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Executive Summary 
 
The international space exploration community is beginning to focus its attention on placing 
humans on other worlds such as the Moon and Mars, and a number of organizations, most 
prominently private company SpaceX, are pursuing ambitious plans to establish permanent 
human settlements, particularly on Mars, for the purpose of vouchsafing civilization against 
natural or human calamity on Earth. 
 
Given these potential developments, we perform the first comprehensive assessment of the 
energy, resource and infrastructure requirements of a large-scale human transport system 
between Earth and Mars. In it, we develop credible mass estimates for a system consisting of 
four appropriately-sized reusable spacecraft to move humans, and four additional types of 
reusable spacecraft for moving propellant (hydrogen/oxygen and methane/oxygen) from the 
Moon and Mars to in-orbit depots. Human consumables (air, water, food) and cargo mass 
estimates were included in the analysis. We base our estimates on public sources, and develop 
scenarios of infrastructure scale-up to achieve a Mars settlement size of 1 million people by the 
first half of the 22nd century. We do not examine the requirements of the Mars settlement itself. 
 
Figure 1 summarizes the envisioned system, and Table 1 summarizes key results of the study. A 
variability analysis was performed as part of the analysis, so result variables are presented along 
with ±1σ variability bounds. Confidence bounds are large due to many poorly constrained 
factors, but dominating the overall variability is the rate of population growth, rate of people 
returning to Earth, as well as spacecraft mass and volume per passenger parameters, which were 
deliberately given wide variability due to the lack of consistent information in the existing 
literature. 
 
We assume that settlement begins in 2042, with the number of ships carrying passengers to Mars 
doubling every six years in the reference case, though this number is eventually capped at a level 
sufficient to accommodate the number of passengers returning to Earth. We find that it takes 
until 2131 (±1σ variability: between 2105 and 2231), which we refer to as the maturity year, to 
grow the settlement population to 1 million people. This is mainly due to variability in the 
assumed rates of settlement population growth and the number of people returning permanently 
to Earth; our estimates of these parameters are 1.3 (0.5, 2.6) and 2.5 (1.0, 5.0) percent per year, 
respectively, of the settlement population. In the maturity year, we estimate there will be 534 
(263, 1,435) Earth-to-Mars spacecraft each carrying 100 passengers, with 97 (47, 100) percent of 
these spacecraft returning to Earth with passengers. Because of this return flow, the total number 
of people flown to Mars by the maturity year can exceed 1 million; in our reference case, this 
number is ~1.4 million. 
 
Total cumulative ship masses providing infrastructure to move both people and propellant total 
16.9 (9.1, 51.4) Mt, equivalent to 9.9 (5.3, 30.1) years of current U.S. aluminum production. 
While spacecraft are not entirely constructed out of aluminum, we estimate that this material 
constitutes the majority of spacecraft mass. On a per passenger basis, spaceship mass is ~12 t, 
with most of the mass allocated to a large, six-month transport ship between Earth and Mars. 
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Figure 1. Spacecraft infrastructure elements for transporting humans and propellant 

 
Abbreviations: H-1 through H-4: human transport spacecraft. P-1 through P-4: propellant transport spacecraft. 
LEO = low Earth orbit; EML-1 = Earth-Moon Lagrange point 1; ASO = areosynchronous (Mars) orbit; LMO = 
low Mars orbit. Note: propellant for outbound H-1 spacecraft is provided from Earth; all other propellant is 
provided from the Moon or Mars. 
 
Cumulative propellant production totals 1,767 (949, 4,223) Mt, with the majority being produced 
on Mars, although our variability analysis indicates cases where lunar propellant production is 
nearly as large. Very little propellant is produced on Earth: 97 (57, 211) Mt, because the majority 
of propulsion needs occur using spacecraft that never land on Earth, but simply cycle between 
Earth and Mars orbits. However, the lunar resource may be very significantly consumed: 33 (18, 
78) percent of the estimated ~1.6 Gt of water there, raising the concern that alternatives must be 
identified and explored early in the settlement effort, to avoid irreversible depletion of this finite 
resource. Possible remedies are discussed, including lighter spacecraft, mining water from near-
Earth asteroids, and the use of space elevators. The latter concept, which is considered 
technically feasible for the Moon and Mars today, could reduce lunar propellant requirements by 
51% to 55%, and overall propellant energy requirements by up to 75%. By contrast, Martian 
carbon dioxide and water resources are ~10,000 and ~1 million times larger, respectively, than 
lunar water, alleviating any foreseeable resource limitations. 
 
We have estimated cumulative energy demand in terms of equivalent electricity [since we 
assume the vast majority of activity, occurring in space, would be supplied by solar photovoltaic 
(PV) electricity], and find that spacecraft embodied energy constitutes 3.8 (2.0, 11.9) EJ while 

Earth	 LEO	 EML-1	 Moon	 ASO	 LMO	 Mars	

H-1	 H-2	

H-4	 H-4	

H-3	

P-2	 P-1	

P-4	 P-3	

Human	transport	system	
Propellant	transport	system	

(Distances	not	to	scale)	
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propellant requires more than an order of magnitude more at 50.8 (27.9, 129.2) EJ. Total energy 
expressed per passenger transported to Mars is 40,280 (30,280, 76,380) GJ, equivalent to 913 
(686, 1,730) years of current U.S. per capita electricity consumption. However, this energy, 
which is dominated by propellant production on the Moon and Mars, would mostly be produced 
at locations other than the Earth; we estimate in our reference case that 46 years of U.S. per 
capita electricity consumption per passenger is required, which can be interpreted as the length 
of time each person moved to Mars requires to pay back their “emigration energy debt.” 
 
We also estimate the solar PV capacity required to power the entire infrastructure, and find that 
492 (259, 1,278) GW of cumulative capacity is required assuming a 20-year lifetime, equivalent 
to 12.8 (6.7, 33.3) years of current global PV production. However, once again, the amount of 
solar capacity required on Earth is only a small fraction of this (≲1 year of global production). 
 
While not the focus of the study, we also estimated the CO2 emissions on Earth, and average cost 
of operating the system. We assumed that CO2 emissions were produced from the rocket 
combustion of methane/oxygen propellant in Earth’s atmosphere, when lifting people into low 
Earth orbit. No other combustion emissions were included because we assumed electricity would 
be produced with solar PV or another carbon-free energy source, and other rocket combustion 
takes place outside Earth’s atmosphere. We found that cumulative CO2 emissions amount to 55 
(32, 120) Mt, a small amount relative to today’s global levels (~30 Gt Mt/yr), and modest even in 
a carbon-constrained future because it would be emitted over the period of about a century. 
 
We find that the average cost of operating the system, using our cumulative energy estimates and 
the projected future price of solar PV electricity on Earth (about $50/MWh), is $758 (428, 1,949) 
billion for the entire million-person settlement. In per passenger terms, this is $559,000 (421,000, 
1,061,000), remarkably close to the $500,000 long-term cost goal SpaceX has set for human 
transport to Mars. However, this estimate did not include the costs associated with the design, 
development, qualification or construction (apart from energy costs) of the infrastructure, and is 
therefore likely a minimum for the total cost for sending people to Mars. 
 
In conclusion, we find that the resource and infrastructure requirements of building and operating 
a transport system sufficient to move more than 1 million people to Mars over the course of a 
century or more is feasible, and does not run into resource constraints on Earth or Mars. Our only 
concern is that lunar water resources may be severely limited, especially if the size of the 
resource is lower than we have estimated, so alternatives must be identified and explored early in 
the settlement effort, to avoid irreversible depletion of this finite resource. 
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Table 1. Summary results of study 

Key parameter or result variable Units 
Reference 

value 
Variability 

-1σ +1σ 
Overall 
Target settlement population 1,000,000 N/A 
Year target population reached (maturity year) 2131 2105 2231 
Number of 100-passenger ships flown in maturity year 533.8 262.5 1,435.2 
Fraction of ships returning with passengers 97.15% 47.35% 100.00% 
Total number of passengers flown 1,355,000 797,000 2,319,000 
Ship masses 
Human transport system Mt 5.227 2.771 15.37 
Propellant transport system Mt 11.71 5.952 36.44 
Total Mt 16.93 9.091 51.40 
Equivalent amount of US aluminum production years 9.904 5.317 30.06 
Cumulative propellant production 
Provided by Earth Mt 96.69 57.13 211.1 
Provided by Moon Mt 413.8 224.8 970.7 
Provided by Mars Mt 1,257 654 3,045 
Total Mt 1,767 949 4,223 
Fraction of lunar water consumed for propellant  33.25% 18.07% 78.00% 
Equivalent cumulative energy (as electricity) 
Spacecraft embodied energy EJ 3.803 2.036 11.89 
Propellant energy EJ 50.78 27.91 129.2 
Total EJ 54.58 30.83 140.3 
Energy per passenger GJ 40,280 30,280 76,380 
US average per capita annual electricity 
consumption 

years 912.8 686.1 1,730 

Solar power needed to supply electricity GW 492.4 258.9 1278 
Current global solar PV installations (if all 
produced on Earth) 

years 12.82 6.742 33.28 

Current global solar PV installations (Earth 
portion) years 0.4367 0.2559 1.0146 

Cumulative CO2 emissions 
On Earth Mt 55.05 32.14 119.79 
Minimum cost estimates (not including infrastructure design, development, qualification or 
construction apart from energy costs) 
Total cost based on energy consumption $billion 758.1 428.2 1,949 
Cost per passenger $1,000 559.5 420.5 1,061 
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1 Introduction 
 
The field of human space exploration is currently in a period of great transition. After the historic 
Moon landings pioneered by the U.S. National Aeronautics and Space Administration (NASA) 
in the late 1960s and early 1970s, humanity has spent the past 40 years limited to low Earth orbit 
(LEO), even as robotic spacecraft have been sent to the far reaches of the Solar System, returning 
stunning photographs and scientific observations testifying to the diversity of celestial objects 
within a few light-hours of Earth. 
 
NASA is now beginning to turn its attention to human exploration beyond LEO; it recently 
announced that it will withdraw support for the International Space Station (ISS) before 2028 in 
order to concentrate on sending humans deeper into space (Taylor, 2015), in particular to Mars 
(NASA, 2015a). This goal has been recently echoed by private companies, in particular SpaceX 
(Musk, 2013), but also individuals such as Robert Zubrin (Zubrin and Wagner, 2011), astronaut 
Buzz Aldrin (2010), and organizations including Inspiration Mars (Moskowitz, 2013), Explore 
Mars (2015), Mars Foundation (2015), and Mars One (2015), among others. Scenarios for 
human exploration of Mars have also been proposed in the academic community for several 
decades (e.g., Zubrin et al., 1991; Powell et al., 2001; Griffin et al., 2004; Tavana and Zandi, 
2012; Salotti and Suhir, 2014), while other organizations have focused on lunar activities (e.g., 
Keravala et al., 2013; Moon Express Inc., 2013; Miller et al., 2015) 
 
Most studies to date have focused on small numbers of missions involving a handful of 
astronauts, with the notable exception of Powell et al. (2001), who modeled a 500-person 
permanent Mars settlement, and Johnson and Holbrow (1975), who modeled a 10,000-person 
orbiting settlement between the Earth and Moon. However, SpaceX has recently set a far more 
ambitious goal of a 1 million-person settlement (Andersen, 2014), after earlier announcements of 
a somewhat lower goal of 80,000 people (Coppinger, 2012). SpaceX founder Elon Musk has 
argued that 1 million people is his best estimate of the minimum population required to “recreate 
the entire industrial base on Mars.” His motivation for building such a settlement, a vision shared 
by Buzz Aldrin (Aldrin, 2013), cosmologist Stephen Hawking (Gannon, 2014), former NASA 
Administrator Michael Griffin (Urban, 2015) and several others, is that we must vouchsafe 
humanity against a planetary calamity on Earth (Andersen, 2014). Regardless of the precise 
target or its motivation, a population on the order of 100,000 people or more represents a 
fundamental difference in scale to previously-envisioned human settlements, requiring massive 
investment in spacecraft construction, propellant production and infrastructure development on 
the surfaces of Mars and the Moon, in cis-lunar and Mars orbits, and possibly on near-Earth 
asteroids. An undertaking of this scale would undoubtedly benefit from economies of scale not 
available at significantly smaller scales; as a result, an analysis at this scale may provide a lower 
limit to the resources per person required. 
 
To our knowledge, no study to date has estimated the resource requirements of such a massive 
undertaking. Setting aside the considerable—and arguably more technologically challenging—
task of developing the necessary Mars surface infrastructure to support a million-person 
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permanent settlement, here we focus on the more tractable problem of estimating the resource 
and infrastructure requirements of the human transport system to populate the settlement. 
Extrapolating from existing and near-term spacecraft technologies, we develop descriptions of 
the infrastructure components of the human transport spacecraft systems and their associated 
propellant transport spacecraft, estimating the mass, materials and energy requirements to 
operate such a system over the period required to grow a Mars settlement to 1 million people 
(~100 years). 

2 Methods and Assumptions 
 

2.1 Overview 
 
We base our analysis on SpaceX’s announced goal of building and maintaining a 1 million-
person settlement on Mars (Andersen, 2014), and make the following technological assumptions: 
 

• Reliable, available and strongly scalable launch capability exists from Earth’s surface 
into common Earth orbits (LEO, geosynchronous, etc.). As several companies (SpaceX, 
Virgin Galactic, XCOR, Blue Origin, Escape Dynamics) are currently pursuing 
reusability as a prerequisite for significantly lowering launch costs, we assume that 
reusability will be universally available. 

• Chemical propulsion systems similar to what are available today—e.g., kerosene (RP-1), 
methane (CH4) or hydrogen (H2) fuels burned with oxygen (O2), using rocket engines 
similar to SpaceX’s Falcon 9 (SpaceX, 2015a). In the latter part of the paper, we explore 
the implications of using more advanced propulsion systems, including microwave 
beamed power from Earth’s surface (Escape Dynamics, 2015), high-thrust ion drive 
engines once in orbit (Ad Astra Rocket Company, 2015), or a space elevator on the 
Moon, Mars or eventually Earth (Templeton, 2014). However, these technologies are 
neither assumed nor required to achieve the goal of putting 1 million people on Mars. 

• In order to provide the vast amounts of propellant needed to power spacecraft between 
the Earth and Mars, we assume that large in situ resource utilization (ISRU) operations 
are established on both the Moon and Mars surfaces to provide propellant to nearby in-
orbit depots, similar to what is currently being proposed by private companies such as 
Shackleton Energy Company (Keravala et al., 2013), Moon Express Inc. (2013), 
Planetary Resources (2014), and NextGen, LLC (Miller et al., 2015). While not modeled 
here, we acknowledge that these operations may move to mining asteroid materials if 
these resources become easier access, or if lunar water proves difficult or impossible to 
obtain (see discussion in Section 3.7.1). 

• With the development of ISRU for propellant production, we also assume lunar and 
Martian surface mining, and perhaps asteroid mining, for metals and related structural 
materials (ceramics, etc.) with which to construct spacecraft. Planetary Resources has 
recently announced a small-scale demonstration of this capability (Wall, 2016). As ISRU 
will vastly lower the cost of developing surface infrastructure for a Mars settlement, we 
assume that this capacity will be well developed in the early years of settlement. As a 
result, we assume that the majority of spacecraft mass for transport between the Earth and 
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Mars will not be produced on the Earth, but sourced from space materials and assembled 
either on the Moon, Mars, or in orbit. (However, in the Appendix we estimate the energy 
of producing spacecraft on Earth and then lifting them into orbit.) 

• Water (H2O) and O2 for human life support on spacecraft will be produced along with 
propellant on the Moon, Mars or asteroids. Food and nitrogen (N2) will be provided from 
resources on both Earth and Mars. 

 
Hohmann transfer orbits define minimum-energy flights between Earth and Mars, requiring ~260 
days’ transit, and launch opportunities occur every 2.14 years (at Earth-Mars opposition), known 
as a synodic period. Such long transit times are adequate for shipping cargo, but for people, 
shorter trips are highly desirable to both minimize radiation exposure and consumables mass, and 
maximize human productivity and wellbeing. Therefore, we assume transit times of ~180 days, 
defined as orbits with a “free return” Earth trajectory after 2.0 years in the event of mission abort 
(Zubrin and Wagner, 2011), at the expense of some additional propellant. Shorter transit times 
are possible, but even greater amounts of propellant are required, and for these trajectories, the 
free return transit times are also much longer (3 to 4 years). 
 
To minimize propellant requirements, a multimodal transport system to move humans between 
Earth and Mars is desirable. In our analysis we envision four separate human-transport spacecraft 
elements, denoted H-1 through H-4. All are designed to be highly reusable, and so would be 
cycled between Earth-to-Mars (outbound) and Mars-to-Earth (return) journeys: 
 

1. Earth surface to orbit shuttle (H-1): Used to ferry passengers between Earth surface 
and LEO, these would consist of small shuttles ranging anywhere from a SpaceX 
Dragon-like capsule capable of carrying seven astronauts, to an airplane-sized ship 
capable of taking 100 or more people at a time. Flight time would be a few minutes to a 
rendezvous orbit in LEO where passengers transfer to a larger ship (described below). 
Flight would be weightless (0 g). 

2. LEO to EML-1 shuttle (H-2): This would be a more spacious version of the H-1 shuttle, 
used to transfer passengers between LEO and the Earth-Moon nearside Lagrange point 
(EML-1), a stable orbit point with minimum energy requirements for travel to the Moon, 
Mars or nearby asteroids. (A proposal by Miller et al. (2015) utilizes the Earth-Moon 
farside Lagrange point (EML-2) instead, with similar energy requirements.) Flight time 
would be ~3.5 days, and the spacecraft could either be weightless, or spun to simulate 
normal Earth (1 g) or Mars (0.4 g) gravity. 

3. Earth to Mars transport ship (H-3): This is the most important spacecraft for the 
journey to Mars, taking passengers between EML-1 and the vicinity of Mars. Several 
possibilities exist for the Mars-side transfer location: the Sun-Mars nearside Lagrange 
point—SML-1, various high Mars orbits, areosynchronous orbit—ASO, or one of Mars’ 
two moons. For modeling purposes, we choose ASO as a representative access point 
from a propellant requirement perspective. For the outbound journey, passengers would 
off-load from the H-2 shuttle onto this significantly larger ship for a ~180-day journey. 
As EML-1 could serve as a central hub for many transport activities to and from Earth 
(Farquhar, 1972; Mendell and Hoffman, 1993), there would likely be a physical presence 
at this location, not unlike a large airport, replete with restaurants, hotels, propellant 
depots, maintenance facilities and in-space manufacturing activities. However, we do not 
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analyze the infrastructure requirements of such a space station in any detail here. The H-3 
ship would be spun to simulate Earth or Mars gravity, as 0 g is not recommended, due to 
physiological degradation from long exposure to weightlessness (see e.g., Weir, 2014). 
Passengers would be largely untrained as astronauts and so would need to be 
accompanied by several crew providing command, maintenance, medical and other 
functions. We discuss details of this transport ship below. 

4. Mars orbit to surface shuttle (H-4): Similar to H-1, this spacecraft would serve as 
transport between Mars orbit and Mars surface. Flight time would take about an hour, and 
flight would be weightless (0 g). 

 
We assume that ships departing from in-orbit locations would be supplied with propellant via an 
in-space refueling infrastructure, discussed in Section 2.3. Figure 2 provides a pictorial overview 
of the envisioned system. 
 
Figure 2. Transport diagram for human and propellant spacecraft 

 
Abbreviations: H-1 through H-4: human transport spacecraft. P-1 through P-4: propellant transport spacecraft. 
LEO = low Earth orbit; EML-1 = Earth-Moon Lagrange point 1; ASO = areosynchronous (Mars) orbit; LMO = 
low Mars orbit. Note: propellant for outbound H-1 spacecraft is provided from Earth; all other propellant is 
provided from the Moon or Mars. 
  

Earth	 LEO	 EML-1	 Moon	 ASO	 LMO	 Mars	

H-1	 H-2	

H-4	 H-4	

H-3	

P-2	 P-1	

P-4	 P-3	

Human	transport	system	
Propellant	transport	system	

(Distances	not	to	scale)	
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2.2 Human transport system 
 
In this section, we consider various spacecraft elements, including human habitation, 
consumables, cargo, propulsion systems, propellant, and structural supports. Each set of elements 
is discussed separately. 

2.2.1 Existing and proposed spacecraft 
 
While our analysis did not attempt to model spacecraft in detail, it was important to model key 
components such as passenger accommodations, consumables vital to human life support, and 
propulsion systems, focusing on overall mass, volume and materials requirements. Here we 
develop an analysis based on publicly available information from existing and proposed 
spacecraft, as well as terrestrial analogs. 
 
The literature provides a very wide range of masses and volumes per person for spacecraft. In 
what follows, we consider four existing spacecraft designs, summarized in Table 2. 
 
Table 2. Spacecraft examined in this study 

Spacecraft Destination 
Design human-

occupied duration References 
SpaceX Dragon LEOa <1 hour SpaceX (2015a) 
NASA Orion Mars ~6 months NASA (2015b) 
NASA Mars Design Reference 
Architecture (DRA) 5.0 Mars ~6 months NASA (2009) 

International Space Station (ISS) LEOa ~6 months Various 
a Low Earth orbit 
 
Table 3 provides a summary of physical parameters for these above-listed spacecraft. We discuss 
each parameter in turn. 
 
The first observation to make is that all of the spacecraft listed are designed for a small 
complement of people, ranging from 4 (Orion) to 7 (Dragon). By contrast, our envisioned 
transport ships would be considerably larger, designed for 100 people or more. There would 
likely be some economies of scale in building ships for much larger capacities, but we mainly 
ignore such effects, focusing on parameters normalized by the number of people or unit volume. 
 
Readers should note there is an important distinction between pressurized volume, and 
“habitable” volume; the latter subtracts the volume occupied by equipment, furniture, supplies, 
etc., leaving the volume that can effectively be occupied and used by humans. 
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Table 3. Physical parameters of spacecraft 

Parameter Units 

Actual or planned spacecraft 

SpaceX 
Dragon 

NASA 
Orion 

NASA 
Mars 
DRA 
5.0 

International Space Station 

Overall 
Destiny 
module 

Bigelow 
module 

Number of people N/A 7 4 6 6 N/A N/A 
Mass kg 13,150 15,490 41,340 419,500 14,500 20,000 
Pressurized volume m3 11.0 19.6 105 916 106 330 
Habitable volume m3 N/A 8.95 29.7 388 N/A N/A 
Parameter ratios: 
Mass/pressurized 
volume kg/m3 1,195 792 393 458 137 61 

Mass/habitable volume kg/m3 N/A 1,731 1,392 1,081 N/A N/A 
Habitable volume/ 
pressurized volume % N/A 46% 28% 42% N/A N/A 

Per person values: 
Mass kg 1,879 3,872 6,890 69,920 N/A N/A 
Pressurized volume kg 1.57 4.89 17.5 153 N/A N/A 
Habitable volume m3 N/A 2.24 4.95 64.7 N/A N/A 

 
Beginning with pressurized volume per person, existing spacecraft designs range from the 
Dragon capsule on the small end (~1.6 m3) to the ISS on the large end (~150 m3). The dramatic 
range is due to the large difference in intended duration of habitation: Dragon is intended for 
short ferries between Earth surface and low Earth orbit (LEO), with a duration of <1 hour, 
whereas the ISS is intended for habitation of six months or more. The other two spacecraft 
(Orion and DRA 5.0) fall in between these values (~5 to ~18 m3, respectively), and are designed 
for six months’ travel to Mars. 
 
The habitable-to-pressurized volume ratios vary from 28% to 46%, yielding a habitable volume 
per person ranging from 2.2 m3 (Orion) to 65 m3 (ISS). (Data for Dragon was not available, but 
must obviously be <1.6 m3; we estimate it is <0.8 m3.) Simon et al. (2011) indicate that 
minimum habitable volumes should increase significantly with mission duration; for a six-month 
mission to Mars, this minimum volume is estimated at ~20-22 m3. The Orion and DRA5.0 
spacecraft are far smaller than this value; while this may be permissible for the first few 
astronaut journeys, they are probably inadequate for the general human population, who would 
consider long-duration travel in such cramped conditions to be a tremendous hardship. 
Therefore, the Simon et al. (2011) and ISS references strongly guided our choice of habitable 
volume for the H-3 ship. 
 
Perhaps the most important overarching factor for spacecraft design is the mass-to-pressurized 
volume ratio, which ranges from ~400 kg/m3 (DRA5.0) to ~1,200 kg/m3 (Dragon). Habitation 
modules within the ISS have even lower mass-to-pressurized volume ratios: Destiny (~140 
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kg/m3) and Bigelow (~60 kg/m3). However, these are not fully functional spacecraft, because 
elements such as power generation and life support are not included. Nonetheless, for a large 
spacecraft housing many more people than these spacecraft, it is reasonable to expect that the 
average mass-to-pressurized volume ratio could decrease significantly. 
 

2.2.2 Terrestrial analogs 
 
We also compare the spacecraft references in Table 3 to four terrestrial analogs: a typical 
airplane (280 people), a large cruise ship (7,600 people) and two large skyscrapers (13,500 to 
50,000 people). (A fifth example—an aircraft carrier ship—was examined but not included 
because volume data was lacking.) The internal volume, which can be compared to pressurized 
volume, for all but the airplane example are quite similar on a per-person basis, between 78 and 
95 m3, which falls in between the pressurized volume per person values of the NASA Mars DRA 
5.0 and ISS designs. The volume per person ratio for the aircraft, however, is much smaller (2.8 
m3) —more comparable to the SpaceX Dragon or NASA Orion spacecraft. 
 
Two conclusions can be drawn from these data. First, a volume of a few m3 per person may be 
tolerable for a multi-hour airplane journey, but it is almost certainly inadequate for durations of 
several days, let alone months. Second, assuming an equivalence between pressurized and 
internal volume per person, the ISS at 153 m3/person is spacious compared even to a cruise ship 
(occupied for several days) or skyscraper (occupied for many hours per day over several years). 
 
In terms of mass to internal volume ratios, the terrestrial examples fall in between the value 
range for spacecraft. While most of the spacecraft ratios are much higher than for terrestrial 
structures, the Destiny module has a similar mass per unit volume to an airplane or cruise ship, 
and the DRA5.0 spacecraft has a similar mass per unit volume to a skyscraper! 
 
To draw another comparison to terrestrial buildings, a typical studio apartment with an area of 46 
to 56 m2 (500 to 600 square feet; DimensionsInfo, 2014) and a standard ceiling height of 2.4 to 
2.7 m (8 to 9 feet; Hull, 2010) provides slightly less volume per person than the ISS. Given that 
zero gravity allows better utilization of space since people can orient in multiple directions, the 
volume offered by the ISS is ample, and probably more than sufficient for a six-month journey to 
Mars. 
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Table 4. Physical parameters of terrestrial analogs 

Parameter Units 

Terrestrial reference points 
Boeing 787-
9 airplane 

Oasis-class 
cruise ship 

Empire State 
Building 

World Trade 
Center 

Number of 
people  280 7,600 13,500 50,000 

Number of 
passengers  N/A 5,500 N/A N/A 

Crew-to-
passenger ratio  N/A 38% N/A N/A 

Mass kg 126,000 100 million 331 million 1.361 billion 
Internal volume m3 775 720,000 1,048,000 4,000,000 
Mass/internal 

volume kg/m3 163 139 316 340 

Mass per person kg 450 13,200 24,500 27,200 
Internal volume 

per person m3 2.77 94.7 77.6 80.0 

 

2.2.3 Crew 
 
For science and exploration missions planned in the next one to two decades, all human travelers 
will be astronauts, able to perform all needed spacecraft functions. But when ordinary people 
begin to travel to Mars, they will be unqualified to perform any vital tasks, and should properly 
be viewed as passengers, under the care of a capable and hardworking crew. While many 
functions of the spacecraft will undoubtedly be automated, many functions will remain in the 
purview of a highly-trained crew. 
 
We estimate that a minimum crew-to-passenger ratio is probably ~10%, or 10 crew members for 
100 passengers, consisting of the following essential jobs (two fully-trained crew members for 
each job, one acting as backup to the other to allow for downtime, etc.): 

1. Command: High-level decision-making, ultimately responsible for safety of ship 
2. Communications: Responsible for all communications with Earth, Mars and other 

relevant points of contact 
3. Maintenance: Responsible for maintaining operation of ship functions 
4. Security: Master-at-arms responsible for maintaining security of ship 
5. Medical: Physician/surgeon able to perform a wide range of medical procedures 
6. Consumables: Preparation, allocation and possibly rationing of food and water 
7. Housekeeping: Responsibility for cleanliness of all areas of ship 
8. Recreation: Organize social, physical and intellectual activities for health and morale 

 
We are not certain whether all of the above jobs would require full-time engagement, or if some 
duties would be more sporadic, so it is possible that cross-training could allow for execution of 
multiple job functions at once. Therefore, we set the minimum crew size at 10 rather than 16 to 
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reflect this possibility. However, it is essential that all crew be cross-trained to perform two or 
more functions in the event of an incapacity of both primary crewmembers, or to step in during a 
crisis, such as the simultaneous failure of multiple ship systems, a human security breach, or a 
medical situation affecting multiple people. 
 
Having three trained people per job would provide additional redundancy and require a more 
reasonable amount of on-duty time per person, so we choose 15% as our reference case ratio. 
 
A maximum can be found by looking at the cruise ship example of 2,100 crew for 5,500 
passengers, or 38%. However, the latter example is clearly a luxury situation, with many 
additional crew provided for the comfort of guests. We estimate a more realistic upper limit is 
closer to 20%, providing four redundant crew per job, which would also lessen the necessity for 
extensive cross-training, although some would probably still be required. 
 

2.2.4 Structural considerations 
 
While the above estimates serve as a useful basis for estimating approximate ship mass per 
person, it does not take into account additional structural requirements that will be necessary to 
withstand acceleration loads, particularly those experienced by the H-3 spacecraft when rotated 
to simulate artificial gravity. However, we find that the additional mass required to withstand 
these loads can be small, or with a suitable choice of materials, negligible. 
 
According to Johnson and Holbrow (1975), the rotation radius and period must be sufficiently 
high to avoid motion sickness; centrifuge studies have demonstrated that radii greater than 100 
m, and periods greater than 20 s, are adequate for simulated Earth gravity. 
 
Here we assume Mars gravity (0.38 g) and 40 s rotation period, requiring a radius of 150 m. The 
spacecraft could be assumed to be configured as a “dumbbell” with two masses of roughly equal 
size connected by a lightweight structural support (cable or segmented rigid beam) rotating about 
its center of gravity. Alternatively, the spacecraft could be configured as a torus, with mass 
evenly distributed along the circumference, and periodic structural supports connected to a 
central hub. For the purpose of simplifying the estimated structural mass required, we assume a 
dumbbell configuration here. 
 
Using an aluminum alloy with yield strength of 414 MPa and density of 2.80 t/m3 (MatWeb, 
2016), and assuming a load equal to 20% of yield strength, a structural mass of 37 kg is required 
for every 1000 kg of (non-structural) spacecraft mass, or a structural mass ratio of 3.7%. While 
this is reasonably small, it is not negligible; however, much stronger and lighter materials exist, 
including aramid (Kevlar/Twaron) and carbon fiber, with ultimate tensile strengths >3 GPa and 
densities <2 t/m3 (Torayca, 2008; Wikipedia, 2015c). Use of such materials could lower the 
structural mass ratio by >10 times, implying negligible (<0.4%) additional spacecraft mass. 
 
While all spacecraft will occasionally experience other loads, most importantly, during 
propulsive burns, it is assumed that the smaller spacecraft (H-1, H-2, and H-4) with their higher 
mass-to-volume ratios, already have adequate structural support to withstand these forces. For 
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the H-3 spacecraft, it would presumably be de-spun (e.g., by retracting structural supports, 
greatly reducing the moment arm) before performing propulsive burns. 
 

2.2.5 Ship parameter estimates 
 
With crew considerations included, we can now provide estimates of the volumes and masses for 
the types of ships included in our analysis, shown in Table 5. There is considerable variability in 
these parameters, which is summarized in the table. The -1σ values decrease ship mass, while the 
+1σ values increase it. The ±1σ range represents reasonable alternatives to the reference values 
and do not encompass the full range of expected variability; see further discussion in Section 2.6. 
For each ship, we assume 100 passengers but variable numbers of crew. While much smaller 
crews would be needed for the shorter-duration H-1, H-2 and H-4 ships, a full crew would still 
presumably need to transfer from Earth or Mars to the H-3 ship, and so are included in our 
calculations for the entire journey. 
 
These parameters provide us with human habitation mass estimates for each spacecraft. 
However, before we arrive at a total spacecraft mass, we must consider a number of other 
factors, including consumables, cargo, thermal protection, engines, propellant, and materials 
storage. We discuss each of these items below in more detail. 
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Table 5. Reference parameters for a human transport system 

Parameter Units 

H-1 and H-4 H-2 H-3 
Refer-
ence -1σ +1σ 

Refer-
ence -1σ +1σ 

Refer-
ence -1σ +1σ 

Independent parameters:    
Number of passengers  100 100 100 
Crew-to-passenger ratio % 15.00% 10.00% 20.00% 15.00% 10.00% 20.00% 15.00% 10.00% 20.00% 
Habitable/pressurized 
volume  % 40.00% 50.00% 30.00% 40.00% 50.00% 30.00% 40.00% 50.00% 30.00% 

Mass/pressurized volume  kg/m3 800.0 600.0 1,100 600.0 400.0 900.0 300.0 200.0 500.0 
Habitable volume per person m3 1.000 0.800 1.200 3.200 3.000 3.600 33.00 25.00 45.00 
Derived parametersa:    
Number of total people  115.0 110.0 120.0 115.0 110.0 120.0 115.0 110.0 120.0 
Mass/habitable volume  kg/m3 2,000 1,430 3,030 1,500 960 2,520 750.0 460.0 1,280.0 
Pressurized volume per 
person m3 2.500 1.841 3.530 8.000 6.447 10.961 82.50 59.36 125.50 

Mass per person kg 2,000 1,318 3,177 4,800 3,108 8,219 24,750 14,190 47,590 
Mass per passenger kg 2,300 1,480 3,642 5,520 3,588 9,435 28,460 16,080 54,620 
Total pressurized volume m3 290.0 210.0 410.0 920.0 740.0 1,270.0 9,490 6,760 14,530 
Total habitable volume m3 115.0 92.2 138.7 368.0 340.7 416.3 3,795 2,875 5,232 
Total habitation mass tb 230.0 150.0 360.0 550.0 360.0 940.0 2,850 1,610 5,470 

a ±1σ bounds on derived parameters obtained from Monte Carlo simulation; see Section 2.6 for details. 
b t (metric ton) = 1000 kg 
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2.2.6 Consumables 
 
Consumables are defined as air (specifically, O2 and N2), food and water. These items constitute 
a significant amount of mass, especially for journeys of several months, as will be shown below. 
The mass of other consumable items, such as sanitary supplies and medicines, are assumed to be 
insignificant by comparison. Other human needs, including heat, light, clothing, and protection 
from the harsh environment of space, are also vital, but do not require consumable mass, and 
such systems are already included in the above estimates of total mass. 
 
Estimates vary on the amounts of consumables needed per person. Table 6 summarizes this 
variability. With all estimates, water dominates the necessary mass. Note that food estimates are 
based on dry mass, but in reality, a portion (perhaps a majority) of this food would be whole 
(wet); this extra water mass is subtracted from the potable water estimate. Non-potable wash 
water is almost an order of magnitude larger than potable, and dominates total consumption. The 
total mass of consumables is 37.0 (24.2, 66.0) kg/person/day, with nearly all of it (~85%) 
consisting of water. 
 
Table 6. Consumable mass estimates 

Consumable 

Necessary supply 
(kg/person/day) 

Recycling rateb Consumed supply 
(kg/person/day) 

Refer-
ence -1σ +1σ 

Refer-
ence -1σ +1σ 

Refer-
ence -1σ +1σ 

O2  0.50 0.35 0.65 0% 0% 0% 0.50 0.35 0.65 
N2

a 2.00 1.40 2.60 90% 95% 80% 0.20 0.07 0.52 
Food    
  Dry – needed 1.00 0.80 1.40 

0% 0% 0% 

1.00 0.80 1.40 
  Dry – shipped 0.70 0.64 0.84 0.70 0.64 0.84 
  Whole – shippedc 2.40 1.28 4.48 2.40 1.28 4.48 
  Total – shipped 3.10 1.92 5.32 3.10 1.92 5.32 
Water    
  Potable – needed 3.50 3.00 4.25 

90% 95% 80% 

0.35 0.15 0.85 
  Potable – shippedd 1.40 1.88 0.33 0.14 0.09 0.07 
  Wash – shipped 30.0 18.6e 57.1e 3.00 0.93 11.4 
  Total – shipped 31.4 20.5 57.5 3.14 1.03 11.5 
Total 37.0 24.2 66.0  6.94 3.37 18.0 

References: Zubrin and Wagner (2011); NASA (2015b); Powell et al. (2001); Rosa Labs (2015); Brait (2015) 
a All estimates assume an N2:O2 ratio of 4:1. 
b Reference recycling rate based on Zubrin and Wagner (2011) and Brait (2015). +1σ and -1σ estimates assume 
twice and half the non-zero reference recycling rates, respectively. 
c Estimated by scaling difference in needed and shipped dry food by factor of eight to account for water mass (based 
on Zubrin and Wagner, 2011). 
d Reduced by amount of water in whole food. 
e Chosen so that ±2σ variability equal 11 and 95 kg/person/day, respectively; for more information, see Section 2.6. 
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The total mass of consumables depends on the expected trip duration plus contingency supplies. 
For the H-1 and H-4 shuttles, with an expected duration of <1 hour each, the consumables mass 
is insignificant, and is dominated by contingency supplies, which we assume to be sufficient for 
3 days in the reference case. For the H-2 shuttle, with an expected duration of ~3.5 days, we 
assume a 10-day contingency supply, bringing total supplies to 13.5 days. Even with these 
contingency supplies, the total masses of consumables are small: in the reference case, ~130 kg 
for the H-1 and H-4 shuttles, and ~500 kg for the H-2 shuttle. As a result, no recycling of 
consumables is assumed on these ships. 
 
Table 7. Consumables mass requirements for spacecraft 

Spacecraft 
Consumption period (days) 

Recycling 
Consumables mass (kg/person)b 

Need Contingency Total Reference  -1σ +1σ 
H-1, H-4  0.40a 3.00 3.40 no 125.8 75.6 272.1 
H-2 3.50 10.0 13.5 no 499.5 275.5 1054.2 
H-3 180 620 800 yes 5,552 4,080 9,588 

a While we assume actual flight time is <1 hr., we include ~10 hrs. of consumables to cover potential delays during 
launch, and rendezvous with the H-2 (outbound) or H-3 (return) ship. 
b ±1σ bounds obtained from Monte Carlo simulation; see Section 2.6 for details. 
 
For the H-3 ship, with a 180-day duration plus a contingency of over 600 days (sufficient in the 
event of a malfunction to sustain people for at least two years on a free return trajectory to 
Earth), consumables mass is much more significant, and recycling becomes essential. We 
assume 90% recycling of N2 and water in the reference case, which greatly reduces the amount 
of consumables needed. As a result, total mass is ~5,600 kg/person in the reference case, rather 
than ~30,000 kg/person, close to the mass of the ship! 
 
Recognizing that only the portion consumed on the H-3 ship must be resupplied, the mass 
consumed per one-way trip is reduced from ~5,600 kg/person to ~1,250 kg/person. However, 
this is still a large amount of mass, especially if it all comes from Earth. Since water can be 
readily obtained from lunar craters, Martian soil or poles, or various asteroids, and will likely 
become a commodity material for refueling spacecraft (more on this below), we assume that 
water (and O2, which can be made from it) will be provided from space infrastructure and does 
not need to be shipped up from Earth. 
 
This leaves food and N2 to be supplied. Using the reference case assumption of 70% food 
shipped dry with 30% shipped whole (assuming eight times the mass of dry food), we reduce our 
need for shipping consumables to ~610 kg/person to replenish what is consumed on a ~184-day 
journey between Earth and Mars. Still, this is additional consumables mass that must be included 
on the H-1 and H-2 shuttles for the outbound journey, or the H-4 shuttle for the return journey. 
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2.2.7 Cargo 
 
People traveling to Mars will need to bring some items with them. While additional mass will be 
at an extreme premium, it is unrealistic to assume that people emigrating to another world would 
travel entirely empty-handed. Guided by airplane mass restrictions, we assume in our reference 
case 100 kg/person, or the equivalent of four 25 kg suitcases, slightly larger than an average male 
American’s body mass (Newport, 2007). In addition, the H-3 ship will likely need to carry some 
commercial cargo from Earth for sale on Mars; we simplistically assume a comparable amount 
of cargo mass, or an additional 100 kg/person. In our sensitivity cases, we assume factor-of-two 
changes in both of these factors to specify the ±1σ mass ranges. See Table 8. 
 
Table 8. Cargo mass assumptions 

Personal cargo 
(kg/person) 

Commercial cargo 
(kg/person) 

Total cargo 
(kg/person) 

Reference  -1σ +1σ Reference  -1σ +1σ Reference  -1σ +1σ 
100 50 200 100 25 400 200 75 600 

 

2.2.8 Storage containers 
 
In addition to the masses of consumables and cargo themselves, we include estimates of the mass 
of storage containers required to secure these items. We adopt the same value as used for 
propellant (4.0% of consumables mass, with ±1σ values of 3.0% and 5.0%; see Section 2.2.12) 
for wash water and liquefied O2 and N2, since they are fluids with densities comparable to that of 
propellant. For food, whose mass is dominated by whole foods, we assume a less efficient 
storage mass ratio of twice this value (reference value 8.0%). For cargo, we assume even larger 
mass ratios of 15% (with ±1σ values of 10% and 20%), due to the presumed less efficient 
packing of such items. See Table 9. 
 
Table 9. Consumables and cargo storage container mass estimates 

 Reference  -1σ +1σ 
Ratio of storage mass to consumables or cargo mass: 
N2, O2, wash water 4.0% 3.0% 5.0% 
Food and potable water 8.0% 6.0% 10.0% 
Cargo 15% 10% 20% 
Consumables storage container mass (kg/person)a: 
H-1 52.4 37.2 81.2 
H-2 67.7 49.8 108.9 
H-3 321 229 550 
H-4 5.45 3.21 11.70 
Cargo storage container mass (kg/person)a: 
All 30.0 11.9 67.3 
a ±1σ bounds obtained from Monte Carlo simulation; see Section 2.6 for details. 
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2.2.9 Radiation shielding 
 
It is desirable to provide shielding against cosmic rays and other forms of ionizing radiation 
harmful to human health. However, as discussed in Section 3.6, the mass of material required to 
provide adequate protection is large compared with assumed ship masses, necessitating 
consideration of alternatives. In our base case, therefore, we do not assume radiation shielding 
beyond what is passively provided by the masses of spacecraft elements. 
 

2.2.10 Propulsion system 
 
We define the propulsion system as the combination of engines, propellant and propellant 
storage. While propellant dominates the mass of most spacecraft, and is determined by the 
Tsilokovsky rocket equation as a function of velocity change (Δv) and specific impulse,1 engines 
and propellant storage make important mass contributions as well, and must be accounted for. 
 
Estimates of required Δv were gathered from several sources, including Mendell and Hoffman 
(1993), California Institute of Technology (2007), Zubrin and Wagner (2011), Strout.net (2014), 
Wikipedia (2015d), Zandbergen (2015) and Chung (2016). Table 10 shows our Δv assumptions 
for each pair of endpoints. Uncertainties are larger for initial launch to LEO, EML-1/ASO travel, 
and aerobrake maneuvers. 
 
Note that one spin/de-spin cycle required for H-3 spacecraft has Δv requirements of 0.047 km/s 
based on 150 m and 40 s period (see Section 2.2.4). We assume 0.10±0.05 km/s per one-way 
trip, or ~2±1 spin/de-spin cycles, as a contingency, and build this additional requirement into the 
Δv budget for H-3 spacecraft in the table. 
 
To estimate the mass of the propulsion system, we analyzed publicly available data on the 
SpaceX Falcon 9 rocket (Mueller, 2015; Space Launch Report, 2015; SpaceX, 2015a; Wikipedia, 
2015a, 2015b). This is a two-stage, RP-1/O2-based rocket capable of lifting payload from Earth’s 
surface to LEO (or other orbits). Table 11 shows a breakdown of estimated parameters. The key 
resulting parameters are the ratio of engine mass to mass being lifted (“stage payload mass”), and 
ratio of propellant storage mass to propellant mass. 
 
The average of the two engine/empty stage mass ratios is ~3.1%, which we round to 3.0% for 
our reference value for all engines, with a ±1σ sensitivity range of 2.5% to 3.5%. 
 
The average of the two propellant storage/propellant mass ratios is 4.7%. Note that the mass ratio 
of the Space Shuttle external H2/O2 tank was initially 4.8%, but fell to 3.5% after a series of 
improvements. We use a ±1σ range of 3.0% to 5.0% in our estimates, with a reference value of 
4.0%. 
  

																																																								
1 When thrust is very low, however, this equation must be modified and total Δv may increase two-fold or more. We 
do not consider such low thrust cases here. 
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Table 10. Δv assumptions between endpoints considered in this study 

Endpoints Spacecraft 
Δv ±1σ (km/s)  

Outbound Return Notes 
Earth and LEO H-1 9.50±0.10 0.10±0.05 Aerobrake return 
LEO and EML-1 H-2, P-2 3.77±0.03 0.77±0.05 Aerobrake return 

EML-1 and ASO H-3 6.12±0.10 

Includes additional Δv of 3.48±0.05 
km/s (~180 day transit, vs. ~260 day 
Hohmann transfer) plus 0.10±0.05 
km/s (~2±1 spin/de-spin cycles) 

Moon and EML-1  P-1 2.52±0.03  
LMO and ASO H-4, P-4 1.90±0.03  
Mars and LMO  H-4, P-3 4.10±0.03 0.70±0.05 Aerobrake return 

 
Table 11. Estimated parameters for SpaceX Falcon 9 rocket 

Parameter Value Units 
Gross system mass 540,730 kg 
Stage 1 payload mass (stage 2 gross mass) 102,080 kg 
Stage 2 payload mass (payload mass to LEO) 13,150 kg 
Stage 1 system: 
Specific impulse (sea level) 282 s 
Thrust 6,810 kN 
Burn time 162 s 
Engine 4,230 kg 
Propellanta 417,900 kg 
Propellant storage 16,500 kg 
Estimated Δv 4.1 km/s 
Engine/empty stage 1 mass ratio 4.1 % 
Propellant storage/propellant mass ratio 3.6 % 
Stage 2 system: 
Specific impulse (vacuum) 342 s 
Thrust 934 kN 
Burn time 397 s 
Engine 470 kg 
Propellanta 84,00 kg 
Propellant storage 4,500 kg 
Estimated Δv 5.8 km/s 
Engine/empty stage 2 mass ratio 2.7 % 
Propellant storage/propellant mass ratio 5.4 % 
References: Mueller (2015); Space Launch Report (2015); SpaceX (2015a); Wikipedia (2015a, 2015b) 
a Falcon 9 v2.0 propellant is RP-1/O2 
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2.2.11 Thermal protection 
 
For spacecraft re-entry into either Earth’s or Mars’ atmosphere (e.g., H-1 and H-4 shuttles, and 
P-3 spacecraft; see Section 2.3), the use of a heat shield for thermal protection is vital. Moreover, 
a heat shield is needed for spacecraft that do not land on planets but which use the atmosphere to 
slow their velocity for orbit insertion (e.g., H-2 and P-2 travel from EML-1 to LEO). 
 
To estimate the mass required, we used data from the Orion spacecraft design, whose heat shield 
can be used for Earth or Mars reentry. Recent efforts have reduced the mass from 1,450 to 860 
kg, while the non-heat shield mass has been reduced from 8,940 to 8,440 kg (Batchelder, 2014; 
NASA, 2014a, 2014b). Therefore, the heat shield to non-heat shield mass ratio has dropped from 
~16% to 10%. As a second data point, we considered the Mars Direct design which had an 1,800 
kg heat shield and 26,800 kg of remaining spacecraft mass (Zubrin and Wagner, 2011); thus the 
heat shield mass ratio was 7%. We use 7% and 16% as ±1σ mass ratio bounds, with a reference 
mass ratio of 10%. 
 

2.2.12 Propellant 
 
As noted earlier, propellant is governed by the Tsilokovsky rocket equation, and is exponentially 
dependent on velocity change (Δv) and propellant specific impulse. We estimate the amount of 
propellant needed for each leg of the journey between Earth and Mars. We assume CH4/O2 
propellant for the H-1 shuttle, based on announced plans by SpaceX to move toward this 
propellant combination and away from RP-1/O2 (Spaceflight101, 2015). This propellant is also 
assumed for the H-4 shuttle, as CH4 can be readily produced from atmospheric CO2 and polar or 
subsurface water on Mars. For the other two ships (which do not land on planets), we assume 
H2/O2 propellant, both because it is readily produced from lunar water (whereas other propellants 
would be difficult to produce from lunar materials), and H2/O2 is among the highest specific 
impulses of any chemical propellant known.2 
 
Note that the H-1 and H-4 shuttles each consist of two stages of propulsion, and that the second 
(landing) stage of both shuttles use the atmosphere to reduce their velocity (aerobraking). This 
approach is also used by the H-2 shuttle on its return journey from EML-1, by dipping into 
Earth’s atmosphere sufficient to slow it for LEO insertion. These aerobraking maneuvers save 
considerable amounts of propellant. Note also that the H-4 shuttle refuels once in LMO before 
setting off for ASO. This increases the size of the engine and propellant storage slightly, but 
significantly reduces overall propellant. 
 
Propellant requirements are estimated from the expected Δv plus a 5.0% contingency factor 
(Miller et al., 2015) ±1.5% (±1σ) using equations presented in the Appendix. 

																																																								
2 H2/F2 has slightly higher specific impulse (Braeunig, 2008), but fluorine is extremely corrosive, toxic and also 
difficult to source off-Earth. 
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2.3 Propellant transport system 
 
The final element of the human transport system is the infrastructure required to move propellant 
from the lunar or Martian surface to orbital propellant depots where waiting spacecraft are 
refueled. For this system, we envision four propellant depots, at EML-1, LEO, LMO, and ASO, 
each serviced by separate propellant transport spacecraft labeled P-1 through P-4, as described in 
Table 12. 
 
Table 12. Propellant transport infrastructure 

Ship 
type 

Propellant transport Propellant 
delivered 

Transport spacecraft serviced 
Human Propellant 

Origin Destination Outbound Return Outbound Return 
P-1 Moon EML-1 H2/O2 H-3 H-2 P-2 P-1 
P-2 EML-1 LEO H2/O2 H-2 H-1 N/A P-2 
P-3 Mars LMO CH4/O2 H-4 H-4 P-4 P-3 
P-4 LMO ASO CH4/O2, H2/O2 H-4 H-3 N/A P-4 

 
We use the same ratios for propellant container storage and engine mass as for the human 
transport spacecraft. The difference is that we assume no human would be onboard, not even as 
crew, so that these automated spacecraft would have no need for human life support or habitation 
volume, greatly reducing overall mass. We assume that the Moon-based spacecraft (P-1 and P-2) 
utilize H2/O2 propellant, whereas the Mars-based spacecraft (P-3 and P-4) would utilize CH4/O2 
propellant, but deliver both CH4/O2 and H2/O2 to Mars orbits due to the different propellant 
needs of serviced spacecraft (H-3 uses H2/O2 whereas H-4 uses CH4/O2). A diagram of this 
transport system was shown previously in Figure 2. 
 

2.4 Embodied energy analysis 
 

2.4.1 Embodied energy of spacecraft manufacture 
 
Embodied energy is the total energy required to extract, refine, assemble and transport all the 
materials used in the construction of a product. Estimating the embodied energy of spacecraft 
components could be a very detailed and labor-intensive process, so we have greatly simplified 
the process by examining just a handful of materials that dominate spacecraft construction: 

• aluminum alloy for propellant container storage and other structural elements 
• high-performance steel for engines 
• ablative ceramics for thermal protection 
• solar photovoltaic (PV) panels for electrical power, and 
• electronics for avionics and other spacecraft functions 

 
While we estimate that some of these elements—in particular, electronics—constitute a small 
part of total spacecraft mass, their embodied energy per unit mass is high enough that its overall 
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energy contribution needs to be considered. All other components are arguably much smaller in 
mass and/or embodied energy and therefore inconsequential for embodied energy calculations. 
While this assumption would need to be tested with a detailed life-cycle inventory analysis, this 
was out of scope to do in this paper. 
 

2.4.1.1 Aluminum 
 
According to the Ecoinvent life-cycle materials database (Ecoinvent, 2012), aluminum “trade 
mix” alloy containing 45% virgin and 55% recycled material has an embodied energy of 100.2 
MJ/kg. The embodied energy of various alloys containing aluminum with magnesium, copper, 
zinc, etc. vary between 98.0 and 103.2 MJ/kg, a fairly narrow range. The SpaceX Falcon 9 
propellant tank is made from an aluminum-lithium alloy (Spaceflight Now, 2014), which is 
likely to be similar in composition to aluminum-copper-lithium alloys developed by Alcoa 
(Giummarra, 2007). These alloys contain 1.6% to 2.0% lithium by mass. Using the Ecoinvent 
embodied energy estimate for lithium (415 MJ/kg) and 2.0% lithium by mass, we arrive at an 
embodied energy estimate for the aluminum-lithium alloy of 106.5 MJ/kg. 
 
This provides an estimate of the energy required to produce the alloy material. However, 
machining also consumes energy, and for such procedures there is a wide range of estimates in 
the literature, depending on the type of machining involved. For our simple approach, we simply 
use 1.5±0.5 times the industry-average machining energy increment of 56.1 MJ/kg, to include 
higher levels of machining, surface coatings, and/or specialized equipment that may be included 
in addition to the basic aluminum alloy material. This brings our total estimate to 190.6±23.0 
MJ/kg (±1σ). 
 

2.4.1.2 Steel 
 
Regular steel, which for an average market mix containing 21% recycled material, has an 
embodied energy of 23.3 MJ/kg, can be compared with high grade steel at ~30 MJ/kg (range in 
literature: ~24 to ~38 MJ/kg), stainless steel at ~73 MJ/kg (range in literature: ~62 to ~127 
MJ/kg), and chromium steel at ~77 MJ/kg (Ecoinvent, 2012). As a conservative assumption, we 
take the highest embodied energy found in the literature (127.1 MJ/kg, a chromium-nickel-
molybdenum-niobium steel alloy) and add 1.5±0.5 times the industry-average machining energy 
increment for chromium steel (42.5 MJ/kg, the highest machining value in the database) to arrive 
at 190.9±21.3 MJ/kg (±1σ), almost identical to that of aluminum. 
 

2.4.1.3 Ceramics 
 
The phenolic impregnated carbon ablator (PICA) material used for thermal protection for Dragon 
and other spacecraft are based on silicon carbide (Spaceflight 101, 2016; Fiber Materials Inc., 
2015). Ecoinvent estimates silicon carbide’s embodied energy at between 150 and 167 MJ/kg; 
other carbide compounds and their related cousins, nitrides, have embodied energies ranging 
from 69 to 322 MJ/kg (Ecoinvent, 2012). We use the two silicon carbide values for our ±1σ 
variability bounds, with the average (159 MJ/kg) as our reference estimate.  
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For spacecraft with thermal protection systems (e.g., H-1, H-2, H-3, P-2, P-3), we estimate these 
components constitute ~10% of empty spacecraft mass (reference value). 
 

2.4.1.4 Solar PV 
 
Peng et al. (2013) published a review of solar PV embodied energy estimates ranging from 
monocrystalline silicon to thin-film silicon as well as non-silicon-based technologies. Assuming 
15 kg/m2 module area (Alsema, 1988), their estimates for complete modules ranged from 47 to 
350 MJ/kg, with monocrystalline silicon occupying the high end of the range. We use this large 
range as our ±2σ variability bounds, with the average (199 MJ/kg) as our reference value.  
 
From analysis of both the DRA5.0 (NASA, 2009) and ISS (NASA, 2013) spacecraft, we find 
that solar power requirements are 12.5 to 14 kW/person, with a mass estimate of ~100 kg/kW. 
Compared with the mass of the ISS (420 t), this is ~2%. Assuming the same power levels would 
be required on the H-2 and H-3 spacecraft, we find that solar arrays would constitute 24% and 
4.8% of H-2 and H-3 spacecraft, respectively, or 48 and 9.4 MJ/kg. 
 
For the small H-1 and H-4 shuttles, being occupied for short periods of time, we assume they 
would require far less power and hence mass for this equipment. As a conservative assumption, 
we assume total power needs would be 50% that of the H-2 and H-3 spacecraft. As the mass of 
these spacecraft are also ~50% smaller than that of H-2, we make the approximation that the 
solar panel contribution to the total embodied energy remains the same (48 MJ/kg). 
 
For propellant transport spacecraft, we assume much lower levels of power are required, between 
20 and 100 kW per spacecraft, or 21 to 103 kg/passenger equivalent, which we use as our ±1σ 
variability bounds, with a reference value of 40 kW (41 kg/passenger equivalent), or <1.1% of 
empty spacecraft mass using reference values. 
 

2.4.1.5 Electronics 
 
The embodied energy of electronics varies widely: Ecoinvent (2012) and Ashby (2013) variously 
estimate different types of components ranging from 900 MJ/kg (passive, unspecified electronic 
component) to >16,000 MJ/kg (logic-type integrated circuit), and one source estimates integrated 
circuit embodied energy as high as 72,400 MJ/kg. Finished products have embodied energies 
somewhere in the middle of this range: ~3,000 MJ/kg for laptop computers, and ~5,000 MJ/kg 
for desktop computers, flat screen displays, and unspecified electronic components. We use the 
range 3,000 to 16,000 MJ/kg as our ±2σ variability bounds for electronics in general, with 5,000 
MJ/kg as our reference value. 
 
From information on the DRA5.0 (NASA, 2009) and Mars Direct (Zubrin and Wagner, 2011) 
missions, we estimate that flight electronics constitute ~0.7% to ~1.4% of empty spacecraft mass 
(e.g., excluding crew, consumables, cargo and propellant). For human spacecraft, we use 2.0%, 
or approximately twice this average, to include other electronics that may be required on board. 
Thus, electronics contributes 100 MJ/kg to total embodied energy. 
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For propellant transport spacecraft, we use a fixed mass value of 3.0 t per spacecraft based on the 
estimated mass of electronics in the lightest human spacecraft (H-4), or 30 kg/passenger 
equivalent. This translates into <0.8% of empty spacecraft mass using reference values. 
 

2.4.1.6 Synthesis 
 
Our analysis of the SpaceX Falcon 9 rocket (see Section 2.2.10) indicates that ~80% of its empty 
mass is devoted to propellant storage, with ~20% for the engines. The nearly identical reference 
value estimates for aluminum and steel embodied energies led us to adopt a single value for 
estimating the overall embodied energy of metal parts (e.g., not ceramics, solar PV or 
electronics).  
 
Putting this all together, we find that the total embodied energy per unit spacecraft mass is 193 to 
287 MJ/kg (reference values), with the differences arising from the fraction of ship mass 
dedicated to solar PV and electronics. Note that these estimates are between ~2 and ~6 times 
higher than those for personal vehicles (51.3 to 93.6 MJ/kg depending on technology; Wang et 
al., 2012). See Table 13, which also includes ±1σ variability bounds on total embodied energy. 
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Table 13. Embodied energy assumptions 

Component 
Embodied energy (MJ/kg) Component fraction of total mass (reference values) 

Reference ±1σ ±2σ H-1 H-2 H-3 H-4 P-1 P-2 P-3 P-4 
Aluminum, 
steel 190.6 162.6 

218.7 
134.6 
246.7 63.8% 63.8% 93.3% 63.8% 99.6% 88.0% 99.9% 99.6% 

Ceramic 159.0 149.8 
167.4 

140.6 
175.8 10.0% 10.0% 0% 10.0% 0% 10.0% 0.0% 0% 

Solar PV 198.5 122.8 
274.3 

47.0 
350.0 24.2% 24.2% 4.75% 24.2% 0.216% 1.16% 0.0754% 0.257% 

Electronics 5,000 3,716 
9,285 

3,000 
16,000 2.00% 2.00% 2.00% 2.00% 0.158% 0.847% 0.0550% 0.187% 

Total embodied energy 
(MJ/kg)  

Reference values: 285.6 285.6 287.2 285.6 198.2 228.3 193.3 199.7 

±1σ variability: 250.6 250.6 254.6 250.6 172.9 194.8 166.2 174.3 
368.0 368.0 368.8 368.0 232.3 285.9 222.7 235.7 
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2.4.2 Spacecraft use and lifetime 
 
To estimate the embodied energy of materials fabrication—that is, the energy required to 
produce a finished product from raw resources—we first need to make assumptions about how 
long and how often spacecraft are re-used. 
 
To move 1 million people to Mars requires about ~90 years using reference parameter values. 
While current efforts are already quickly moving toward making spacecraft reusable (e.g., Bezos, 
2015; Dean, 2015), it may be a stretch to assume that spacecraft constructed in the 2040s will 
still be in use in the 2130s. With flights twice every synodic period, these ships would endure 
more than 80 flights between Earth and Mars. This pales in comparison to airplanes, which are 
used on average about 1,000 times per year over 20 to 25 years (Farley, 2015), but spacecraft 
also experience much harsher conditions, and the H-3 ships would be used for ~6 months at a 
time. As a compromise, we assume in our reference case a 40-year lifetime for spacecraft (±2σ 
values of between 20 and 90 years). Therefore, as spacecraft infrastructure is replaced (using 
reference values), a steady-state demand for new ships grows, eventually equal to the number of 
ships in operation in the later years of settlement. 
 
While spacecraft can be launched from Earth’s or Mars’ surface into orbit at essentially any time 
(except when doing so could risk hitting orbital debris), opportunities to send people between 
worlds are limited to opposition events occurring every 2.14 years. Launch windows depend on 
how much additional propellant, and hence cost, is tolerable, but robotic missions to Mars have 
historically occurred within windows of no more than 35 days, and generally closer to 20 days 
(My Dark Sky, 2011). With the much greater masses of human spacecraft and their propellant, 
we assume that ~20 days is the tolerable upper limit. 
 
While the H-3 spacecraft can be used only once per launch window, the smaller spacecraft, 
which move people from either Earth or Mars to a waiting H-3 spacecraft, could in principle be 
used several times during this period, provided turnaround of spacecraft is sufficiently rapid. The 
H-1 and H-4 spacecraft trip length is estimated to be <1 hr., whereas the H-2 multi-day 
spacecraft makes its trip in ~3.5 days. A one-way turnaround period of ≤5 days would be 
necessary to make a substantial difference in the number of uses of the H-1, H-4, and to a lesser 
extent, H-2 spacecraft per launch window. While such rapid turnaround of reusable spacecraft, 
which must include little-to-no launch delay, is not currently possible with available technology, 
this situation may be changing rapidly (e.g., Bezos, 2015; Dean, 2015). 
 
For our current purposes, we assume a five-day turnaround period that includes any launch delay 
contingency, allowing H-1 and H-4 spacecraft to be used three times per launch window (e.g., 
three outbound and two return trips; the last return trip could occur outside the launch window). 
With the longer one-way transit time of the H-2 spacecraft, it could only be used twice. If at 
some future date, the turnaround period could be reduced to one day, then we could imagine the 
H-1 and H-4 spacecraft making ten trips each, while the H-2 spacecraft might make three trips 
during each launch window. 
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For propellant transport spacecraft, we assume only one-time use per launch window, since the 
majority of these spacecraft is used to supply propellant for the H-3 ship. In fact, the majority of 
such spacecraft might be launched several weeks or months ahead of the launch window to 
ensure sufficient propellant is available when needed. 
 

2.4.3 Energy of propellant production 
 
To estimate the energy of producing propellant (H2/O2 and CH4/O2), we begin with the energy of 
combustion of H2 and CH4 fuels: 286 and 890 kJ/mol, respectively. The efficiency of producing 
these fuels from combustion products, e.g., H2O and CO2, is estimated at ~70% for H2/O2 and 
~60% for CH4/O2 (Mazloomi, 2012; Landgraf, 2014). Melting of H2O ice from lunar craters at 
35 K or Martian ice caps at 150 K (Sharp, 2012), and liquefaction of H2, O2 and CH4 (Jensen et 
al., 1980; Gardiner, 2009; Morgan, 2012; Liquid Air Energy Network, 2013; Bridgwood, 2015) 
require relatively small amounts of energy by comparison. Together with the assumed oxygen-
to-fuel combustion mass ratios of 6.0 and 3.0, respectively, for H2/O2 and CH4/O2 (Dunn, 1997) 
the total embodied energies per kg of bulk propellant are estimated to be 34.9 and 25.5 MJ/kg, 
respectively. For more information, see Appendix. 
 

2.5 Scale-up analysis 
 
Nobody has been to Mars yet. NASA plans to send a crew in the mid-2030s (NASA, 2015a), but 
private companies or organizations, such as those discussed in Section 1, may send crews earlier 
than this. Still, such first landings would hardly qualify as a settlement. We estimate that after 
humans begin traveling to the Red Planet, at least two decades of dedicated experimentation will 
be needed before any true settlement effort could begin. There will also be the need for a 
tremendous build-up of surface infrastructure (power generation, life support, living and working 
spaces, agriculture, manufacturing, etc.) necessary to support a human presence. However, as 
stated earlier, in this paper we ignore these additional infrastructure requirements, and focus only 
on the transport infrastructure necessary to populate Mars. 
 
Given the above considerations, we assume that settlement could begin in the early 2040s, and 
choose 2042 as the year that the first dedicated H-3 ships would depart from Earth. We will 
further assume 100-passenger ship capacities, and that three such ships will depart initially, 
resulting in an initial settlement population of 300. 
 
As a first estimate, we will assume that the number of subsequent flights to Mars grows 
exponentially, reaching its largest capacity in the last year of settlement, which we assume will 
occur in 2100 when the settlement population reaches one million total inhabitants. To 
accomplish this will require a doubling period of six years, or approximately every three synodic 
periods: thus, in 2046, 600 people will travel to Mars; in 2052, 1,200, and so on. In 2100, there 
will be ~234,000 people traveling to Mars. With this rate of exponential increase, half the 
settlement population (500,000 people) will travel to Mars on the last three trips, between 2096 
and 2100. See Figure 3. 
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Figure 3. Simple exponential growth of transport capacity and settlement population 

Our assumption of exponential growth in flights is unrealistic, however, as it would require a 
tremendous build-up of resources in the last years of the 21st century in order to meet the 1 
million-person mark in 2100, after which a huge amount of capital would no longer be needed. 
Instead, we will assume that transport capacity peaks at some point well in advance of this point, 
so that the settlement grows somewhat more slowly but capital is fully utilized over a period of 
several decades. 
 
Moreover, we have ignored any population growth in the settlement due to birth, or reduction 
due to death. Given that the goal is to build a self-sustaining human presence on Mars, it is more 
realistic to assume a modest growth of the population, with a birth rate exceeding the death rate. 
While research would have to be firmly established to demonstrate no adverse effects on 
reproduction and growth under the reduced gravity conditions on Mars, we use the natural rate of 
increase in the U.S., which is defined as the difference between birth rates (1.3%/yr) and death 
rates (0.8%/yr) in the general population (World Bank, 2015), as the starting point for our 
estimates. For our reference case, we assume a population with a larger proportion of 
childbearing-age people, and fewer people near the end of their lives, so that the natural rate of 
increase (net rate) is equal to the average U.S. birth rate (1.3%/yr). We choose ±1σ variability 
bounds of 0.5%/yr (the current U.S. net rate) and 2.6%/yr (double the U.S. birth rate), 
respectively. 
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In addition, we will assume that not everyone who moves to Mars will ultimately want to stay 
there. For various reasons—health issues, changing life circumstances, difficulty adapting to an 
alien environment, or simple homesickness—some settlers will choose to return to Earth after a 
period of time. While this rate, which we will call the attrition rate, is difficult to obtain estimates 
for, we bracket it between 1% and 5% per year (±1σ variability bounds), which translates into an 
average stay of 100 and 20 years, respectively, and use these rates to set the maximum transport 
capacities for the settlement, e.g., the number of people returning to Earth when the settlement 
has reached 1 million people sets the overall size of the transport infrastructure. That is, for an 
attrition rate of 2.5%, when the settlement reaches 1 million people, there will be 25,000 
returning to Earth; thus, the maximum transport capacity of the system is limited to 25,000 
people. Our reference case, which assumes this attrition rate, reaches its maximum capacity in 
2089, when the settlement population is only 270,000 people. It requires another 42 years for the 
population to reach 1 million. As an interesting comparison, the American Colonies took ~140 
years to reach 1 million people after the establishment of Jamestown around 1610, with 350 
people (Springston, 2013). 
 
The number of people shipped and settlement population vs. year are shown in Figure 4 for three 
scenarios corresponding to reference, -1σ and +1σ values, and key milestones are also shown in 
Table 14. Note that our full Monte Carlo analysis reveals a wider distribution of growth 
parameter assumptions; see Section 3. 
 
Note that our model caps the maximum transport rates abruptly, rather than using a smoother 
transition curve (such as a logistic function). While the latter might provide for a more pleasing 
curve to the eye, for the purposes of estimating total mass, propellant, and energy requirements 
to reach a settlement population of 1 million, the precise shape of the shipment curve is not 
important, so we have retained this simpler approach. 
 
In summary, with our reference value assumptions for transport capacity, population growth and 
attrition, we estimate that the Mars settlement will reach 1 million people sometime in the 2130s, 
assuming the maximum transport capacity is matched to the attrition rate in this end year.  
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Table 14. Key milestones of settlement population calculations 

Year 

Number of people 
shipped annually 

Number of people shipped 
per synodic period 

Number of people returning 
per synodic period 

Settlement population 

Refer-
ence -1σ +1σ 

Refer-
ence -1σ +1σ 

Refer-
ence -1σ +1σ 

Refer-
ence -1σ +1σ 

2042 141 300 0 300 
2061 1,294 2,762 441 205 750 10,816 12,683 9,114 
2081 11,907 10,000 11,907 25,423 21,350 25,423 4,411 2,163 7,208 105,948 126,101 86,455 
2100 25,000 10,000 50,000 53,375 21,350 106,750 23,975 7,636 54,429 491,052 391,220 567,640 

Maturitya 25,000 10,000 50,000 53,375 21,350 106,750 51,855 20,204 105,489 1,000,000 
a Varies between 2130 (-1σ) and 2133 (+1σ). 
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Figure 4. Number of people shipped and settlement population for three settlement 
scenarios 

 

2.6 Scenario variability and parameter sensitivity analysis 
 
For more than 60 key parameters, we developed bounding estimates in addition to the reference 
values established in our base case. This was done to assess the impact of alternative scenarios 
and also to assess how sensitive our results are to parameter assumptions. Care was taken to 
specify whether variability bounds, which were typically informed by literature sources, 
corresponded more closely to 1σ (68% confidence interval) or 2σ (95% confidence interval) 
bounds. The ±1σ bounds were interpreted to be entirely reasonable alternative parameter values, 
whereas ±2σ limits were interpreted to be close to minimum and maximum possible values. 
Physical limits were imposed to ensure that parameters never represented unphysical values 
(e.g., negative mass, etc.). 
 
Because many variability bounds were not symmetrical about the reference value, we developed 
an asymmetric modification of the standard normal (Gaussian) distribution function in order to 
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estimate parameters across a wide range of σ values. The precise functional form is detailed in 
the Appendix, but in brief, it was designed to allow the asymmetry of the distribution (defined as 
the ratio of differences from the reference value evaluated at the ±1σ level) to taper toward a 
symmetric distribution as σ approached 0, but to slowly increase in asymmetry as |σ| grew larger 
than 1. Table 15 shows this list of parameters, with their reference, ±1σ, ±2σ and ±3σ values. 
 
Two types of analyses were performed. A sensitivity analysis was performed first, where each 
parameter was individually evaluated at its ±1σ and ±2σ values, and the corresponding changes 
in two key result variables (cumulative total energy, and cumulative lunar propellant mass, at the 
maturity year) were recorded. Other result variables were also examined but results were not 
presented here. 
 
The second type of analysis was a Monte Carlo simulation, where all parameters were 
simultaneously varied randomly according to their variability distributions. A minimum of 1,000 
iterations was performed in order to accumulate a reasonable level of statistical confidence. We 
analyzed ~160 result variables in order to provide variability bounds for selected cells in most 
tables. 
 
We found that too low of a population growth rate, in combination with other factors (such as a 
high attrition rate) could slow settlement population growth to the point where it never 
converged (defined as reaching 1 million people over the 1,000-year time horizon of the 
simulation). Therefore, we imposed lower limits of 0.1%/yr on both the population growth rate 
and the attrition rate, to reduce instances of non-convergence to ~1% of iterations. (Such 
iterations were excluded from analysis.) 
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Table 15. Variability of key parameters 

Parameter Units 

Asym-
metry 
factor 

Number of standard deviations (σ) 

-3 -2 -1 
0 

(Reference) 1 2 3 
Delta-v contingency: fraction of 
needed % 1.000 0.500% 2.000% 3.500% 5.000% 6.500% 8.000% 9.500% 

Thermal protection scaling % 2.000 3.02% 4.80% 7.00% 10.00% 16.00% 23.85% 33.20% 
Isp: CH4/O2 (sl) s 1.000 325.9 316.9 308.0 299.0 290.0 281.1 272.1 
Isp: CH4/O2 (vac) s 1.000 401.1 390.1 379.0 368.0 357.0 345.9 334.9 
Isp: H2/O2 (vac) s 1.000 497.0 483.4 469.7 456.0 442.3 428.6 415.0 
Propellant storage mass ratio % 1.000 1.000% 2.000% 3.000% 4.000% 5.000% 6.000% 7.000% 
Engine mass ratio % 1.000 1.500% 2.000% 2.500% 3.000% 3.500% 4.000% 4.500% 

Consumables: O2 
kg/day/
person 1.000 0.0500 0.2000 0.3500 0.5000 0.6500 0.8000 0.9500 

Consumables: Total dry food 
kg/day/
person 2.000 0.534 0.653 0.800 1.000 1.400 1.923 2.547 

Consumables: Whole:dry mass ratio % 1.000 0.00% 10.00% 20.00% 30.00% 40.00% 50.00% 60.00% 

Consumables: Total potable water 
kg/day/
person 1.500 2.207 2.581 3.000 3.500 4.250 5.131 6.110 

Consumables: Shipped wash water 
kg/day/
person 2.386 5.18 11.00 18.63 30.00 57.14 95.00 141.95 

Consumables: Recycle rate of N2 % 2.000 99.90% 98.66% 95.00% 90.00% 80.00% 66.91% 51.34% 
Consumables: Recycle rate of water % 2.000 99.90% 98.66% 95.00% 90.00% 80.00% 66.91% 51.34% 
Food storage mass ratio % 1.000 2.000% 4.000% 6.000% 8.000% 10.00% 12.00% 14.00% 
Consumption period needs: Mars 
transport ship d 2.000 168.4 171.3 175.0 180.0 190.0 203.1 218.7 

Consumption period contingencies: 
Earth shuttle d 3.000 0.993 1.407 2.000 3.000 6.000 10.533 16.455 

Consumption period contingencies: d 3.000 0.993 1.407 2.000 3.000 6.000 10.533 16.455 
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Mars shuttle 
Consumption period contingencies: 
Mars transport ship d 1.429 527.9 555.0 585.0 620.0 670.0 727.7 790.9 

Consumption period contingencies: 
Overnight ship d 2.000 0.00 1.34 5.00 10.00 20.00 33.09 48.66 

Cargo storage mass ratio % 1.000 0.00% 5.00% 10.00% 15.00% 20.00% 25.00% 30.00% 
Crew-to-passenger ratio (all ships) % 1.000 0.00% 5.00% 10.00% 15.00% 20.00% 25.00% 30.00% 
Habitable volume ratio (all ships) % 1.000 70.00% 60.00% 50.00% 40.00% 30.00% 20.00% 10.00% 
H-3 ship: Mass/pressurized volume kg/m3 2.000 67.2 126.7 200.0 300.0 500.0 761.7 1073.3 
H-3 ship: Habitable volume per 
person 

m3/ 
person 1.500 12.31 18.29 25.00 33.00 45.00 59.10 74.76 

H-2 ship: Mass/pressurized volume kg/m3 1.500 82.8 232.2 400.0 600.0 900.0 1252.6 1644.0 
H-2 ship: Habitable volume per 
person 

m3/ 
person 2.000 2.734 2.853 3.000 3.200 3.600 4.123 4.747 

H-1 and H-4 ships: Mass/pressurized 
volume kg/m3 1.500 282.8 432.2 600.0 800.0 1100.0 1452.6 1844.0 

H-1 and H-4 ships: Habitable 
volume per person 

m3/ 
person 1.000 0.400 0.600 0.800 1.000 1.200 1.400 1.600 

Passenger cargo 
t/ 

person 2.000 0.0000 0.0134 0.0500 0.1000 0.2000 0.3309 0.4866 

Settlement/passenger cargo ratio ratio 2.000 0.000 0.134 0.500 1.000 2.000 3.309 4.866 
Doubling period years 2.000 2.508 3.401 4.500 6.000 9.000 12.926 17.599 
Attrition rate %/yr 1.667 0.100% 0.100% 1.000% 2.500% 5.000% 8.058% 11.54% 
Population growth rate %/yr 0.615 5.958% 4.175% 2.600% 1.300% 0.500% 0.100% 0.100% 
Maximum number of ships ratio ratio 0.500 4.866 3.309 2.000 1.000 0.500 0.134 0.000 
Infrastructure replacement period years 0.523 123.15 90.00 61.86 40.00 28.57 20.01 12.95 
Re-use factor: H-1, H-4 ratio 0.414 15.017 9.963 5.900 3.000 1.800 1.001 1.000 
Re-use factor: H-2 ratio 1.000 3.000 3.000 2.500 2.000 1.500 1.000 1.000 
Re-use factor: H-4 (space elevator 
only) ratio 0.667 5.132 3.958 2.900 2.000 1.400 1.000 1.000 

Embodied energies: H2/O2 % 2.000 81.64% 78.66% 75.00% 70.00% 60.00% 46.91% 31.34% 
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conversion efficiency 
Embodied energies: CH4/O2 
conversion efficiency % 2.000 71.64% 68.66% 65.00% 60.00% 50.00% 36.91% 21.34% 

Embodied energies: Aluminum alloy MJ/kg 1.000 106.5 134.6 162.6 190.6 218.7 246.7 274.7 
Embodied energies: Ceramic MJ/kg 0.913 130.5 140.3 149.8 159.0 167.4 175.5 183.4 
Embodied energies: Solar PV MJ/kg 1.000 0.0 47.0 122.8 198.5 274.3 350.0 425.8 
Embodied energies: Electronics MJ/kg 3.338 2,523 3,000 3,716 5,000 9,285 16,000 24,985 
Mass of propellant spacecraft: Solar 
PV 

kW/ 
ship 3.000 0.00 8.14 20.00 40.00 100.00 190.66 309.10 

Mass of propellant spacecraft: 
Electronics 

t/pas-
senger 2.000 0.00000 0.00401 0.01500 0.03000 0.06000 0.09926 0.14599 

Space elevator: Infrastructure factor % 1.000 110.00% 90.00% 70.00% 50.00% 30.00% 10.00% 0.00% 
Space elevator: Mars shuttle 
consumption period needs d 1.000 1.000 1.500 2.000 2.500 3.000 3.500 4.000 

Space elevator: Overnight ship 
consumption period needs d 1.000 4.00 6.00 8.00 10.00 12.00 14.00 16.00 

Delta-v: Earth to LEO (stage 1) km/s 1.000 3.750 3.800 3.850 3.900 3.950 4.000 4.050 
Delta-v: Earth to LEO (stage 2) km/s 1.000 5.450 5.500 5.550 5.600 5.650 5.700 5.750 
Delta-v: LEO to Earth km/s 1.000 0.0000 0.0000 0.0500 0.1000 0.1500 0.2000 0.2500 
Delta-v: LEO to EML-1 km/s 1.000 3.680 3.710 3.740 3.770 3.800 3.830 3.860 
Delta-v: EML-1 to LEO km/s 1.000 0.6200 0.6700 0.7200 0.7700 0.8200 0.8700 0.9200 
Delta-v: EML-1 to ASO km/s 1.000 5.820 5.920 6.020 6.120 6.220 6.320 6.420 
Delta-v: Moon to EML-1 km/s 1.000 2.430 2.460 2.490 2.520 2.550 2.580 2.610 
Delta-v: LMO to ASO km/s 1.000 1.810 1.840 1.870 1.900 1.930 1.960 1.990 
Delta-v: Mars to LMO km/s 1.000 4.010 4.040 4.070 4.100 4.130 4.160 4.190 
Delta-v: LMO to Mars km/s 1.000 0.5500 0.6000 0.6500 0.7000 0.7500 0.8000 0.8500 
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2.7 Cost estimation 
 
While not the central focus of the study, it was useful to provide some cost estimates of the 
envisioned system, in order to facilitate comparison to other human endeavors. Since energy is a 
focus of the analysis, we used that metric as one starting point for estimating minimum costs of 
Mars settlement, by using a commodity cost of energy (assumed to be provided as solar PV 
electricity). The 2014 large-scale (>1000 kW) commercial solar PV installed cost was $2.7/W 
(Barbose et al., 2015), and projections through 2018 indicate this cost will reach $1 to $2 per W 
(Feldman et al., 2015). With a U.S. average annual capacity factor for solar PV of 26% (EIA, 
2015b) and assumed 20-year lifetime for solar PV arrays, we estimate that the levelized cost of 
solar PV electricity, assuming no other costs, will reach $22 to $44 per MWh in 2018. For the 
purpose of including all costs, we conservatively round this figure up to $50/MWh and assumed 
it would remain fixed in future years. As this estimate did not include the costs associated with 
the design, development, qualification or construction (apart from energy costs) of the 
infrastructure, it is therefore likely a minimum of the total cost. 
 
A second cost estimation approach was based on launch costs from Earth’s surface. Assuming 
reusable rockets become common practice, various sources project the future cost of launch to 
LEO will fall by up to 100 times (Wagstaff, 2015) to ~$200 per kg of payload. SpaceX has 
already achieved a ~10-fold reduction from historic launch costs (BuildTheEnterprise, 2013). 
Alternative launch technologies, such as microwave propulsion (Escape Dynamics, 2015) or an 
Earth space elevator (Templeton, 2014) also have estimated lifting costs around $200/kg 
(Coopersmith, 2012). We use this latter value, times a mass scaling factor of ~2.5 to estimate 
launch to EML-1 (Δv between LEO and EML-1 is ~4.0 km/s, including contingency) to obtain a 
cost estimate of ~$500/kg of payload. 

3 Results and Discussion 
 

3.1 Human transport system 
 
Table 16 shows the propellant masses for each spacecraft element for the journey from Earth to 
Mars. Table 17 shows the same information for the journey from Mars to Earth. Overall 
propellant requirements are lower for the return journey, because of the saved propellant from 
aerobraking. Overall, a total mass of 284 (±1σ bounds: 230, 447) t/passenger is required to move 
from Earth to Mars, and 205 (152, 347) t/passenger from Mars to Earth. 
 
Table 18 shows the Mars-to-Earth journey when people are absent, which will be a common 
situation during the scaling-up phase of settlement, when many more people travel to Mars than 
return from it. Although there are no passengers on board, crew must still return to their origin 
points, so aside from some small savings in reduced consumables and passenger cargo, 
spacecraft mass is approximately the same: 199 (144, 340) t/passenger. 
 
The majority of spacecraft mass is, unsurprisingly, the H-3 ship, which itself is dominated by 
propellant mass: 178 (123, 317) t/passenger on the outbound journey. 
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Table 16. Masses of spacecraft required for trip from Earth to Mars 

End-
points Ship type 

Δv (km/s) 
Engine 

type 
Isp 
(s) 

Masses (t/passenger) 
Need-

ed 
Contin-
gency Total Shipa 

Thermal 
protection 

Propul-
sion 

Propel-
lant Total ±1σ 

Earth to 
LEO H-1 Stage 1 3.90 0.20 4.10 CH4/O2 299 3.581 0 2.938 59.24 78.74 63.05 

120.53 Stage 2 5.60 0.28 5.88 H2/O2  456 0.2927 0.5734 12.11 
LEO to 
EML-1 H-2 3.77 0.19 3.96 

H2/O2  456 
7.235 0.6775 0.6811 12.23 20.82 16.04 

34.05 
EML-1 
to ASO H-3 6.12 0.31 6.43 35.60 0 6.648 135.4 177.7 123.4 

316.6 
ASO to 
Mars H-4 

Stage 2 1.90 0.10 2.00 
CH4/O2 368 2.830 0.2954 0.3903 

2.594 
6.904 5.314 

10.952 Stage 1 0.70 0.04 0.74 0.7940 

Earth to Mars 21.99 1.10 23.09   49.24 1.266 11.23 222.4 284.1 229.8 
447.0 

a Includes passengers, crew, consumables, cargo, and consumables/cargo storage 
 
Table 17. Total masses required for journey from Mars to Earth with passengers 

End-
points Ship type 

Δv (km/s) 
Engine 

type Isp (s) 

Masses (t/passenger) 
Need-

ed 
Contin-
gency Total Shipa 

Thermal 
protection 

Propul-
sion  

Propel-
lant Total ±1σ 

Mars to 
ASO H-4 Stage 1 4.10 0.21 4.31 CH4/O2 368 2.830 0.2954 0.3903 8.071 14.18 10.85 

22.58 Stage 2 1.90 0.10 2.00 2.594 
ASO to 
EML-1 H-3 6.12 0.31 6.43 

H2/O2 456 

35.60 0 6.648 135.4 177.7 123.4 
316.6 

EML-1 
to LEO H-2 0.77b 0.04 0.81 6.499 0.6775 0.6811 1.557 9.414 6.915 

15.705 
LEO to 
Earth H-1 0.10b 0.01 0.11 2.830 0.2927 0.5734 0.08779 3.784 2.942 

5.966 

Mars to Earth 12.99 0.65 13.64   47.76 1.266 829.2 147.7 205.1 151.5 
347.3 
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a Includes passengers, crew, consumables, cargo, and consumables/cargo storage 
b Uses Earth’s atmosphere to aerobrake; therefore, much less propellant is needed for the H-2 ship, and almost no propellant is needed for the H-1 shuttle other 
than to nudge ship out of orbit, and for contingencies. 
 
Table 18. Total masses required for journey from Mars to Earth without passengers 

End-
points Ship type 

Δv (km/s) 
Engine 

type 
Isp 
(s) 

Masses (t/passenger) 
Need-

ed 
Contin-
gency Total Shipa 

Thermal 
protection 

Propul-
sion  

Propel-
lant Total ±1σ 

Mars to 
ASO H-4 Stage 1 4.10 0.21 4.31 CH4/O2 368 2.502 0.2954 0.3903 7.318 12.86 9.28 

20.86 Stage 2 1.90 0.10 2.00 2.352 
ASO to 
EML-1 H-3 6.12 0.31 6.43 

H2/O2 456 

34.63 0 6.648 132.3 173.6 117.8 
309.8 

EML-1 
to LEO H-2 0.77b 0.04 0.81 6.188 0.6775 0.6811 1.495 9.041 6.521 

15.239 
LEO to 
Earth H-1 0.10b 0.01 0.11 2.600 0.2927 0.5734 0.08233 3.549 2.702 

5.582 

Mars to Earth 12.99 0.65 13.64   45.92 1.266 829.2 143.6 199.1 144.0 
339.6 

a Includes crew, consumables, cargo, and consumables/cargo storage 
b Uses Earth’s atmosphere to aerobrake; therefore, much less propellant is needed for the H-2 ship, and almost no propellant is needed for the H-1 shuttle other 
than to nudge ship out of orbit, and for contingencies. 
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3.2 Propellant transport system 
 
Table 19 and Table 20 summarize mass requirements of the propellant transport system, 
including propellant shipped and used by the spacecraft themselves. Note that some of the 
shipped propellant is needed for the return journeys of the propellant transport spacecraft. 
Expressed in terms of mass per passenger equivalent (or served), the total required system mass 
per round-trip is 1,939 (1,378, 3,437) t when passengers are also traveling back from Mars to 
Earth, and 1,891 (1,326, 3,385) t when passengers are absent. The majority of the mass, in the 
form of both transported and consumed propellant, is lost on the outbound (delivery) trip from 
the Moon or Mars to orbiting propellant depots; only ~8% of the outbound spacecraft mass is 
present on the return trip. 
 
It is notable that even with the mass reductions inherent in a depot-based propellant delivery 
system, the propellant transport system requires more than twice the propellant to move itself 
(1,119 t/passenger in the reference case) than does the human transport system (463 t/passenger) 
it is servicing. 
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Table 19. Mass budgets of propellant transport spacecraft with humans returning from Mars 

End-
points 

Ship 
type 

Δv (km/s) 
Engine 

type 
Isp 
(s) 

Mass (t/passenger)a 

Needed 
Contin- 
gency Total Shipb 

Shipped 
Consumables 

Propellant 
Total ±1σ Shipped Used 

Outbound journey: 
Moon to 
EML-1 P-1 2.52 0.13 2.65 

H2/O2 456 
36.39 0.6679 156.5 156.1 349.7 259.5 

607.3 
EML-1 
to LEO P-2 0.77 0.04 0.81 3.541 0.01274 17.35 4.141 25.05 19.23 

44.80 
Mars to 
LMO P-3 4.10 0.21 4.31 

CH4/O2 368 
204.4 

1.273 
139.0 791.1 1,136 793 

2,053 
LMO to 
ASO P-4 1.90 0.10 2.00 17.29 149.8 123.3 290.4 203.3 

512.0 

Subtotal 9.29 0.46 9.75  261.6 1.954 462.7 1,075 1,801 1,287 
3,211 

Return journey: 
ASO to 
LMO P-4 1.90 0.10 2.00 

CH4/O2 368 
16.02 0 0 11.82 27.83 17.79 

50.82 
LMO to 
Mars P-3 0.70 0.04 0.74 54.54 0 0 12.32 66.86 41.70 

127.64 
LEO to 
EML-1 P-2 3.77 0.19 3.96 

H2/O2 456 
3.541 0 0 5.038 8.578 6.115 

18.244 
EML-1 
to Moon P-1 2.52 0.13 2.65 19.03 0 0 15.35 34.39 23.14 

62.90 

Subtotal 6.29 0.31 6.60  93.13 0 0 44.52 137.7 92.9 
253.9 

Round-trip total 15.58 0.78 16.36  354.7 1.954 462.7 1,119 1,939 1,378 
3,437 

a That is, per passenger provided for on human spacecraft fleet 
b Includes ship, thermal protection, engine and storage masses of consumables and propellant 
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Table 20. Mass budgets of propellant transport spacecraft without humans returning from Mars 

End-
points 

Ship 
type 

Δv (km/s) 
Engine 

type 
Isp 
(s) 

Mass (t/passenger)a 

Needed 
Contin- 
gency Total Shipb 

Shipped 
Consumables 

Propellant 
Total ±1σ Shipped  Used  

Outbound journey: 
Moon to 
EML-1 P-1 2.52 0.13 2.65 

H2/O2 456 
36.37 0.6679 156.4 156.1 349.5 259.4 

607.2 
EML-1 
to LEO P-2 0.77 0.04 0.81 3.539 0.01274 17.34 4.140 25.04 19.22 

44.79 
Mars to 
LMO P-3 4.10 0.21 4.31 

CH4/O2 368 
199.3 0 134.6 766.4 1,100 749 

2,005 
LMO to 
ASO P-4 1.90 0.10 2.00 15.58 0 146.4 119.5 281.5 193.6 

503.4 

Subtotal 9.29 0.46 9.75  254.8 0.6807 454.8 1,046 1,756 1,226 
3,153 

Return journey: 
ASO to 
LMO P-4 1.90 0.10 2.00 

CH4/O2 368 
15.58 0 0 11.49 27.07 17.08 

50.00 
LMO to 
Mars P-3 0.70 0.04 0.74 52.90 0 0 11.94 64.84 39.52 

124.10 
LEO to 
EML-1 P-2 3.77 0.19 3.96 

H2/O2 456 
3.539 0 0 5.036 8.575 6.112 

18.233 
EML-1 
to Moon P-1 2.52 0.13 2.65 19.03 0 0 15.35 34.37 23.12 

62.89 

Subtotal 6.29 0.31 6.60  91.04 0 0 43.82 134.9 90.3 
248.0 

Round-trip total 15.58 0.78 16.36  345.8 0.6807 454.8 1,090 1,891 1,326 
3,385 

a That is, per passenger provided for on human spacecraft fleet 
b Includes ship, thermal protection, engine and storage masses of consumables and propellant 
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3.3 Scale-up analysis 
 

3.3.1 Propellant requirements 
 
Here we estimate the propellant needs of the entire transport system over time, as the number of 
ships dramatically increases, allowing the settlement population to grow to 1 million. Table 21 
shows annual propellant requirements for the reference case in selected years between 2061, 
when the population reaches ~10,000, and 2131, when the population reaches 1 million (defined 
as the “maturity year”). 
 
The first observation of note is that there is considerable variability in all result variables at the 
maturity year, including the maturity year itself, which varies between 2105 to 2231 (±1σ 
bounds). This variance is largely due to the strong effects both the population growth and 
attrition rates have on this value (see more detailed discussion in Section 3.4.1). The maturity 
year in turn has a strong effect on the total amount of system mass and energy required. In order 
to facilitate comparison across result variability, in the discussions that follow we present results 
interpolated between years immediately adjacent to the maturity year, to provide an estimate of 
result variables when the population is exactly 1 million people, rather than in a fixed year. 
 
The annual total propellant in the maturity year is 33 (16, 106) Mt/yr, a highly asymmetric 
distribution, though by definition, our estimated probability of occurrence is equal at both 
endpoints. Thus, although there is a 16% chance that annual propellant needs will be greater than 
106 Mt/yr (e.g., >1σ), there is an equal chance it will be less than 16 Mt/yr. These distribution 
shapes are similar for all result variables in the table. 
 
Also of note is that the propellant requirements of the propellant infrastructure itself (reference 
value 23.7 Mt/yr) is ~2.5 times greater those of the human transport infrastructure (9.3 Mt/yr), a 
ratio that is robust across a wide range of variability. At 1 million people, total annual propellant 
needs are equivalent to 912 (470, 3,097) PJ/yr or 6.4 (3.3, 21.8) percent of annual U.S. electricity 
consumption. 
 
Table 22 shows cumulative propellant requirements in selected years. The cumulative total 
propellant required is 1,767 (949, 4,223) Mt at the maturity year, indicating a similar asymmetric 
distribution as was found for annual propellant. The cumulative requirements of the propellant 
infrastructure is also ~2.5 times greater than those of the human transport infrastructure 
(reference values: 1,268 vs. 499 Mt). Cumulative propellant needs are equivalent to 51 (28, 129) 
EJ, or 3.6 (2.0, 9.1) years of annual U.S. electricity consumption.. However, in terms of energy 
required on Earth, it is only 17.4 (10.3, 38.0) percent of annual U.S. electricity consumption. We 
will make further comparisons to terrestrial energy use further below, after the energy 
requirements of spacecraft construction is included. 
 
The cumulative propellant provided by the Moon totals 414 (225, 971) Mt in the maturity year, 
while propellant produced on Mars totals 1,257 (654, 3,045) Mt. We will discuss the 
implications of these cumulative production levels in Section 3.7. 
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Table 21. Annual propellant requirements of transport infrastructure 

Year 
Settlement 
population 

During synodic 
period: Annual propellant used (Mt/yr) Energy use 

Human 
ships 
flown 

Human 
ships 

returning 
full 

Human 
ships 

Propellant 
ships Total 

Provided 
by Moon 

Provided 
by Mars 

Provided 
by Earth 

Energy 
equivalent 

(PJ/yr)a 

U.S. 
annual 
electri-
city use 

2061 10,816 28 15.98% 0.4743 1.198 1.673 0.3949 1.185 0.0923 46.41 0.3271% 
2081 105,948 254 17.35% 4.366 11.04 15.40 3.636 10.92 0.8496 427.3 3.012% 
2100 491,052 534 44.92% 9.196 23.34 32.54 7.634 23.12 1.784 902.3 6.360% 
2131 1,000,000 534 97.15% 9.251 23.66 32.91 7.636 23.49 1.784 912.0 6.428% 
Variability (±1σ) in maturity year: 
2105 1,000,000 262 47.35% 4.751 11.44 16.28 3.881 11.32 0.909 469.7 3.311% 
2231 1,435 100.00% 29.417 75.46 106.22 24.553 74.87 5.461 3,097.0 21.83% 

a Here we assume an energy density of 34.9 MJ/kg bulk H2/O2 and 25.5 MJ/kg bulk CH4/O2 (reference values). Details of these estimates can be found in the 
Appendix. 
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Table 22. Cumulative propellant requirements of transport infrastructure 

Year 
Settlement 
population 

Cumulative: Cumulative propellant used (Mt) Energy use 

Human 
ships 
flown 

Human 
ships 

returning 
full 

Human 
ships 

Propellant 
ships Total 

Provided 
by Moon 

Provided 
by Mars 

Provided 
by Earth 

Energy 
equivalent 

(EJ)a 

Years 
of U.S. 
electri-
city use 

2061 10,816 116 13.4% 4.238 10.70 14.94 3.530 10.59 0.8250 429.1 0.030 
2081 105,948 1,152 16.8% 42.25 106.8 149.0 35.18 105.6 8.222 4,280 0.302 
2100 491,052 5,629 26.6% 206.6 523.0 729.7 171.9 517.6 40.17 20,957 1.477 
2131 1,000,000 13,550 54.6% 499.0 1,268 1,767 413.8 1,257 96.69 50,780 3.579 
Variability (±1σ) in maturity year: 
2105 1,000,000 7,969 29.2% 279.3 659 949 224.8 654 57.13 27,911 1.967 
2231 23,188 84.5% 1,139.8 3,096 4,223 970.7 3,045 211.08 129,168 9.104 

a Here we assume an energy density of 34.9 MJ/kg bulk H2/O2 and 25.5 MJ/kg bulk CH4/O2 (reference values). Details of these estimates can be found in the 
Appendix. 
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3.3.2 Mass and energy of spacecraft infrastructure 
 
Table 23 shows the mass demands of the transport system over time. In the maturity year, a 
cumulative total of 16.9 (9.1, 51.4) Mt of material would need to have been fabricated, 
equivalent to 9.9 (5.3, 30.1) years of current U.S. aluminum production. Note that this is over a 
period of many decades, and so represents a modest annual requirement. Even in the maturity 
year, when production is at a maximum, the total annual mass required is only 180 (97, 546) kt, 
or 10.5 (5.6, 31.9) percent of annual U.S. aluminum production. 
 
Using embodied energy estimates for spacecraft developed in Section 2.4.1, we next estimate the 
total energy required to produce the spacecraft mass specified in Table 23. Results are shown in 
Table 24. Total cumulative energy requirements are 3.8 EJ, with 39% attributed to the human 
transport system and 61% to the propellant transport system. Fabrication of H-3 ships alone 
represents 33% of total embodied energy. Total energy requirement is small, however, compared 
to U.S. annual electricity use: it amounts to 98 (52, 306) days’ worth. 
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Table 23. Cumulative mass requirements of spacecraft infrastructure 

Year 

Cumu-
lative 
ship 
fleet 

Cumulative mass of human transport 
system (kt) 

Cumulative mass of propellant 
transport system (kt) Total 

mass 
(kt) 

Years of 
U.S. 

aluminum 
production H-1 H-2 H-3 H-4 

Sub-
total P-1 P-2 P-3 P-4 

Sub-
total 

2061 6.874 11.62 118.6 3.363 140.5 64.31 11.96 184.3 54.12 314.7 455.2 0.266 6.874 
2081 64.24 108.6 1,109 31.42 1,313 600.9 111.8 1,722 505.7 2,940 4,253 2.488 64.24 
2100 169.7 286.9 2,929 83.0 3,469 1,588 295.4 4,550 1,336 7,769 11,238 6.573 169.7 
2131 1,257 255.7 432.3 4,413 125.1 5,227 2,393 445.1 6,856 2,013 11,707 16,933 9.904 
Variability (±1σ) in maturity year: 
2105 716 109.1 234.1 2,155 54.6 2,771 1,271 263 3,207 988 5,952 9,091 5.317 
2231 2,827 835.9 1,325.3 13,067 393.3 15,366 7,323 1,514 21,518 6,188 36,437 51,400 30.064 

 
Table 24. Cumulative embodied energy requirements of spacecraft infrastructure 

Year 

Cumu-
lative 
ship 
fleet 

Cumulative embodied energy of 
human transport system (PJ) 

Cumulative embodied energy of 
propellant transport system (PJ) 

Total 
embodied 

energy 
(PJ) 

Days of 
U.S. 

electricity 
use H-1 H-2 H-3 H-4 

Sub-
total P-1 P-2 P-3 P-4 

Sub-
total 

2061 34 1.96 3.3 34 0.96 40 12.7 2.73 35.6 10.8 61.9 102 2.630 
2081 316 18.34 31.0 318 8.97 377 119.1 25.52 332.9 101.0 578.5 955 24.57 
2100 834 48.47 81.9 841 23.71 995 314.8 67.44 879.5 266.8 1,528 2,524 64.93 
2131 1,257 73.03 123.5 1,268 35.73 1,500 474.3 101.6 1,325 402.0 2,303 3,803 97.83 
Variability (±1σ) in maturity year: 
2105 716 32.60 69.8 624 15.55 816 252.4 63.0 642 204.0 1,183 2,036 52.38 
2231 2,827 261.82 409.1 3,983 124.93 4,772 1450.0 337.4 4,158 1,228.3 7,102 11,888 305.83 
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3.3.3 Total energy requirements 
 
Combining the estimated energy to produce propellant and spacecraft results in a cumulative 
demand of 55 (31, 140) EJ in the maturity year, an energy bill dominated by propellant 
production. See Table 25. On an averaged basis, this demand is 40,300 (30,300, 76,400) 
GJ/passenger, or 913 (686, 1,730) times the average U.S. annual per capita electricity 
consumption rate of ~14 GJ (EIA, 2015a). Put another way, each person moved to Mars requires 
several hundred years to “pay back” the energy investment required to move them there. 
However, only 5.0 (4.6, 5.2) percent of the required energy is produced on Earth; the majority 
(~67%) is produced on Mars, where the dominant shares of both propellant production and 
spacecraft manufacturing are assumed to occur. Thus, in terms of Earth resources, the energy 
payback time is only 46 years in the reference case. 
 
We also estimate the solar power required to supply the required energy; see Table 26. Assuming 
solar panels last 20 years, with a capacity factor (fraction of full-sun power output produced 
annually) that varies by location (26% on Earth, 90% on Moon—assumed located at the poles, 
and 13% on Mars—due to the lower solar incident radiation), we estimate that 492 (269, 1,260) 
GW of cumulative solar capacity is required by the maturity year. This is 13 (7, 33) years’ worth 
of current global solar PV installation on Earth (European Photovoltaic Industry Association, 
2014), though again, the portion actually required on Earth is quite small (16.8 GW in the 
reference case, or ~44% of current global annual installations). The vast majority of capacity 
(~450 GW) would be constructed on Mars. 
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Table 25. Total energy requirements of transport infrastructure 

Year 
Settlement 
population 

Cumulative 
ship fleet 

Propellant 
energy (EJ) 

Spacecraft 
embodied 

energy (EJ) 

Total 
energy 

(EJ) 

Energy per 
passenger 

(GJ) 

Times U.S. average annual 
per capita electricity 

consumptiona 
All 

energy 
Earth-

originated only 
2061 10,816 33.79 0.4291 0.1022 0.5313 45,953 1,041 52.00 
2081 105,948 315.7 4.280 0.9552 5.235 45,431 1,029 51.43 
2100 491,052 834.2 20.96 2.524 23.48 41,712 945.2 47.23 
2131 1,000,000 1,257 50.78 3.803 54.58 40,282 912.8 45.98 
Variability (±1σ) in maturity year:  
2105 1,000,000 716 27.91 2.036 30.83 30,278 686.1 N/A 
2231 2,827 129.17 11.888 140.34 76,358 1,730.3 N/A 

a 14.2 GJ/person (EIA, 2015a) 
 
Table 26. Total energy requirements of transport infrastructure by manufacturing location 

Year 
Cumulative 

ship fleet 

Propellant energy (EJ) Spacecraft embodied energy (EJ) Solar 
power 
needed 
(GW)a 

Times 
current 
global 
rate 

Produced 
on Earth 

Produced 
on Moon 

Produced 
on Mars 

Produced 
on Earth 

Produced 
on Moon 

Produced 
on Mars 

2061 33.79 0.02125 0.1231 0.2847 0.005282 0.01548 0.08146 4.872 0.1269 
2081 315.7 0.2122 1.227 2.841 0.04935 0.1447 0.7612 47.94 1.249 
2100 834.2 1.043 5.994 13.92 0.1304 0.3822 2.011 212.7 5.539 
2131 1,257 2.553 14.43 33.80 0.1965 0.5759 3.030 492.4 12.82 
Variability (±1σ) in maturity year:  
2105 716 1.496 8.063 17.67 0.1151 0.3397 1.539 269.3 7.01 
2231 2,827 5.755 36.38 86.49 0.6334 1.7789 9.586 1260.5 32.83 

a Assuming capacity factor that varies with location (Earth 26%, Moon: 90%, Mars 13%) and 20 year lifetime 
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3.3.4 Energy to lift spacecraft into initial orbit 
 
We assume that manufacturing of all spacecraft except H-1 is done in orbit in order to take 
maximum advantage of the lower gravity wells of nearby resources on the Moon, Mars and 
asteroids. This assumption is consistent with off-Earth propellant production and establishment 
of a Mars settlement complete with industrial manufacturing capacity. Therefore, we do not 
include the energy required to lift spacecraft into initial orbit in our total energy estimates. 
However, in the Appendix, we consider the alternative case where all spacecraft manufacturing 
is done on Earth and spacecraft other than H-1 (which are directly used as Earth shuttles) are 
subsequently lifted into their initial service locations. We find, for our reference assumptions, an 
additional cumulative energy requirement of 29 EJ, or 53% of the cumulative energy of 
spacecraft and propellant manufacture. Thus, manufacturing spacecraft in locations other than 
Earth represents a significant overall energy savings. Conversely, including this additional 
energy could put considerable additional pressure on resources, particularly on the Moon. 
 

3.4 Variability analysis 
 
Two sets of results are presented here: a sensitivity analysis (examining the effect of varying 
each parameter across its ±2σ variability range, with all other parameters held at their reference 
values), and a Monte Carlo analysis to characterize total model variability. Both analyses 
examined critical result variables for achieving a settlement population of 1 million people. 
 

3.4.1 Parameter sensitivities 
 
For the sensitivity analysis, we examined two key result variables evaluated in the year when the 
settlement population reached 1 million: the cumulative total energy, and the cumulative lunar 
propellant. Result variables were evaluated separately for each parameter at their ±1σ and ±2σ 
levels relative to the reference value. Parameters were rank-ordered by the largest absolute 
change in result variables at the ±2σ level, and presented for the top 20 sensitive parameters as 
“tornado” plots in Figure 5 and Figure 6. We found that population growth rate, spacecraft mass 
and volume ratios primarily affecting H-3, attrition rate, and maximum number of ships ratio 
were the largest sources of variability for both result variables. Other factors that affected result 
variables at the ±2σ level by at least ±10% included the CH4/O2 conversion efficiency, propellant 
storage mass ratio, water recycling rate, amount of shipped water, Isp values for both H2/O2 and 
CH4/O2 engines, mass/pressurized volume ratio for the H-2 ship, and contingency Δv ratio. Other 
parameters appearing in the top 20 list of one or both figures includes the crew-to-passenger 
ratio, some consumables and cargo parameters, H2/O2 conversion efficiency, additional ship size 
parameters, thermal protection scaling ratio, infrastructure replacement period, human transport 
capacity doubling period, and some Δv parameters.  
 
Full results are shown in Table 35 and Table 36 in the Appendix. 
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Figure 5. Tornado plot of parameter sensitivities on cumulative total energy 

 

 
Figure 6. Tornado plot of parameter sensitivities on cumulative lunar propellant 
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3.4.2 Monte Carlo simulation 
 
Results of our 1,000-iteration simulation indicated roughly log normal distributions for most 
result variables. Figure 7 shows example distributions for two result variables (cumulative total 
energy and cumulative lunar propellant), while ±1σ bounds for many result variables are 
presented in various tables in the Results section. 
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(a) Cumulative total energy (EJ) 

 

(b) Log (cumulative total energy in EJ) 

 
(c) Cumulative lunar propellant (Mt) 

 

(d) Log (cumulative lunar propellant in Mt) 

 
Figure 7. Histograms of selected result variables from Monte Carlo simulation 
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3.5 Costs 
 
With the caveat that our estimated system costs are extremely crude and probably represent 
minimums, we calculate two alternative costs of the overall transport system infrastructure, not 
including design, development, qualification or construction (other than embodied energy) costs. 
 
Our first approach relies on total energy requirements. For our reference case, we find that total 
energy is 55 EJ or 40,300 GJ/passenger. Using our estimated cost of solar PV-based electricity, 
this translates into $758 (428, 1,949) billion, or $559,000 (421,000, 1,061,000) per passenger. 
This figure is very close to SpaceX’s goal of sending a person to Mars for $500,000 (Andersen, 
2014). 
 
Our second cost estimation approach utilizes an expected future launch cost to EML-1, assuming 
simplistically all costs incurred beyond this point are free. In this approach, we use the H-1 
payload mass only (people, consumables, cargo and their storage containers), since other ship 
mass elements (structure, thermal protection, engines, propellant and propellant storage) would 
arguably be provided by the launch vehicle. With this approach, total payload mass is 1.28 
t/passenger (reference case), equating to $640,400/passenger to EML-1. This estimate is also 
remarkably close to the SpaceX goal, and our energy-based estimate, though in reality, the cost 
of operating the other elements of the transport system (including the essential propellant 
transport infrastructure) would likely push this cost higher, unless the per kg cost itself fell below 
$200 to LEO.  
 

3.6 Radiation shielding and spacecraft size 
 
During the ~6 month journey between Earth and Mars, passengers will be exposed to cosmic 
rays and other forms of ionizing radiation harmful to human health. Ordinary material can act as 
an effective shield against radiation exposure in large quantities: according to Johnson and 
Holbrow (1975), 4.5 t/m2 of shielding is needed to limit the cosmic ray dose to 5 mSv/yr, similar 
to the average U.S. annual dose from all sources (0.62 mSv; U.S. Nuclear Regulatory 
Commission, 2015). However, for most spacecraft designs including our own H-3, this amount 
of mass (12,300 t, assuming for ease of calculation that ship is divided into two roughly spherical 
halves) exceeds the spacecraft mass once propellant for the initial burn has been consumed, and 
not all of this mass will be located outside of human habitation areas. 
 
Without significantly increasing per capita spacecraft mass and hence propulsion requirements, 
one solution is to increase the spacecraft size, reducing the area-to-volume ratio to the level that 
no additional shielding material would be needed. Assuming a dumbbell design (e.g., two 
spherical masses connected via lightweight cable or truss), we estimate that a ship size of ~3 
times our reference design, housing 268 passengers, or 308 people including crew (a capacity 
similar to a modern aircraft), would have adequate non-propellant mass to protect against 
radiation. This assumes 25% of ship structure and 100% of engines, consumables, cargo, 
remaining propellant, and storage structures is located exterior to human habitation areas. The 
interior radius of each dumbbell half would be ~14 m and the total shielding mass would be ~24 
kt; total spacecraft mass with all propellant would be ~48 kt. See Table 27. The ±1σ variability of 
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this estimate is a ship capacity of between 73 and 609 passengers. If only propellant were stored 
exterior to human habitation, the ship capacity would need to increase to ~600 passengers in the 
reference case.  
 
If a torus design were employed instead, which would be logistically more convenient because it 
allows more interaction among people and access to all parts of the spacecraft without a 
spacesuit, the surface area would be ~4 times greater assuming a 150 m rotational radius. With 
the same assumptions about the fraction of non-propellant placed exterior to human habitation 
areas, a ship size of 2,905 (1,175, 5,012) passengers, and 3,341 people including crew (in the 
reference case) is necessary to provide adequate radiation protection. The interior tube radius 
would be ~10 m and the total shielding mass would be ~260 kt; total spacecraft mass with all 
propellant would be ~520 kt. While certainly larger than anything previously envisioned, it is of 
a capacity similar to cruise ships and aircraft carriers, as discussed in Section 2.2.2. 
 
Table 27. H-3 spacecraft parameters providing full radiation protection (reference case) 

Parameter  Units 
Configuration 

Dumbbella Torus 
Rotational radius m 150 
Rotational period s 40 
Artificial gravity m/s2 3.70 
Number of passengers 

 
268 2,905 

-1σ  73 1,175 
+1σ  609 5,012 

Number of people 
 

308 3,341 
Pressurized volume m3 22,080 239,700 
Interior (living space) radius m 14.47 9.648 
Surface area m2 5,264 57,140 
Shielding massb t 23,690 257,100 
Spacecraft mass including propellant t 47,560 516,200 

a Assumes two equal-mass spheres connected by a lightweight structural support 
b Assumes 25% of ship structure and 100% of engines, consumables, cargo, remaining propellant, and storage 
structures are located exterior to human habitation areas 
 
An alternative may simply be to endure the radiation. While not ideal, Zubrin and Wagner 
(2011) have suggested that such radiation does not significantly increase one’s lifetime exposure 
risk: they estimate that a one-way journey between Earth and Mars without shielding exposes a 
person to ~200 mSv, or ~0.3% additional lifetime risk of fatal cancer. Risk to crew, who would 
likely make many dozens of trips over a career, is a much greater area of concern, and would be 
strong motivation for housing crew in the centermost areas of H-3 ships with maximum radiation 
shielding. 
 
Another factor to consider is the number of ships launching between Earth and Mars once the 
transport system capacity reaches a maximum (in 2089 in the reference case); at 100 people per 
ship, this requires a fleet of 534 (262, 1,435) ships. Over a 20-day launch window, this implies 
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launch frequencies of 0.5 to 3.0 per hour, similar to modern airline schedules. Travel would 
require tight coordination from Earth launch to arrival at EML-1 several days later, in order to 
avoid delays, or Earth departure could occur sooner, with people spending more time waiting in 
orbiting hotels in LEO or EML-1 before their scheduled launch. Multiple ships could, of course, 
launch simultaneously, but this increases both the infrastructure requirements at EML-1 and 
requires careful coordination. Increasing the average ship capacity would mean fewer ships to 
track, maintain and provide crews for. 
 
Therefore, these two factors—radiation protection and ship coordination—may ultimately push 
designs toward H-3 ships of much larger capacity as settlement operations reach a steady state. 
 

3.7 Resource constraints 
 

3.7.1 Lunar resources 
 
A critical factor to examine is what fraction of lunar water might be consumed in providing 
propellant to this human transport system. While precise estimates are lacking, Shackleton 
Energy Company (Keravala et al., 2013), combining data from several lunar missions, has 
estimated that the south lunar pole may contain ~1 Gt of water, with an additional ~600 Mt at the 
north lunar pole. However, no in situ prospecting for water has yet been conducted on the Moon, 
so these estimates should be considered very tentative until more information becomes available. 
Nonetheless, we will use the total Shackleton estimate of 1.6 Gt, assuming all of it is feasibly 
recoverable, as a reference point for comparing the demand for water as a propellant resource. 
 
Note that the assumed O2:fuel ratio for H2/O2 combustion in rocket engines is 6.0 (Dunn, 1997), 
meaning that 6.0 kg of O2 is consumed per kg of H2. This implies that 22% of the water mass is 
discarded (as excess O2); while a small fraction of this O2 would actually be used to provide 
breathable air for human spacecraft, it is an insignificant amount compared to the propellant 
requirements. Moreover, some of the water would in fact be transported intact to supply 
spacecraft needs, but again, the masses required are very small compared with propellant needs. 
Therefore, we ignore both these uses and assume that the usable lunar resource for H2/O2 
propellant is 78% of 1.6 Gt, or ~1.24 Gt. 
 
With these assumptions and caveats, we are now able to assess whether the lunar resource would 
be sufficient to provide propellant for moving 1 million people to Mars. Our conclusion is 
affirmative, but with some concern at the high end of the estimated variability: while our 
reference case indicates a consumption of 414 Mt, or 33% of the available resource, would be 
utilized, the +1σ variability bound is 971 Mt or 78%. While this would not exhaust the water, 
consuming this much of a finite and irreplaceable resource may raise significant concerns. 
Unlike its use by people dwelling on the Moon’s surface, where the water would presumably be 
carefully conserved and recycled with nearly 100% efficiency, water used as rocket propellant is 
lost to space and utterly irrecoverable. To preserve the resource for future generation, restrictions 
on its use as rocket propellant may need to be instituted well before depletion reaches the level 
indicated. Moreover, although we have not focused on it in the Results section, the +2σ 
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variability bound, representing a 2.5% probability of occurrence, indicates a lunar requirement of 
~3,100 Mt, or ~2.5 times the estimated resource.   
 
These estimates, combined with the possibility that the lunar resource may well prove smaller 
than estimated here, suggest that the use of lunar water to supply propellant for the entire 
duration of building a million-person Mars settlement may be unrealistic. In this case, it may be 
necessary to identify alternative sources of propellant (e.g., from asteroids) and/or develop 
propulsion alternatives early, in order to avoid a situation where a finite resource is driven to 
depletion due to technological inertia. 
 

3.7.2 Martian resources 
 
Unlike the limited lunar resources, there are vast supplies of water estimated on Mars: 1.2 to 1.7 
million km3 (~1.2 to ~1.7 million Gt) in the north polar cap alone, and perhaps 2 to 3 million km3 
in the south polar cap, though the latter may contain significant amounts of CO2 instead of water 
(Smith et al., 1999). Moreover, these resources may represent only a fraction of the water 
believed to be in the subsurface regolith (Smith et al., 1999). Even if the only accessible water on 
Mars is in the north polar cap, this resource alone represents ~1 million times more than the lunar 
resource, and would be far in excess of that required to supply all of the propellant needs of the 
transport infrastructure for several centuries. 
 
Martian CO2 resources, while also far more abundant than lunar water resources, may be less 
ample: the atmosphere is estimated to contain ~2,400 Gt (Williams, 2015), or ~1.4% to 2.0% of 
the mass of water presumed in the north polar cap, but still enormously larger than the water 
resource on the Moon. If the majority of the south polar cap is CO2 ice, however, then CO2 
resources would be at least as large as its water resources, and could supply CH4 or other CO2-
derived fuels for the foreseeable future. 
 

3.7.3 Earth resources 
 
Producing propellant on Earth to supply the H-1 spacecraft constitutes only 2.6 (1.5, 5.8) EJ, or 
~11 to 41 percent of U.S. annual electricity consumption. Producing H-1 spacecraft constitutes 
an even smaller portion of U.S. energy consumption (~0.2 to 1.8 percent). Even if all spacecraft 
were manufactured on Earth, energy requirements would be ~50 times this amount (however, 
launching them into orbit would require ~7.5 times more energy than this; see Appendix). The 
world, with almost 10,000 times the population of the imagined Mars settlement, produces and 
consumes far more energy than required for this endeavor. 
 
In terms of materials consumption, as reported earlier, the total mass of spacecraft infrastructure 
amounts to only 9.9 (5.3, 30.1) years of U.S. aluminum production; spaced over the span of a 
century, this is again insignificant. We estimate that ~0.71% of the average mass of all spacecraft 
(human and propellant transport) would be comprised of electronics, or 120 (64, 363) kt. If we 
assume that the average laptop computer weighs 1 kg (typical of current, lightweight models), 
this represents ~60 to 360 million laptops, which can be compared to 89 million sold worldwide 
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in the first quarter of 2012 (Pettey, 2012), or ~360 million annually. Over a 100-year period, the 
amount of electronics necessary for spacecraft would be inconsequential. 
 
One concern is over climate change. The CH4-fueled rockets comprising the first stage of the H-
1 spacecraft emit CO2 to the Earth’s atmosphere, though not all the CH4 is burned in the process, 
as rockets achieve the most thrust with a “rich” oxygen-fuel ratio (Dunn, 1997), where some fuel 
is left partially combusted. However, we will assume that all combustion products convert 
quickly to CO2 and H2O in the Earth’s atmosphere, avoiding the troublesome possibility that 
uncombusted CH4 may be released directly where it could act as a greenhouse gas that is ~28 
times more potent than CO2 even when averaged over a 100-year period (Cubasch et al., 2013). 
 
With this caveat, we calculate that ~40 t of CO2 is released per passenger leaving Earth on an H-
1 spacecraft, and that by the settlement maturity year, 55 (32, 120) Mt of CO2 would 
cumulatively be released, with more than half of it after 2100 in the reference case. By 
comparison, the U.S. currently emits the net equivalent of ~6 Gt CO2 annually (U.S. 
Environmental Protection Agency, 2015), and globally, emissions were 40±3 Gt/yr CO2 in 2014 
(Le Quéré et al., 2015). In order to meet the stringent goals of the recent Paris climate agreement 
to limit global temperature change to <2°C above pre-industrial levels, the U.S. may need to 
lower emissions by more than 80% by 2050, and to “all but stop” by 2070 (Ritter et al., 2015), 
with other nations following similar reduction paths. However, even if the global budget for 
greenhouse gas emissions in the 22nd century falls to <1 Gt/yr CO2, the amount of CO2 estimated 
to be emitted from H-1 launches spread over many decades does not seem problematic. 
(Moreover, this assumption is based on no appreciable reduction in emissions from the many 
decades of energy consumption avoided by removing that person from Earth, because annual per 
capita carbon emissions will essentially fall to zero.) Switching to H2/O2 propellant, or advanced, 
propellant-free launch technology (see Section 3.8) would eliminate greenhouse gas emissions 
entirely. 
 

3.8 Longer-term alternatives 
 
Several propulsion technologies exist with higher efficiencies (measured by Isp) than those 
assumed in our analysis (H2/O2 for transport between LEO and ASO, and CH4/O2 between Earth 
and Mars surfaces and their respective orbits). A near-term option is simply switching over 
entirely to H2/O2, with the highest Isp known among common propellants. Other options include: 

• Beamed microwave propulsion, e.g., Escape Dynamics (2015): Isp ~ 700 s 
• Nuclear thermal propulsion, as featured in DRA5.0 (NASA, 2009): Isp ~ 900 s 
• High-thrust ion propulsion, e.g., Variable Specific Impulse Magnetoplasma Rocket 

(VASIMR) (Ad Astra Rocket Company, 2015): Isp ~ 5,000 s 
• Non-propulsive approaches, such as a space elevator (e.g., SSERVI, 2015): Isp ~ ∞ 

(energy requirements close to ideal limit, e.g., change in gravitational potential, or 63 
MJ/kg to escape Earth’s gravity) 

• Suspended animation to reduce human transport spacecraft size, consumables 
requirements and possibly Δv (longer transit times) (e.g., Bradford et al., 2014) 
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These technologies exist at various stages of development, but all appear feasible with current 
technology (Lecher, 2012), except for an Earth space elevator, which requires breakthrough 
materials with strength-to-mass ratios several times higher than today’s best carbon fiber 
materials. As an example, the construction of a lunar space elevator between the lunar poles and 
EML-1 would facilitate propellant-free transport of H2/O2, saving more than 50% of the lunar 
resource. However, any of these technologies could significantly reduce the need for propellant 
in some parts of the envisioned system. 
 
In the next two sections, we explore the space elevator and suspended animation concepts in 
more detail.  
 

3.8.1 Space elevators 
 
Because the technology to build at least lunar and Martian space elevators already exists, we 
examined the impact of such improvements quantitatively using our model framework. 
Propellant production is replaced with electricity for climbing up tethers (when moving 
downward toward gravitating bodies, energy is not required and can actually be harnessed, but 
we assume no net energy gain for downward transport). Significant mass savings is achieved 
without having to provide propellant, engines or thermal protection. On the other hand, it is 
estimated that tether climbers themselves may require ~50% of the payload mass (Dula and 
Zhenjun, 2015); this additional mass is taken into account in our estimates (with 1σ variability of 
±20%). Also, climbing from the surface into geostationary orbit is a slower process than when 
using rockets; we estimate that at 300 km/hr., it would take ~6.5 days to travel from LEO altitude 
(~400 km) to Earth escape velocity altitude (~47,000 km), plus another ~3.5 days of free flight to 
reach EML-1, or ~10 days in total (travel from Earth’s surface to LEO altitude at ~400 km is 
negligible, only ~1.3 hr.). On Mars, travel between the surface and ASO (~17,000 km) would 
take ~2.5 days rather than the ~1 hr. for propulsive flight. These have consumables implications, 
which we have account for in our assessment. In addition, for the Mars shuttle (H-4), the greatly 
increased trip length requires an increase in overall ship mass; we assumed for simplicity the 
same mass as the multi-day shuttle (H-2) used between LEO and EML-1, even though in reality, 
the H-4 ship, with a trip duration of ~25% of the H-2 ship, would probably not need to be as 
massive. A key question to explore in future research is the feasible upper limit of elevator 
transit speeds. 
 
Note that space elevators can be used to directly launch ships into interplanetary orbits, by 
climbing to altitudes higher than needed to achieve escape velocity. For an Earth space elevator, 
an altitude of 123,100 km is sufficient to send a spacecraft directly to Mars (with ~180 day 
period at opposition), e.g., bypassing the need to first travel to EML-1 and refuel for the outward 
journey. While propellant would still be needed to decelerate at Mars for orbit capture, savings 
would be ~75% for an H-3 spacecraft. Similarly, a longer Mars space elevator could impart a 
spacecraft with sufficient velocity to travel directly to Earth, with a similar reduction in 
propellant for deceleration. 
 
Table 28 shows comparisons between Δv assumptions for propulsive vs. space elevator 
transport, illustrating the large savings in propellant. Table 29 shows the change in assumptions 
for consumable needs, number of uses per synodic period, and ship masses, due to the longer 
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duration of travel between Earth and Mars surfaces and rendezvous orbits at EML-1 and ASO, 
respectively. Table 30 shows selected result variables indicating the large savings in propellant 
and overall mass possible using space elevators at one or more locations. The construction of a 
space elevator on Mars would have the largest single impact on overall energy (45% savings), 
and constructing space elevator on the Moon as well would increase overall energy savings to 
58%. Propellant energy savings are ~11% higher. With space elevators constructed on Earth as 
well, total energy savings would be 62% and propellant savings would be 75% relative to the 
reference case. A lunar space elevator would also reduce lunar propellant needs by 51%, or 55% 
with an Earth space elevator as well. 
 
Table 28. Comparison of reference case Δv assumptions for propulsive and space elevator 
cases 

Spacecraft Endpoints 

Δv without contingency (km/s)  
All propulsive Space elevator 

Outbound Return Outbound Return Location 
Human transport: 

H-1 Earth and LEO 9.50 0.10 0.00 0.00 Earth 
H-2 LEO and EML-1 3.77 0.77 0.14 0.14 Earth 
H-3 EML-1 and ASO 6.12 6.12 6.12 6.12 N/A 
H-4 ASO and Mars 2.60 6.00 0.00 0.00 Mars 

Propellant transport: 
P-1 Moon and EML-1 2.52 2.52 0.00 0.00 Moon 
P-2 EML-1 and LEO 0.77 3.77 0.14 0.14 Earth 
P-3 Mars and LMO 4.10 0.70 0.00 0.00 Mars 
P-4 LMO and ASO 1.90 1.90 0.00 0.00 Mars 

 
Table 29. Reference case assumptions for space elevator configurations 

Spacecraft 

Consumables need 
(days) 

Number of trips per 
launch window 

Space elevator lifting 
energy (MJ/kg) 

All 
propulsive 

Space 
elevators 

All 
propulsive 

Space 
elevators 

Human transport: 
H-1 0.40 0.40 3 3 3.815 
H-2 3.50 10.0 2 1 58.75 
H-3 180 180 1 1 N/A 
H-4 (return 
full) 0.40 2.50 

3 2 12.60 H-4 (return 
empty) 0 0 

Propellant transport – outbound phase only: 
P-1 

N/A N/A 

2.816 
P-2 58.75 
P-3 1.364 
P-4 11.55 
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Table 30. Space elevator impacts relative to reference case at maturity year 

Result 
variable Units 

Reference 
case 

Space elevators: 

Moon Mars 
Moon and 

Mars 
Moon, Mars, 

and Earth 
Cumulative spacecraft mass: 
Human 
spacecraft Mt 5.227 5.227 5.881 5.881 5.552 

Propellant 
spacecraft Mt 11.71 9.959 4.255 2.507 2.152 

Total Mt 16.93 15.19 10.136 8.388 7.703 
Cumulative propellant mass: 
Human 
spacecraft Mt 499.0 499.0 480.6 480.6 365.8 

Propellant 
spacecraft Mt 1,268 1,057 211.5 0.0 0.0 

Total Mt 1,767 1,556 692.1 480.6 365.8 
Supplied by 
Moon 

Mt 413.8 202.3 413.8 202.3 184.2 
%  -51.12% 0.00% -51.12% -55.50% 

Cumulative energy: 
Spacecraft  PJ 3,803 3,470 2,570 2,237 2,080 

Propellant 
PJ 50,780 43,400 23,320 15,940 12,750 
%  -14.53% -54.09% -68.61% -74.88% 

Elevator 
operation PJ 0 897.1 3,890 4,787 5,653 

Total PJ 54,580 47,770 29,780 22,960 20,490 
%  -12.48% -45.45% -57.93% -62.47% 

 

3.8.2 Suspended animation 
 
Suspended animation or “induced torpor,” currently used as a therapeutic medical treatment for 
traumatic injuries (e.g., Dang, 2006), could also provide major mass savings for space travel 
(Bradford et al., 2014). By lowering the body temperature of passengers 2.8 to 5.6 °C, inducing a 
reversible, coma-like state, the habitable volume needed per person could be vastly reduced, with 
significantly reduced levels of consumables as well. Bradford et al. (2014) found spacecraft mass 
reductions of 52% to 68% compared to the NASA DRA5.0 Mars mission design. 
 
We used our model to estimate the H-3 spacecraft mass and propellant savings for two 
suspended animation scenarios. For Scenario A, we assumed habitable volume and consumables 
for crew would remain the same as in the reference case, but the crew-to-passenger ratio would 
be reduced from 15% to 5% due to far fewer passenger needs. The habitable volume for 
passengers would be reduced to levels found in the H-1 and H-4 spacecraft, with an 88% 
reduction in consumables per passenger (Vision Scenario from Bradford et al., 2014). For 
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Scenario B, we further assumed an increase in trip length from 180 to 260 days, which would 
reduce Δv by ~3.5 km/s but increase consumables requirements (both during flight and for 
contingency, as the free return trip would increase from 2 to 3 years; Zubrin and Wagner, 2011). 
 
Results using reference case parameters are presented in Table 31. For Scenario A, the H-3 
empty spacecraft mass is reduced by 80% and consumables mass is reduced by 84%. This large 
reduction in mass in turn reduces the overall propellant demand and thus mass of propellant 
spacecraft. By the maturity year, cumulative total propellant mass is reduced by 75%, with 
similar levels of reduction in propellant spacecraft mass, propellant supplied by the Moon, and 
overall energy requirements. 
 
For Scenario B, consumables mass is higher (~1.3 t/person) than in Scenario A (~0.9 t/person), 
but cumulative propellant mass is reduced an additional 11%, or 86% relative to the reference 
case, with similar levels of reduction in propellant spacecraft mass, propellant supplied by the 
Moon, and overall energy requirements. 
 
Table 31. Suspended animation impacts on spacecraft mass and propellant requirements 

Parameter or key result Units 
Scenario Change from reference 

Reference A B A B 
Crew-to-passenger ratio  15.0% 5.00% 5.00% -66.7% -66.7% 
H-3 habitable volume m3/person 33.00 2.524 2.524 -92.4% -92.4% 
H-3 empty spacecraft 
mass t/person 24,750 4,897 4,897 -80.2% -80.2% 

Consumables mass t/person 5.552 0.8989 1.309 -83.8% -76.4% 
Cumulative H-3 
spacecraft mass Mt 4,413 798.7 705.5 -81.9% -84.0% 

Cumulative human 
spacecraft mass Mt 5,227 1,516 1,425 -71.0% -72.7% 

Cumulative propellant 
spacecraft mass Mt 11,707 2,913 1,503 -75.1% -87.2% 

Cumulative total 
propellant mass required Mt 1,767 446.3 239.9 -74.7% -86.4% 

Cumulative total 
propellant provided by 
Moon 

Mt 413.8 108.6 59.80 -73.8% -85.5% 

Cumulative energy 
required EJ 54.58 13.84 7.596 -74.6% -86.1% 

 

3.8.3 Other sources of propellant 
 
More than 12,000 near Earth asteroids (NEAs) have been discovered within easy reach of the 
Earth-Moon system, energetically speaking, and hundreds of them require less round-trip energy 
to visit than the lunar surface (NASA, 2015c). More than 2 million NEAs are estimated to exist 
in total, and many contain volatiles including water, ammonia, carbon dioxide and perhaps even 
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hydrocarbons such as methane (Dula and Zhenjun, 2015). Assuming continued reliance on H2/O2 
propulsion for some components of the human transport system, concurrent exploration of NEAs 
as alternatives to lunar water will be necessary well before that resource began to be depleted. In 
addition to propellant, asteroids could also provide construction materials (rock, metals, etc.) to 
EML-1 or other depot orbits for use. While Mars is far larger and more abundant in resources 
than asteroids, it may nonetheless be less energetically costly to mine water or carbon dioxide 
from nearby asteroids and transport propellant to Mars orbit, rather than lift these products from 
the Martian surface. 

4 Conclusions 
 
We performed the first comprehensive assessment of the energy, resource and infrastructure 
requirements of a large-scale human transport system between Earth and Mars. We developed 
credible mass estimates for a system consisting of four appropriately-sized reusable spacecraft to 
move humans, and four additional types of reusable spacecraft for moving propellant from the 
Moon and Mars to in-orbit depots. We developed scenarios of infrastructure scale-up to achieve 
a Mars settlement size of 1 million people by the first half of the 22nd century. A variability 
analysis was performed as part of the study. Confidence bounds are large due to many poorly-
constrained factors. We did not examine the requirements of the Mars settlement itself. 
 
We estimated the length of time needed for the settlement to grow to 1 million people, along 
with the cumulative spacecraft masses and propellant required to propel them. We then 
converted these masses into equivalent electricity requirements. We found that the vast majority 
(>90%) of energy demand was associated with propellant production. We also estimated the 
solar PV capacity needed to supply electricity for the entire transport system, including 
spacecraft manufacture. The majority of solar PV installation would occur on Mars, with only 
5% installed on Earth. 
 
While not the focus of the study, we also estimated the CO2 emissions on Earth, and average cost 
of operating the system. The latter estimate serves as a useful minimum, as it did not include 
infrastructure design, development, qualification or construction (apart from energy costs) costs. 
 
We identified lunar water as a potential resource limitation, as we estimated that 33 (±1σ 
variability: 18 to 78) percent would be consumed by the maturity year, necessitating the 
exploration of alternatives early in the settlement effort to avoid irreversible depletion of this 
finite resource. We discussed several remedies including the use of space elevators and 
suspended animation of passengers, either of which could greatly reduce the overall propellant 
requirements. We also examined resource constraints on Earth and Mars, and found no 
limitations. 
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Appendix 
 

Equations used to calculate spacecraft element masses 
 
We use the following equation for calculating the mass of human spacecraft: 
 
 𝑀 = 𝑆 + 𝐻 + 𝐶 + 𝐶! + 𝐵 + 𝐵! + 𝑇 + 𝐸 + 𝑃 + 𝑃! (1.) 
 
where: 
 

M = gross ship mass 
S = empty ship mass 
H = human mass 
C = consumables mass 
CS = consumables storage mass 
B = baggage (cargo) mass 
BS = baggage (cargo) storage mass 
T = thermal protection mass 
E = engine mass 
P = propellant mass 
PS = propellant storage mass 
 

Note that the same equation can be used for propellant transport spacecraft, but we set H = 0 and 
replace baggage mass with shipped propellant mass, retaining the same variable B. 
 
We define 
 
 𝐶! = 𝑐!𝐶 (2.) 
 
 𝐵! = 𝑏!𝐵 (3.) 
 
 𝑋 = 𝑆 + 𝐻 + 𝐶 + 𝐶! + 𝐵 + 𝐵! = 𝑆 + 𝐻 + 1+ 𝑐! 𝐶 + (1+ 𝑏!)𝐵 (4.) 
 
where 
 

cs = consumables storage mass ratio (constant) 
bs = baggage storage mass ratio (constant) 
X = ship mass not associated with propulsion or thermal protection 

 
Further, we define 
 
 𝑇 = 𝑡(𝑋 + 𝐸 + 𝑃!) (5.) 
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 𝐸 = 𝑒(𝑋 + 𝑇 + 𝑃!) (6.) 
 
 𝑃 = 𝑝(𝑋 + 𝑇 + 𝐸 + 𝑃!) (7.) 
 
 𝑃! = 𝑝!𝑃 (8.) 
 
where 
 

t = thermal protection mass ratio (constant) 
e = engine mass ratio (constant) 

p = propellant mass ratio (from Tsiolkovsky rocket equation) = exp ∆!
!!"∙!!

− 1 

∆𝑣 = velocity change (km/s) 
Isp = specific impulse (s) 
ge = Earth surface gravitational acceleration (9.81 m/s2). 
ps = propellant storage mass ratio (constant) 

 
Note that the above equations are coupled; therefore, after some substitution we find: 
 
 𝑇 = ! !!!

!!!"
𝑋 + 𝑃! = 𝑘 𝑋 + 𝑃! = !

!!!!
𝑋 (9.) 

 
 𝐸 = 𝑒 1+ 𝑘 𝑋 + 𝑃! = ! !!!

!!!!
𝑋 (10.) 

 
 𝑃 = 𝑝(1+ 𝑒)(1+ 𝑘)(𝑋 + 𝑃!) =

!(!!!) !!!
!!!!

𝑋 (11.) 
 
 𝑃! = 𝑝!𝑝(1+ 𝑒)(1+ 𝑘)(𝑋 + 𝑃!) =

!!
!!!!

𝑋 (12.) 
 
where 
 
 𝑘 = ! !!!

!!!"
 (13.) 

 
 𝑘! = 𝑝!𝑝(1+ 𝑒)(1+ 𝑘) (14.) 
 
Finally, M is found by 
 
 𝑀 = 𝑋 + 𝑇 + 𝐸 + 𝑃 + 𝑃! = 1+ 𝑝 1+ 𝑒 1+ 𝑘 𝑋 + 𝑃! = (!!!)(!!!) !!!

!!!!
𝑋 (15.) 

 
Note that for the H-1 through H-4 spacecraft that are used for round-trip travel, the larger values 
of T, E and PS are determined and used for both legs of the journey; only P (along with X, if 
passengers are absent) is varied.  
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Estimation of energy density of rocket fuels 
 
To convert water ice into liquid H2 and O2 requires significant energy: melting the ice, which for 
lunar ice is estimated to be at a frigid 35 K, electrolyzing it into gaseous H2 and O2, and then 
liquefying the gases for storage. The majority of the energy is used for the electrolysis process 
(~84%); because the electrolysis process released considerable quantities of heat, we assumed 
that this discarded energy could be used to provide heat for melting H2O ice. The resulting H2/O2 
propellant energy density was 34.87 MJ/kg, with ±1σ estimates of 32.93 and 39.74 MJ/kg, 
respectively. 
 
See Table 32 for details. 
 
Table 32. Parameters used to estimate embodied energy density of H2/O2 fuel 

Component 

Energy 
input 
(J/g) 

Mass 
fraction 

(g/g 
H2O) 

Energy input 
(J/g H2O) 

Energy input 
fraction Notes 

H2O melting 734 1 734 2.7% 
(included in H2O electrolysis) A 

H2O electrolysis 22,700 1 22,700 83.7% B 
H2 liquefaction 28,800 11.1% 3,200 11.8% C 
O2 liquefaction 1,836 66.7% 1,224 4.5% D 
O2 discarded 0 22.2% 0 0.0% E 
H2/O2 propellant 34,870 77.8% 27,120 100.0%  

A = Heat from 35 K to 298 K, assume 100% efficient using waste heat from electrolysis (Sharp, 2012; Engineering 
Toolbox, no date; Jensen et al., 1980) 
B = Assume 70% efficient (Mazloomi et al., 2012), with ±1σ variability estimates of (60%, 75%) 
C = Assume best available technology (50% efficient) (Gardiner, 2009) 
D = Assume best available technology from air separation industry (638 kWh/t), with 20% of energy consumed in 
air separation removed 
E = Assume O2:H2 combustion ratio = 6.0 (Dunn, 1997) 
 
For CH4/O2 propellant, we utilized the reported CH4 energy density of 55.5 MJ/kg (Wikipedia, 
2016a) and 890.22 kJ/mol (Wikipedia, 2016b), estimated synthetic production efficiency from 
CO2 and H2O of 60% (Landgraf, 2014), and oxygen:fuel ratio (Dunn, 1997). We assumed an 
efficiency ±1σ variability of (50%, 65%). The liquefaction energy for CH4 was found to be 
between 6.5% and 9% of fuel energy (Bridgwood, 2015); we used 8% as our reference value, or 
4.16 MJ/kg CH4. The resulting estimated energy density of CH4/O2 propellant was 25.54 MJ/kg 
with ±1σ estimates of 23.63 and 30.38 MJ/kg, respectively. 
 

Variability analysis: asymmetric function definitions 
 
Many of the parameter distributions were asymmetric in terms of their +1σ vs. -1σ values as 
compared with their reference values. As a result, for the purpose of Monte Carlo simulation, 
normal Gaussian distributions were not appropriate to use to model continuous distributions, and 
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a continuously variable asymmetric distribution function was sought. Existing definitions of 
asymmetric probability distributions based on a normal (Gaussian) function (e.g., skew normal) 
were not entirely suitable, so we developed a novel function with the required functional 
behavior. 
 
We define an asymmetry factor α as: 
 
 𝛼 = !!"#!!!!

!!"#!!!!
 (16.) 

 
where 
 
 𝑋!"# = reference value of parameter X 
 𝑋!! = value of parameter X at upper confidence interval (+1σ) bound  
 𝑋!! = value of parameter X at lower confidence interval (-1σ) bound 
 
(For symmetric distributions, α = 1.) 
 
We define the asymmetric cumulative probability distribution Φ!(y): 
 
 Φ! 𝑦 = Φ 𝑥  (17.) 
 
where 
 
 y(α,x) = asymmetric standard deviation number mapping (defined below) 
 x = normal (Gaussian) standard deviation number 
 Φ 𝑥  = normal (Gaussian) cumulative distribution function. 
 
It was desirable for y(α,x) to have the following properties: 
 
 lim!→!

!(!,!)
!(!,!!)

= 𝛼 (18.) 

 lim!→!
!(!,!)
!(!,!!)

= 1 (19.) 
 
In other words, the ratio of upper to lower confidence intervals 𝑟 = !(!,!)

!(!,!!)
 converges to α when 

𝑥 ≈ 1, while this ratio converges to 1 when 𝑥 ≈ 0, e.g., Φ!(y) reduces to the normal cumulative 
distribution function Φ 𝑥 , because distributions are expected to be symmetric for small x (<< 
1). 
 
For x > 1, we could allow r to remain fixed at α, but this would introduce an unwanted 
discontinuity in y(α,x) . Instead, we decided to allow r to slowly grow larger than α. A square-
root dependence with x appeared to provide the desired behavior as x became large (> 2, beyond 
which Φ ±𝑥 → (0,1), the practical limits of a normal distribution). Thus, 
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 lim!!!
!(!,!)
!(!,!!)

= 𝛼 ! (20.) 
 
Specifically, we define 
 
 𝑦 𝛼, 𝑥 = 𝑥 ∙ 𝛼!!"#$(!) ! /! (21.) 
 
Note that when α = 1, y = x for all values, thus Φ! 𝑦 = Φ! 𝑥 = Φ 𝑥 , or a normal cumulative 
distribution. 
 
The best way to visualize the behavior of Φ!(𝑦) is by looking at how y varies with α and x, as 
depicted in Figure 8. Thus, when x = ±1 (e.g., ±1σ bounds), we find y(α,±1) = 𝛼±!/!, and r = α, 
as expected. For x = ±2 (e.g., ±2σ bounds), y = 𝛼± !/! ≈ 1.633 and 𝑟 ≈ 2.665 when α = 2. For 
x = ±3, 𝑟 ≈ 3.322 for α = 2. Going the other way, for 𝑥 → 0, we find 𝑦 → 𝑥 for all α, e.g., 𝑟 →
1, the small x limit. 
 
Figure 9 shows variations in r as a function of α and x. Examples of asymmetric probability 
distribution functions 𝜙! 𝑦 = !

!"
Φ!(𝑦) for different values of α are shown in Figure 10. 

Finally, Table 33 and Table 34 provide numerical results for r and y, respectively, for selected 
values of α and x. 
 

 
Figure 8. Functional behavior of y(α ,x) 
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Figure 9. Ratios of upper to lower confidence interval bounds r = y(α ,x) / y(α ,–x) 

 

 
Figure 10. Examples of asymmetric probability distribution functions ϕα(y) 
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Table 33. Values of ratio of upper to lower confidence intervals r(α ,x) 

Number of 
standard 

deviations x 
Asymmetry factor α  

0.25 0.50 0.75 1.0 1.5 2.0 2.5 3.0 4.0 
0.0 1.0000 1.0000 1.0000 1.000 1.000 1.000 1.000 1.000 1.000 
0.2 0.5380 0.7335 0.8793 1.000 1.199 1.363 1.506 1.634 1.859 
0.5 0.3752 0.6125 0.8159 1.000 1.332 1.633 1.912 2.175 2.665 
1.0 0.2500 0.5000 0.7500 1.000 1.500 2.000 2.500 3.000 4.000 
1.5 0.1831 0.4279 0.7030 1.000 1.643 2.337 3.072 3.840 5.462 
2.0 0.1408 0.3752 0.6657 1.000 1.774 2.665 3.654 4.729 7.103 
2.5 0.1117 0.3342 0.6345 1.000 1.899 2.992 4.258 5.681 8.952 
3.0 0.0906 0.3010 0.6076 1.000 2.018 3.322 4.889 6.705 11.036 
4.0 0.0625 0.2500 0.5625 1.000 2.250 4.000 6.250 9.000 16.000 
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Table 34. Values of y(α ,x) 

Number of 
standard 

deviations x 

Cumulative 
 probability  

function 𝜱(𝒙) 
Asymmetry factor α  

0.25 0.50 0.75 1.0 1.5 2.0 2.5 3.0 4.0 
-4.0 0.0000317 -16.000 -8.000 -5.333 -4.000 -2.667 -2.000 -1.600 -1.333 -1.000 
-3.0 0.00135 -9.966 -5.468 -3.849 -3.000 -2.112 -1.646 -1.357 -1.159 -0.903 
-2.5 0.00621 -7.480 -4.324 -3.138 -2.500 -1.814 -1.445 -1.212 -1.049 -0.836 
-2.0 0.0228 -5.330 -3.265 -2.451 -2.000 -1.501 -1.225 -1.046 -0.920 -0.750 
-1.5 0.0668 -3.506 -2.293 -1.789 -1.500 -1.170 -0.981 -0.856 -0.765 -0.642 
-1.0 0.1587 -2.000 -1.414 -1.155 -1.000 -0.816 -0.707 -0.632 -0.577 -0.500 
-0.5 0.3085 -0.816 -0.639 -0.554 -0.500 -0.433 -0.391 -0.362 -0.339 -0.306 
0.0 0.5000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.5 0.6915 0.306 0.391 0.452 0.500 0.577 0.639 0.691 0.737 0.816 
1.0 0.8413 0.500 0.707 0.866 1.000 1.225 1.414 1.581 1.732 2.000 
1.5 0.9332 0.642 0.981 1.258 1.500 1.923 2.293 2.629 2.939 3.506 
2.0 0.9772 0.750 1.225 1.632 2.000 2.664 3.265 3.823 4.349 5.330 
2.5 0.9938 0.836 1.445 1.991 2.500 3.445 4.324 5.159 5.959 7.480 
3.0 0.99865 0.903 1.646 2.338 3.000 4.262 5.468 6.634 7.768 9.966 
4.0 0.999968 1.000 2.000 3.000 4.000 6.000 8.000 10.000 12.000 16.000 

 

Full set of sensitivity results 
 
Table 35 and Table 36 show the full set of sensitivity results for cumulative total energy and cumulative lunar propellant. 
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Table 35. Sensitivity of input parameters to cumulative total energy 

Input parameter -2σ  -1σ  1σ  2σ  Rank 
Delta-v contingency: fraction of needed -10.137% -5.215% 5.529% 11.392% 13 
Thermal protection scaling -0.835% -0.492% 1.092% 2.854% 23 
Isp: CH4/O2 (sl) -0.434% -0.229% 0.258% 0.549% 37 
Isp: CH4/O2 (vac) -7.560% -4.031% 4.639% 10.020% 14 
Isp: H2/O2 (vac) -11.879% -6.305% 7.181% 15.422% 12 
Propellant storage mass ratio -15.678% -8.317% 9.441% 20.206% 8 
Engine mass ratio -3.153% -1.590% 1.616% 3.260% 21 
Consumables: O2 -1.050% -0.525% 0.525% 1.050% 34 
Consumables: Total dry food -2.828% -1.632% 3.264% 7.536% 16 
Consumables: Whole:dry mass ratio -3.572% -1.786% 1.786% 3.572% 20 
Consumables: Total potable water -0.231% -0.125% 0.188% 0.409% 41 
Consumables: Shipped wash water -4.769% -2.855% 6.813% 16.315% 10 
Consumables: Recycle rate of N2 -0.465% -0.268% 0.537% 1.239% 33 
Consumables: Recycle rate of water -6.369% -3.676% 7.353% 16.976% 9 
Food storage mass ratio -0.317% -0.158% 0.158% 0.317% 45 
Consumption period needs: Mars transport ship -0.213% -0.123% 0.246% 0.567% 36 
Consumption period contingencies: Earth shuttle -0.096% -0.060% 0.181% 0.455% 40 
Consumption period contingencies: Mars shuttle -0.064% -0.040% 0.121% 0.305% 46 
Consumption period contingencies: Mars transport ship -1.389% -0.748% 1.068% 2.301% 27 
Consumption period contingencies: Overnight ship -0.184% -0.106% 0.213% 0.491% 39 
Cargo storage mass ratio -0.103% -0.051% 0.051% 0.103% 52 
Crew-to-passenger ratio (all ships) -8.989% -4.494% 4.494% 8.989% 15 
Habitable volume ratio (all ships) -26.540% -15.924% 26.540% 79.620% 4 
H-3 ship: Mass/pressurized volume -41.308% -23.843% 47.685% 110.093% 2 
H-3 ship: Habitable volume per person -31.887% -17.340% 26.010% 56.577% 5 
H-2 ship: Mass/pressurized volume -1.722% -0.937% 1.405% 3.057% 22 
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H-2 ship: Habitable volume per person -0.304% -0.176% 0.351% 0.811% 35 
H-1 and H-4 ships: Mass/pressurized volume -2.428% -1.320% 1.981% 4.308% 18 
H-1 and H-4 ships: Habitable volume per person -2.113% -1.056% 1.056% 2.113% 28 
Passenger cargo -1.025% -0.592% 1.183% 2.732% 24 
Settlement/passenger cargo ratio -0.512% -0.296% 0.592% 1.366% 31 
Doubling period -0.497% -0.309% 0.912% 2.534% 25 
Attrition rate -84.479% -36.166% 35.477% 65.506% 3 
Population growth rate -42.496% -26.895% 45.368% 139.217% 1 
Maximum number of ships ratio -11.933% -12.258% 20.951% 36.362% 6 
Infrastructure replacement period -2.227% -1.417% 1.604% 4.004% 19 
Re-use factor: H-1, H-4 -0.139% -0.098% 0.133% 0.398% 43 
Re-use factor: H-2 -0.075% -0.045% 0.075% 0.226% 47 
Re-use factor: H-4 (space elevator only) 0.000% 0.000% 0.000% 0.000% 57 
Embodied energies: H2/O2 conversion efficiency -3.558% -2.154% 5.385% 15.902% 11 
Embodied energies: CH4/O2 conversion efficiency -6.216% -3.790% 9.854% 30.817% 7 
Embodied energies: Aluminum alloy -1.670% -0.835% 0.835% 1.670% 29 
Embodied energies: Ceramic -0.004% -0.002% 0.002% 0.004% 56 
Embodied energies: Solar PV -0.119% -0.059% 0.059% 0.119% 51 
Embodied energies: Electronics -0.438% -0.281% 0.939% 2.411% 26 
Mass of propellant spacecraft: Solar PV -0.043% -0.027% 0.082% 0.205% 49 
Mass of propellant spacecraft: Electronics -0.149% -0.086% 0.172% 0.398% 44 
Space elevator: Infrastructure factor 0.000% 0.000% 0.000% 0.000% 57 
Space elevator: Mars shuttle consumption period needs 0.000% 0.000% 0.000% 0.000% 57 
Space elevator: Overnight ship consumption period needs 0.000% 0.000% 0.000% 0.000% 57 
Delta-v: Earth to LEO (stage 1) -0.202% -0.102% 0.105% 0.212% 48 
Delta-v: Earth to LEO (stage 2) -0.136% -0.068% 0.069% 0.140% 50 
Delta-v: LEO to Earth -0.022% -0.011% 0.011% 0.022% 55 
Delta-v: LEO to EML-1 -0.097% -0.049% 0.050% 0.100% 54 
Delta-v: EML-1 to LEO -0.098% -0.049% 0.050% 0.101% 53 
Delta-v: EML-1 to ASO -5.941% -3.019% 3.120% 6.345% 17 
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Delta-v: Moon to EML-1 -0.502% -0.253% 0.256% 0.516% 38 
Delta-v: LMO to ASO -1.276% -0.643% 0.654% 1.319% 32 
Delta-v: Mars to LMO -1.446% -0.727% 0.736% 1.482% 30 
Delta-v: LMO to Mars -0.387% -0.196% 0.200% 0.404% 42 

 
Table 36. Sensitivity of input parameters to cumulative lunar propellant 

Input parameter -2σ  -1σ  1σ  2σ  Rank 
Delta-v contingency: fraction of needed -8.046% -4.107% 4.282% 8.749% 12 
Thermal protection scaling -1.231% -0.738% 1.773% 5.044% 16 
Isp: CH4/O2 (sl) 0.000% 0.000% 0.000% 0.000% 41 
Isp: CH4/O2 (vac) 0.000% 0.000% 0.000% 0.000% 41 
Isp: H2/O2 (vac) -15.318% -8.196% 9.504% 20.619% 7 
Propellant storage mass ratio -10.345% -5.405% 5.934% 12.470% 10 
Engine mass ratio -2.278% -1.147% 1.164% 2.345% 21 
Consumables: O2 -1.084% -0.542% 0.542% 1.084% 27 
Consumables: Total dry food -2.799% -1.615% 3.231% 7.458% 14 
Consumables: Whole:dry mass ratio -3.526% -1.763% 1.763% 3.526% 17 
Consumables: Total potable water -0.247% -0.134% 0.201% 0.438% 29 
Consumables: Shipped wash water -5.100% -3.053% 7.286% 17.447% 9 
Consumables: Recycle rate of N2 -0.460% -0.266% 0.531% 1.227% 26 
Consumables: Recycle rate of water -6.580% -3.798% 7.596% 17.537% 8 
Food storage mass ratio -0.320% -0.160% 0.160% 0.320% 32 
Consumption period needs: Mars transport ship -0.239% -0.138% 0.276% 0.638% 28 
Consumption period contingencies: Earth shuttle -0.002% -0.001% 0.004% 0.009% 39 
Consumption period contingencies: Mars shuttle 0.000% 0.000% 0.000% 0.000% 41 
Consumption period contingencies: Mars transport ship -1.354% -0.729% 1.041% 2.242% 22 
Consumption period contingencies: Overnight ship -0.635% -0.366% 0.733% 1.692% 24 
Cargo storage mass ratio -0.094% -0.047% 0.047% 0.094% 35 
Crew-to-passenger ratio (all ships) -8.663% -4.331% 4.331% 8.663% 13 
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Habitable volume ratio (all ships) -26.439% -15.863% 26.439% 79.317% 4 
H-3 ship: Mass/pressurized volume -40.534% -23.395% 46.791% 108.028% 2 
H-3 ship: Habitable volume per person -31.289% -17.015% 25.522% 55.516% 5 
H-2 ship: Mass/pressurized volume -5.560% -3.024% 4.535% 9.865% 11 
H-2 ship: Habitable volume per person -0.982% -0.567% 1.134% 2.618% 18 
H-1 and H-4 ships: Mass/pressurized volume -0.028% -0.015% 0.023% 0.049% 37 
H-1 and H-4 ships: Habitable volume per person -0.024% -0.012% 0.012% 0.024% 38 
Passenger cargo -0.934% -0.539% 1.078% 2.489% 20 
Settlement/passenger cargo ratio -0.467% -0.270% 0.539% 1.245% 25 
Doubling period -0.496% -0.308% 0.909% 2.526% 19 
Attrition rate -84.042% -35.332% 33.341% 60.379% 3 
Population growth rate -43.689% -27.630% 46.510% 142.503% 1 
Maximum number of ships ratio -18.699% -15.165% 20.960% 36.319% 6 
Infrastructure replacement period 0.000% 0.000% 0.000% 0.000% 41 
Re-use factor: H-1, H-4 0.000% 0.000% 0.000% 0.000% 41 
Re-use factor: H-2 0.000% 0.000% 0.000% 0.000% 41 
Re-use factor: H-4 (space elevator only) 0.000% 0.000% 0.000% 0.000% 41 
Embodied energies: H2/O2 conversion efficiency 0.000% 0.000% 0.000% 0.000% 41 
Embodied energies: CH4/O2 conversion efficiency 0.000% 0.000% 0.000% 0.000% 41 
Embodied energies: Aluminum alloy 0.000% 0.000% 0.000% 0.000% 41 
Embodied energies: Ceramic 0.000% 0.000% 0.000% 0.000% 41 
Embodied energies: Solar PV 0.000% 0.000% 0.000% 0.000% 41 
Embodied energies: Electronics 0.000% 0.000% 0.000% 0.000% 41 
Mass of propellant spacecraft: Solar PV -0.050% -0.031% 0.094% 0.236% 33 
Mass of propellant spacecraft: Electronics -0.040% -0.023% 0.046% 0.105% 34 
Space elevator: Infrastructure factor 0.000% 0.000% 0.000% 0.000% 41 
Space elevator: Mars shuttle consumption period needs 0.000% 0.000% 0.000% 0.000% 41 
Space elevator: Overnight ship consumption period needs 0.000% 0.000% 0.000% 0.000% 41 
Delta-v: Earth to LEO (stage 1) 0.000% 0.000% 0.000% 0.000% 41 
Delta-v: Earth to LEO (stage 2) 0.000% 0.000% 0.000% 0.000% 40 
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Delta-v: LEO to Earth -0.075% -0.037% 0.038% 0.076% 36 
Delta-v: LEO to EML-1 -0.333% -0.168% 0.170% 0.343% 31 
Delta-v: EML-1 to LEO -0.348% -0.175% 0.178% 0.358% 30 
Delta-v: EML-1 to ASO -6.030% -3.064% 3.166% 6.439% 15 
Delta-v: Moon to EML-1 -1.853% -0.933% 0.945% 1.902% 23 
Delta-v: LMO to ASO 0.000% 0.000% 0.000% 0.000% 41 
Delta-v: Mars to LMO 0.000% 0.000% 0.000% 0.000% 41 
Delta-v: LMO to Mars 0.000% 0.000% 0.000% 0.000% 41 
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Energy to lift spacecraft into orbit 
 
We assumed at the outset that all spacecraft except H-1 shuttles would be manufactured off of 
the Earth. However, this might be an unrealistic assumption, if in situ resource utilization is 
limited to propellant production. Therefore, we estimate the additional energy required to lift 
these spacecraft into their initial service locations at LEO (H-2), EML-1 (H-3, P-2), ASO (H-4, 
P-4), Moon (P-1) or Mars (P-3). We assume the use of lift vehicles with refueling depots at the 
same locations as the envisioned system depicted in Figure 2. 
 
Table 37 shows our assumed masses of propellant per payload mass depending on location and 
lifting vehicle assumptions, while Table 38 shows the cumulative additional energy requirements 
for lifting. 
 
Table 37. Assumptions for lifting spacecraft into initial orbit (reference values) 

Spacecraft Destination 

Δv plus 
contingency 

(km/s) 
Propellant 

used 

Propellant to 
payload 

mass ratio 

Propellant energy 
per payload mass 

(MJ/kg) 
H-1 Earth 0 N/A 0 0 

H-2 LEO 9.98 CH4/O2, 
H2/O2 

32.01 817.5 

H-3, P-2 EML-1 13.93 

H2/O2 

38.08 1,029 
H-4, P-4 ASO 20.36 50.24 1,453 

P-1 Moon 20.54 50.89 1,476 

P-3 Mars 26.66 78.34 2,433 
 
We find, using reference value assumptions, that the cumulative lifting energy is 29 EJ, or 53% 
of the cumulative energy of spacecraft and propellant manufacture. Thus, manufacturing 
spacecraft in locations other than Earth represents a significant overall energy savings. 
Conversely, including this additional energy could put additional pressure on resources, 
particularly for the Moon. 
 
We note that to lift even a single H-3 transport spacecraft, with mass of ~3,500 t not including 
consumables or propellant, from Earth’s surface to LEO using current launch capacity would 
require ~260 Falcon 9 launches, ~66 Falcon Heavy launches or ~25 Falcon XX launches 
(SpaceX, 2015b; Spaceflight101, 2015). Moreover, a Falcon XX with payload of 140 t has 
capability of lifting roughly ~1/3 of an H-1 spacecraft as we envision it (~390 t). Only a 
significantly larger rocket could lift an entire H-1 spacecraft in a single launch. 
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Table 38. Energy required to lift spacecraft into initial orbit 

Year 

Human transport system (PJ) Propellant transport system (PJ) 

Grand 
total (PJ) 

Fraction of 
spacecraft and 

propellant 
manufacture 
cumulative 

energy H-1 H-2 H-3 H-4 
Sub-
total P-1 P-2 P-3 P-4 

Sub-
total 

2061 

0 

9.500 122.1 4.887 136.5 94.92 12.31 448.4 78.65 634.3 770.8 145.1% 
2081 88.77 1,141 45.67 1,276 887.0 115.1 4,190 734.9 5,927 7,203 137.6% 
2100 234.6 3,015 120.7 3,370 2,344 304.0 11,071 1,942 15,661 19,031 81.05% 
2131 353.4 4,543 181.8 5,078 3,531 458.1 16,682 2,926 23,598 28,676 52.54% 
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