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Abstract: This study presents the design of a warehouse facility in geocentric orbit, to 
efficiently transfer goods from a terrestrial launch site to multiple destinations such as the 
International Space Station, prospective hotels, and a lunar base.  The proposed 
distribution model will find the optimum mass flow from the warehouse by jointly 
determining the optimal altitudes of the hotels and warehouse.  A numerical analysis is 
carried out to minimize the energy required to satisfy this network.  The altitudes are 
heavily dependent on the mass allocated to each destination at launch.  Based on 
requirements for oxygen, water, food, fuel, and waste; the placement of the warehouse and 
hotels have been established.  Sensitivity analyses of different supply frequencies have 
also been examined. 
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1. Introduction 

A proposal by Penn and Lindley advocating space tourism modelled a spacecraft with 
70% average passenger load capacity and using remaining volume to rotate consumables, 
hotel staff, cargo, and construction items [1].  If the provisions can be transported and 
optimized independently from the passenger traffic, then revenues would increase, the 
ticket price would shrink, which would then encourage an even greater number of 
passengers.  It has been shown in the airline industry that a reduction in fare price by 
20% correlates to the passenger traffic doubling [1].  By expanding this idea to the 
multiple structures, the motivation behind setting-up an efficient supply-chain network 
can be seen.  Regarding these new facilities, inflatable flexible structures may provide 
the solution with the Bigelow Expandable Activity Module to be tested on the ISS in 2015 
[2].  It seems very plausible that at some point in the future, hotels will be a mainstay in 
the space environment.  Another driving force is the exploitation of possible resources 
from the Moon.  Helium-3 (He-3), for example, is very scarce on Earth, and its primary 
application includes fusion energy research.  This makes it a very desirable commodity 
for both its research applications and based on its success, future concerns with energy 
security.   
     This study will focus on the design of a warehouse to act as a hub for a distribution 
network to other destinations in the space environment including: the International Space 
Station (ISS), a series of hotels (HTL), and a lunar base (LB).  Initially, the spacecraft 
arrives at the warehouse (WH) from Earth and dispenses its contents there.  Each 
destination will have a dedicated vehicle and they will unload the waste/He-3 directly 
onto the earthbound spacecraft.  Once these vehicles are empty, they will acquire 
provisions from the warehouse to supply their target destination.  Movement between the 
different nodes in the network all require the expenditure of energy by either accelerating 
or decelerating to match the orbital velocity of the destination. 
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This analysis commences by identifying 4 segments in this framework (Figure 1): 
1. Round-trip between Earth and the warehouse 
2. Round-trip between the warehouse and the ISS 
3. Round-trip between the warehouse and the hotels 
4. Round-trip between the warehouse and the lunar base 
 

 
Figure 1: Prospective Supply Chain Network 

In Figure 1, the terrestrial launch facility (spaceport), ISS, and LB will have fixed 
altitudes.  The spaceport will be located at the planned Indonesian structure in Biak 
(1°0′0″S 136°0′0″E), since its equatorial location enables a rocket to be launched into 
orbit with less propellant.  The ISS has a constantly changing elliptical orbit and for this 
reason, its altitude (hISS) will be approximated as a circular orbit at 400 kms.  The LB 
altitude (hLB) will be placed in Low Lunar Orbit (LLO), which is 100 kms above the 
moon.  The warehouse and hotels altitudes will be constrained to be from the lower 
bound of Low Earth Orbit (LEO) at 200 kms to Geosynchronous Orbit (GEO), as shown 
in Figure 2. 
 

 
Figure 2: Design Parameter Altitude Range from the Surface of the Earth in kms 

The energy requirements of placing an object in LEO versus GEO are much lower, thus 
more mass can be transported from Earth.  The Ariane 5 rocket can carry 20t into LEO 
and 10t into GEO [3]; and the SpaceX Dragon can carry 6t into LEO [4]. Additionally, the 
ISS is already located in LEO.  Conversely, having the warehouse in GEO would enable 
easier lunar travel as the Earth’s gravitational pull is less.  Therefore the trade-offs in 
determining the altitudes of the warehouse (hWH) and hotels (hHTL) are dependent on the 
mass flow from the warehouse.  The primary objective will be to minimize the energy 
required by finding the optimal altitudes of hWH and hHTL both confined from hLEO (200 
kms)  to hGEO (35,768 kms).  Concurrently, the required provisions for each destination as 
well as their mass and volume will be determined. 
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2. Spacecraft Dynamics 

The possibility of space flight was first demonstrated by Tsiolkovsky who determined the 
dynamics behind rocketry by solving its equation of motion and arriving at a formula for 
the vehicle velocity [5-6]: 
                        ( )fisp mmIgV ln= 0∆  (1) 
where g0 is the gravity on the Earth’s surface, and Isp is the specific impulse, mi is the 
initial mass, and mf is the final mass.  Reorganizing Eq. (1) for the fuel mass (mfuel):  
                ( )01fuel i f i spm m m m exp V g I = − = − −∆   (2) 

Since the angular momentum is constant, the circular orbital velocity can be expressed as:  
                            2

0 0=V rµ  (3) 
The vis-viva equation calculates the relative velocity of the spacecraft and is based on the 
conservation of energy.  

                             





 −

ar
V 12= µ  (4) 

where a is the semi-major axis, and is also known as the orbital size.  To transfer 
between orbits (Figure 3), the spacecraft is accelerated (∆V1) to rise and become slightly 
elliptical, and at the new altitude it is accelerated again (∆V2) to match the new circular 
orbital speed. Known as the Hohmann transfer, this mechanism calculates the velocity 
differential between any two orbits based on their change in altitude. 

 
Figure 3: Hohmann Transfer Schematic 

3. Formulation 

Segments 2 (warehouse ↔ ISS) and 3 (warehouse ↔ hotels) will strictly be two Hohmann 
transfers each in the method described above.  In this analysis both the design parameters 
(hWH and hHTL) are considered, and the velocity change representing the energy required 
for the orbital altitude relocation are ∆VISS and ∆VHTL respectively. 

                      = 2 2ISS
ISS WH

V
R h R h

µ µ⊕ ⊕

⊕ ⊕
∆ −

+ +
 (5) 
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Similarly for segment 4 (warehouse ↔ LB), the Hofmann transfer will again be utilized.  
The core difference here will be the need to encompass the Moon's standard gravitational 
parameter (µ


) as its influence will be dominant in the lunar vicinity. This component 

incorporates only hWH and the energy differential is ∆VLB.  However, there are many 
methods that can be used to model the spacecraft’s journey to the lunar-base, including 
patched conics [7]; bi-elliptic, elliptic-bi-parabolic, and bi-parabolic transfers [8]; free 
return trajectories [9]; low-energy transfers [10]; and continuous thrust [8].  
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For the return journey:  

              3
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 (17) 

The total sum for a return trip to the lunar-base can be found is:  
                   1 2 3 4=LB LB LB LB LBV V V V V∆ ∆ + ∆ + ∆ + ∆  (18) 
For segment 1, there are three components that need to be considered for the launch of the 
spacecraft: getting into orbit, air drag, and the effect of gravity [11].  ∆VOrbit needs to 
take into account the rotation of the Earth (ω⊕), its equatorial radius (R⊕), and the altitude 
of the warehouse (hWH).   
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The velocity loss due to the air drag on the spacecraft can be approximated to ∆VDrag ≈ 
220m/s and ∆VGravity ≈ 1080m/s for the first stage burn of the Ariane rocket [11].  The 
velocity component associated with the spacecraft’s return can be neglected due to 
atmospheric aerobraking. Therefore, the total energy contribution for this segment is 
∆VLaunch, shown in Eq. (5). 
                   DragGravityOrbitLaunch VVVV ∆+∆+∆∆ =  (20) 
Finally, the objective function (Eq. (6)) can be defined as the total energy to administer all 
the segments in the network.  

( , , , , ) =WH HTL ISS HTL LB Launch ISS ISS HTL HTL LB LBh h V V V VΨ Φ Φ Φ ∆ + Φ ∆ + Φ ∆ + Φ ∆  (21) 
The optimal values of hWH and hHTL are solved by iterating through Φ ISS, ΦHTL, ΦLB and 
minimizing Ψ( hWH, hHTL, Φ ISS, ΦHTL, ΦLB), subject to the following constraints:  
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where Φ ISS, ΦHTL, and ΦLB are the fractions of the launch mass reserved for each location. 

4. Results 

The objective function is formulated as a bounded nonlinear, multi objective problem.  It 
is solved in MatLab using a bounded Nelder-Mead simplex algorithm by iterating through 
the values of Φ ISS, ΦHTL, and ΦLB.  For each set (Φ ISS, ΦHTL, ΦLB) there is an optimal 
solution for hWH and hHTL. Table 1 is a list of values [5,7,12] for the parameters mentioned 
so far and are used in calculating the results in this section. 

Table 1: Earth-Moon Values 

Symbol Name Value 
g0 Standard Gravity 9.80665 m/s2 
R⊕ Earth’s Equatorial Radius  6.3781 x 106 m  
M⊕ Earth’s Mass  5.9736 x 1024 kg 
μ⊕ Earth’s Standard Gravitational Parameter 3.986 x 1014 m3/s2 
ω⊕ Rotation of the Earth  7.2921159 x 10-5 rad/s 
R

 Lunar Equatorial Radius  1.7381 x 106 m 

M

 Lunar Mass  7.349 x 1022 kg 

μ

 Lunar Standard Gravitational Parameter  4.904 x 1012 m3/s2 

a⊕ Average Distance Between Earth-Moon 3.844 x 108 m 

A series of optimal results as a function of Φ ISS, ΦHTL, and ΦLB are illustrated in Figure 4.  
At all data points hWH=hHTL, and the solution is limited to two distinct regions in LEO.  
In Region 1 hWH=hHTL=hLEO, and in Region 2 hWH=hHTL=hISS. 
   

 
Figure 4: Altitude Optimization Results 
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It is important to note that the optimal solution is always in Region 1 when Φ ISS ≤ 20%. 
Since there is no global solution, the fractional mass requirements need to be identified in 
order to deduce which region the values of hWH and hHTL reside. 

5. Requirements Analysis 

Taking a ticket price-point of $72,000, a conservative estimate of the number of people 
willing to stay in an orbital hotel is projected at 150,000 passengers/year [1].  For this 
particular analysis, 1% of that total number of passengers is considered, each with a 1-
week stay.  The ISS on the other hand has an average crew of 6 people at all times.  
Sustaining humans for long durations in space requires both environmental control and 
life-support systems (ECLSS).  Chiefly, this includes oxygen, food, water, and waste 
control, as well as the ability to recycle or reuse these items [13].  This does not account 
for food, which may be produced via algae or bacteria which can convert CO2 and H2O 
waste into food and oxygen [13]. However, it will be assumed that the clients will require 
more exotic foods then algae.  Using an ECLSS system described by Hammond [13] 
would enable the recuperation of the majority of the water and a portion of the oxygen at 
the hotel.  The average person requires ≈1kg of oxygen, and ≈50L of water per day of 
that 5L is drinking water [14]. It will also be assumed that 50% of the required oxygen 
(0.5kg) in liquid state (LOx), 10% of the drinking water (0.5kg); 1kg of food, and 0.3kg of 
waste will be allocated per person per day in space (denoted as mpd).  The annual 
requirements are then summarized in Table 2 for both the hotels and ISS:  

Table 2: Annual Hotel and ISS Requirements Summary (kgs) 

 Hotel ISS 
Resource mpd min mout min mout 
LOx 0.50  5250  1095  
H2O 0.50  5250  1095  
Food  1.00  10500  2190  
Waste  0.30   3150  657 
TOTAL:  2.55  21000 3150 4380 657 

5.1 Fuel Requirements 

From Figure 4 it can be seen that the solution can only exist at two orbital altitudes; 
Region 1 (hWH=hHTL=hLEO) and Region 2 hWH=hHTL=hISS).  Since the hotels and 
warehouse are at the same altitude in both solutions, the fuel needed to go to the hotel is 
negligible and can be omitted.  Furthermore, if the solution is in Region 2, the fuel 
required to go to the ISS becomes insignificant as well.  Therefore, assuming that the 
solution will be in Region 1, Eq. (2) can be used to determine the anticipated fuel (as a 
percentage of the initial mass) for different engine types (Table 3) [15].  This is 
accomplished by using the ∆V values attained previously via the Hohmann transfer 
analysis for both the ingress (inbound to destination), and egress (return to warehouse). 

Table 3: Fuel Required per Engine Type as a Fraction of Total Mass (Region 1) 

  
LB ISS 

Engine Type Isp Ingress Egress Ingress Egress 
Hydrazine 300 74.48% 70.34% 3.86% 3.86% 
NSTAR Ion 3300 11.68% 10.46% 0.36% 0.36% 
NEXT Ion 4300 9.09% 8.13% 0.27% 0.27% 
VASIMR VX-200 5000 7.87% 7.03% 0.24% 0.24% 
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The use of monomethylhydrazine (MMH) for transit to the LB requires a substantial 
amount of the fuel, and severely restricts the amount of commodities retrieved from the 
Moon as approximately 70% fuel is required in the return journey.  Conversely, if time is 
not an issue, engine technologies such as ion propulsion or VASIMR can be considered.  
The VASIMR engine has been successfully tested with the use of Argon as its propellant 
[16], which is abundant and is available at a low cost [17].  Trips to both the ISS (using 
MMH) and the LB (using Argon) can be estimated based on NASA’s planned 
development of 5% vehicle mass [17], and the fuel required (Table 3).  Table 4 
calculates the mass required for all vital provisions in the ingress and egress for both the 
hotels and ISS based on the supply frequency.  In addition, the ISS also determines the 
fuel required to make the return journey.  Subsequently, the necessary fuel for the round-
trip to the LB is established.  The cargo column is the magnitude of lunar material that 
can be retrieved based on a 20t earthbound vehicle.  

Table 4: Requirements Summary Based on Supply Frequency (kg) 

 HTL ISS LB 
Frequency Ingress Egress Ingress Egress Fuel Fuel Cargo  
Monthly 1750 263 365 55 17 1661 18022 
Bimonthly 3500 525 730 110 34 1634 17732 
Quarterly 5250 788 1095 164 51 1607 17441 
Triannually 7000 1050 1460 219 68 1580 17151 
Biannually 10500 1575 2190 329 103 1527 16570 
Annually 21000 3150 4380 657 205 1366 14827 

The supply frequency also comes with a major financial trade-off.  With a greater 
frequency (i.e., monthly), the annual launch cost will be very high and more warehouse 
transport vehicles may be needed.  However, less frequent trips would entail larger 
transportation vehicles to supply the provisions as well as a bigger warehouse.  This 
would include reserving more space for fuel and a reduced capacity for the inbound lunar 
material.  Finally, Table 4 demonstrates that the annual frequency is infeasible as the 
total mass required exceeds 20t.  The final feasible solution (where the sum of the 
ingress mass for both the ISS and hotels equals 20t) is at a frequency of 1.28 trips/year. 
However, in this scenario there would be no fuel reserved for the LB, meaning that a lunar 
voyage would not be possible.  Table 5 then calculates the total mass for each 
destination.  For the hotels it is the sum of the ingress and egress masses; for the ISS it is 
the sum of the ingress, egress, and fuel; and for the LB it is the sum of the cargo and fuel.  
A percentage of the total for each location is calculated, which enables the selection of the 
altitude solution from Figure 4. 

Table 5: Total Requirements Summary 

Frequency HTL ISS LB Total ΦHTL ΦISS ΦLB 
Monthly 2013 382 19683 22077 9.12% 1.73% 89.15% 
Bimonthly 4025 764 19366 24155 16.66% 3.16% 80.17% 
Quarterly 6038 1146 19048 26232 23.02% 4.37% 72.61% 
Triannually 8050 1528 18731 28309 28.44% 5.40% 66.17% 
Biannually 12075 2293 18097 32464 37.20% 7.06% 55.74% 

Table 5 reveals that the value of Φ ISS is always ≤ 20% for all feasible solutions, therefore 
the altitude solution must be in Region 1. This solution resolves the primary objective of 
determining the orbital altitude solution of hWH=hHTL=hLEO based on the prior resource 
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estimates. The next section infers what the volumetric requirements of the warehouse 
would be at an orbital altitude of 200 kms with the prior supply frequencies. 

5.2 Warehouse Planning 

This section will resolve the physical attributes of the warehouse.  All of the earthbound 
material (waste, He-3) will be neglected as it will be directly transported to the vehicle.  
On the LB since the ECLSS activities would either be performed in situ, or the He-3 
extraction process will be fully automated, the warehouse’s single role for the lunar 
voyage will be to store fuel.  Knowing the quantity of the resources that need to be 
handled, the volume can be estimated based on the density values of all resources 
considered [18-22].  Table 6 exhibits the requisite space for each resource being stored at 
the warehouse. 

Table 6: Warehouse Requirements Summary (m3) 

Frequency LOx H20 Food MMH Argon Total % > 
Monthly 0.46 0.53 0.76 0.02 0.18 1.95 -- 
Bimonthly 0.93 1.06 1.51 0.04 0.18 3.72 190% 
Quarterly 1.39 1.59 2.27 0.06 0.18 5.48 281% 
Triannually 1.85 2.12 3.02 0.08 0.18 7.24 371% 
Biannually 2.78 3.17 4.53 0.12 0.17 10.77 552% 

Considering only the aforementioned resources it can be seen that the difference between 
the monthly and biannual supply frequencies is 552%. 

6. Conclusions 

This exploration of an optimal extraterrestrial supply-chain network has gleaned some 
interesting results.  It is a multi-stage solution that requires a preliminary solution to the 
orbital altitudes of hWH and hHTL; then the resource requirements are determined via 
educated estimates; later a more granular analysis is conducted to finalize the orbital 
altitudes; and finally the physical characteristics are of the warehouse are ascertained. 
This investigation also considers the effects of different supply frequencies to both the 
size and location of the warehouse.  The dominant trade-offs in this study are found in 
the proximity of the warehouse to the ISS/hotels and the LB; as well as the supply 
frequency which dictates the warehouse size. 
     At a high-level, it has been observed that it is optimal to place the warehouse and 
hotels at the same orbital altitude.  Secondly, the amount of mass to support the ISS is 
very small in comparison to the other two vicinities, but one solution is to place the 
warehouse and hotels at this altitude – the other being the lower bound of LEO.  Thirdly, 
the use of new engine types such as the VASIMR greatly reduce the mass of fuel, thus the 
cost to travel and transport items to and from the Moon.  The travel time with such a 
vehicle is expected to take a round-trip of 180 days [17], and as a result any frequency 
greater than the biannual would necessitate multiple vehicles.  Conversely, a single 
hydrazine powered craft should be sufficient to supply both the ISS and hotel (instead of 
having 1 for each).  Finally, based on the resource appraisal, the lower bound of LEO 
(200 kms) is the ideal orbital altitude to locate both the warehouse and hotels. 
     The major assumptions that were made pertain to the transfer between the facilities, 
and the provisional requirements. As mentioned earlier, different lunar transfers exist and 
some will reduce the fuel requirements of reaching the moon, and thus might affect the 
solution’s outcome.  Moreover, although the lunar base was placed in LLO, it should be 
noted that the ∆V to go from this altitude to the moon’s surface is very small.      
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     Additionally, the goods transfer mechanism between the warehouse and spacecraft 
have not been identified.  The physical construction of the facilities has not been 
discussed with respect to energy consumption, but a passive thermal design [23] can 
mitigate these requirements.  Finally, this optimization was conducted on the basis of 
minimizing energy, performing a similar analysis for cost (launch, fuel, facility 
construction and maintenance) may prove to be an interesting source of future research.   
 

Acknowledgement: The authors would like to thank the anonymous referees and Dr. 
William E. Vesely, who helped improve the paper.  
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