 1.875 1.125 0.375
Space station (m) 0.250 0.125 0 0.625 0.250 0 1.875 0.750 0
Logistic (m) 0.125 0.125 0 0.250 0.125 0 0.750  0.375 0
Far orbits Manned shuttle (m) 0 0.250 0.625 0.250 0.625 1.250 0.750 1.875 3.750
Space station (m) 0 0 0 0 0.625 1.250 0 1.875 3.750
Logistic (m) 0 0.125 0.250 O 0.250 0.625 0 0.750 1.875
Manned shuttie (m) 0.250 0.625 1.875
Lunar Space station (m) 0 0 0
Logistic (m) 0.250 0.625 1.875
Manned shuttle (s or m) 0.25(s) 0.25(s) 1.26(m) 0.75(s) 0.75(s) 3.75 (m)
Interplanetary Space station (m) 0.125 0.125 0.625 0.375 0.375 1.875
Logistic (m) 1.250  1.250  3.125 3.750 3.750  9.375
Total wt/yr. W 0.375 0.250 0.125 0.875 0.625 0.125 2.625 1.875 0.375
W 0.875 1.125 1.375 3.750 4.500 9.375 11.375 13.625 28.250

@ Letter in parentheses shows size of F or P required.
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cantly from the development of P;. Even for the most op-
timistic assumptions about the development and operating
costs of Py, it is seen that significant cost benefits can be ob-
tained by its development only in case I1I and possibly one of
the case II programs. Further, it can be seen that this result
would not change significantly even if a 15- or 20-yr opera-
tional period were considered. It is thus clear that barring
some special unforeseen requirement, only for the most ex-
treme assumptions about the scope and intensity of the na-
tional space program and about the development and operat-
ing costs of P, can the development of such a system be
justified. The large launch vehicle will therefore be ex-
cluded from the remainder of the study.

Thus, four of the eight candidate system families drop from
consideration, leaving four as primary possibilities, the total
costs for which are expressed by Egs. (1, 2, 4, and 5) which
can be rewritten as follows:

Croxrm = (cfsWs + Cmem)t )
Cps = Dps + (Ws + Wm) cpst (10)
Cpm = Dym + (5Ws + Wm) Cpm t 11)

Cpsipm = Dps + Dpm + (cpsWs + Cpvam) t (12)

Using breakeven conditions derived from Egs. (9-12), Fig.
4 superimposes 10-yr cumulative weights associated with the
nine possible future space programs against the background
of the previously discussed breakeven diagram. (Since P; has
been eliminated, the breakeven diagram assumes W; = 0.)

The results indicate that for the space programs associated
with case I level of effort, the cumulative weights involved are
such that all three programs seem to fall just barely within
the region of preferability for F; + F,,, implying that use of
funded systems and the development of P; are essentially of
equal economic preferability. The six potential programs
associated with cases IT and III levels of effort, however,
clearly fall within regions favoring the development of one or
more new systems. Specifically, case IT favors the develop-
ment of P except for the case where emphasis is placed on far-
orbit operations, in which case P, is indicated. For case I1I,
the development of P, is favored, except for emphasis on
near-orbit operations, in which case the analysis favors devel-
opment of both Psand P,.
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In all of these cases, even for emphasis on near-orbit opera~
tions, the total cumulative launched weights associated with
medium-sized payload (W,,) predominates.

If these diagrams were drawn for operational periods of
15 or 20 yr instead of the 10 yr shown here, the analysis would
clearly favor the development of one or two new launch vehi-
cles in every case. This is important to bear in mind, since it
may not be unreasonable to require systems costing many
billions of dollars to develop, to be useful for greater than s
10-yr period after their initial availability.

As emphasized at the outset, the values used for ¢ and D
are no more than assumptions; let us examine the effects
caused by changing them. In the analysis to this point,
DP, and DP,, have been assumed to be 3 billion and 5 billion
dollars, respectively. The following calculations will include
changing these values to 2 billion and 3 billion dollars, re-
spectively. The launch costs, ¢y and ¢, have been assumed
to be $100 and $50 per 1b in orbit, respectively, and the follow-
ing calculations will assume also $150 and $100 per Ib in orbit
respectively. When using P, to launch small payloads, it
has been assumed that F,, increases by a factor of 5 to reflect
the fact that only £ of the payload capability of P, is used.
In reality, however, it should be expected that if a P,, vehicle
were developed with the intention of using it for small as well
as medium payloads, the program would include develop-
ment of a set of upper stages to be used with the medium
first stage but optimized for small payloads. To allow for
such a case, the following calculations will show the effects
of increasing the basic ¢ by a factor of 3 as well as a factor of 5.
Finally, in order to reflect the inevitable penalties associated
with assembly of payloads in orbit when small vehicles are
used to launch medium or large payloads in segments, the
effects of a 259, assembly weight penalty as well as zero
penalty will be shown.

Against the background of two patterns of breakeven
regions associated with these two sets of parametric assump-
tions, Figs. 5 and 6 show the cumulative weight conditions
for the nine potential space programs after 10 yr of operations.

Condition A (Fig. 5) includes the high development and
launch cost assumptions and no penalty for assembly or refuel-
ing. These assumptions are obviously the least favorable for

$2B 0 $2B $4B

i

!

i
|
.l 2B

|
|

i i

! | l_1 $4B
i

i

| I (Bpth)

7

/1 I (Near)

—_
o
<3

2B

4B

Cumulative Smal}) Payload Weight
in Orbit (WS], 10° 1b

Condition A

D s = $3 billion; D m

= $5 billien
= ; C = $100/1b

cps $150/1b; € = §

No penalty for assembly

Fig. 5 Least-cost space transportation systems for n.ine

potential national space programs (parametric Condition

A; ten years of operations; P, has both m and s upper
stages).



OCTOBER 1970 ALTERNATIVE SPACE TRANSPORTATION SYSTEMS 1219
300 $18 o . F !
R fur (Far) i i ’
< e 2 !
=4 | - - !
P = | !
- | kS 1
== r i = I
z | P, P+ P z I J’ |
3 ‘ : & 200 -1 l
0 200 ! : = O {
= ! i = Fl i
] ri i el | P | P
by | H ] L
£ 2 ' '
= L ! ! : i ’ ! ’
3 | 111 {Both) = | / | /
= i /7 1L (Near) g i y » / A
& VAR ¢ 100k ’ / ,
" 100 LI (Far) L, B 1 / Y ? ’
g /o = / / s
3 i Y 4 T H 7 1 / ’
E i Y 2 ‘ /s ‘ r 7
3 I ;e o s /o o
o | / a 2B L i
z H(Bot 0 =g ¥\/§\‘\ ;o
« 2 - 4 s
e /7, 7 $1B £ B: e TN
N : s28 R . N
Yoo ; . o_/ 10 20 30_/? 10 20 30
2 10 20 30 i0 50
F_+F F_+F
r + F S m s m
s m

Cumulative Small Payload Weight
in Orbit (W), 10° 1

Condition B

Dps = $2 billion; D = $3 billien

- : . pm
Cps = $109/1b; Cpm = $50/1b
25% penalty for assembly

Fig. 6 Least-cost space transportation systems for nine

potential national space programs (parametric Condition

B; ten years of operations; P, has both m and s upper
stages).

development of P,, because of the large difference between Dy,
and D, and because P; is not penalized for the assembly
operations which will be necessary when it is used to launch
medium payloads. The condition A assumptions also are less
favorable to the development P; in preference to the existing
systems than the nominal case because of the high develop-
ment and launch cost assumptions, which exert a stronger un-
favorable effect toward P, than the favorable effect caused by
the zero assembly penalty.

Condition B (Fig. 6) includes the low development and
launch cost assumptions and a 259, penalty for assembly and
refueling. This set of assumptions is the most favorable for the
development of P, because of the reduced difference between
D,,, and D, and because P, is now penalized for the assembly
operations required when it is used to launch medium payloads.
Conditions B also increases the economic desirability of de-
veloping P; in preference to existing systems because of the
lower development costs, which exert a stronger favorable
effect than unfavorable effect caused by the assembly penalty
for P;.

Figures 5 and 6 indicate that the region of economic prefer-
ence for P, can become dominant under a considerable range
of assumptions. The general indication of which systems are
preferable for which programs, however, is actually not strongly
altered from the nominal case (for the 10-yr period) since the
cost difference associated with the shift in regions between
Conditions A and B is not great.

Also shown in Figs. 5 and 6 are lines of equal cost difference.
These lines show how much costs are increased or reduced by
decisions of whether or not to develop various system families,
depending on how far a program point falls from a breakeven
line dividing two regions. For example, the most significant
indication for Condition A is that for the three programs
involving case I levels of effort, developing P; would increase
total costs by up to one billion dollars in 10 yr. If, on the
other hand, the actual case turns out to be closer to case IT
than case I, 4 billion dollars could be saved in 10 yr by de-
veloping P, rather than continuing to utilize the existing
systems. The exception to this occurs in the case where
emphasis is placed on far-orbit operations, in which case 2.5
billion dollars could be saved by developing P,, instead of P;.

Cuamulative Small Payload Weight in Orbit (Ws], 1061b

Condition A Condition B
me = $5 billion D m - $3 billion
Cpm = $100/1b Cpm = $50/1b

No assembly penalty 25% penalty for assembly

Fig. 7 Least-cost space transportation systems for nine

potential national space programs (two parametric con-

ditions; P, excluded; ten years of operations; P,, has both
m and s upper stages).

The clear conclusion is that if equal uncertainties are in-
volved as to whether case I or case II represents the more
realistic projection of levels of effort, far less economic risk is
entailed by development of P; or P, than by continuing to
use existing boosters. Again, if time periods greater than
10 yr were considered, the development of new launch vehi-
cles would clearly be preferable in every case.

For Condition B, (Fig. 6) there is a greatly expanded region
of economic preference for P, (although, as mentioned pre-
viously, the cost difference lines spread apart as the regions
shift due to parametric changes; that is, the cost gradient is
reduced in the P, region). Under these assumptions all
programs involving cases IT and III levels of effort would
require P,. Although the three points representing case I
levels of effort fall within the preference region of P, the three
regions are so close to each other that there would be only a
fraction of a billion dollars difference over a 10-yr period
between F; + F,,, P;, and P,,.

The obvious indication is that for Condition B, P,, should be
developed. If, for example, equal uncertainty were attached
to cases I and I, P,, would increase total 10-yr costs by about
0.6 billion dollars, but if case II obtained instead, development
of P,, would reduce 10-yr costs by about one billion dollars for
near-orbit operations, 1.5 billion for a combined near-far
program, and 5 billion for a primarily far-orbit program.
The case for P,, becomes stronger if periods greater than 10 yr
are considered.

Figure 7 shows the regions of economic preference between
Fy + F,, and P,, which are not visible in Figs. 4-6, being
hidden behind the P; and Ps; + P, regions. Figure 7 illus-
trates dramatically the cost savings and penalties associated
with the decision of whether or not to proceed with such a de-
velopment, assuming Condition B obtains. It is seen that,
although for case I levels of effort development of P, would
produce total cost savings of only up to about 0.5 billion
dollars over 10 yr, if case II levels of effort developed, then
development of the P, system would produce total savings
of approximately 8 billion dollars over 10 yr if emphasis
were placed on near- or both near- and far-orbit operations,
and over 15 billion dollars if emphasis were on far-orbit opera-
tions. Thus, for an environment even approximating the
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Table 5 Summary of least-cost systems

Ten-year operations

Twenty-year operations

Case I Case 11 Case I1I Case I Case 11 Case 111
Near orbits Fs+Fm(Ps) Ps(Pm) P8+Pm(Pm) P, Pm Ps+Pm
Both Fs+Fm(Ps) Pm(Ps) Pm Ps Pm Ps+Pm
Far orbits Fs + Fn(Ps) P, ' Py(Py) P, P,

assumptions of Condition B, the development of P, is clearly
the preferable alternative.

Table 5 presents a summary of the least-cost system com-
binations for each of the nine potential national space pro-
grams, assuming that conditions A and B are considered
equally likely. (Actually, it is thought that the development
costs assumed in Condition B are probably optimistic for
P, and P,.) The material in the left-hand table is assembled
directly from the summary breakeven charts shown pre-
viously, which are associated with a 10-yr post-decision pe-
riod. The material in the right-hand table represents the
results of extending the total cumulative weights in orbit
associated with each of the nine programs to 20-yr post-
decision periods. In cases where economically preferable
systems are different for Conditions A and B, the system or
system combination producing the highest cost savings for
either Condition is shown, with the other case being shown in
parentheses.

The results show that for case I levels of effort the continued
use of F, + F,, is preferable if a 10-yr period is considered and
the development of P; is preferable for a 20-yr period. For
case 11, the development of either P or P,, may be preferable.
For case II1, the development of either P, or both of P, and
P,, may be preferred. As the considered time period in-
creases, the development of both P; and P,, is more strongly
indicated.

It is evident that the economically preferred system or
combination of systems depends more strongly on the pro-
jected levels of effort of the national space program than on
which region or regions of space is expected to receive opera-
tional emphasis.

Observations

Assuming that ten years is the minimum operational time
for which the cost effectiveness of a future family of frans-
portation systems should be evaluated and that the actual
use period probably will be longer, this study generally in-
dicates an economic requirement for development of one,
or possibly two new space transportation systems.

For what might be termed “minimum” post-1975 national
space programs, it appears economically preferable to develop
small projected systems having a near orbit payload capa-
bility about 25,000 Ib. For “moderate” post-1975 programs
(case IT levels of effort), it appears preferable to develop a
medium projected system having a near-orbit maximum pay-
load capability of about 125,000 Ib. For ‘“heavy’ post-1975
programs, (case 111 levels of effort), it appears preferable to
develop a medium projected system, or both small and me-
dium systems. A general indication emerging from this study
is the broad promise associated with a wide range of possible

launch requirements, for a new space transportation system
in the medium size category, capable of placing up to 125,000
in near orbit.

At least five factors have not been considered in this study,
the probable effects of which should be noted. 1) It is as-
sumed throughout that the candidate system combinations
can become operationally available at the same time (ie.,
t = 0 at the same time). It is thought that the technological
base is now developed sufficiently that this is a reasonable
assumption, but if the larger or more costly systems did
require more development time before initial operation, they
would become correspondingly less attractive because of the
high costs of continuing with existing systems after the earlier
time when a less elaborate system could have attained opera-
tional capability and begun reducing costs. 2) The study
assumes a spectrum of space programs characterized by con-
stant launch rates which, although idealized, produced essen-
tially the same conclusions as if the more realistic but cumber-
some assumption were made that launch rates increased in
such a way that cases I, II, and III could be considered time
averages. 3) The cost of spacecraft and re-entry vehicles
are not included. Accounting for them would affect the
absolute but probably not the relative cost values, except that
it might show the projected systems to be even more com-
petitive to the degree that they turn out to involve integral
vehicles for which the spacecraft costs cannot be accounted
separately, and effectively are already included. 4) No
account is taken of the fact that F,, (Saturn V) is quantized at
about 250,000 lb in near orbit. This introduces a bias
favorable to F,,, but this bias might be moderated if Saturn V
were simplified and down-rated to be capable of performing
some of the F,, missions. Finally, 5) it is not clear what
effects on the study would result from consideration of ad-
vanced vehicles such as might involve nuelear or supersonic
combustion propulsion.
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