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Author Preface

ABSTRACT
This report considers the major lessons learned from the design, construction, and operation of
the International Space Station (ISS) and other stations to identify important considerations for
future space station design and operations. It has been prepared by Team BLISS: Beyond LEO
and Into the Solar System.
A discussion of potential design drivers highlights the major areas of interest in developing a
next generation space station (NGSS). These areas are then filtered into a high-level matrix that
is intended to provide a starting point for space agencies, private space companies,
governments, industry, and entrepreneurs interested in developing a future station.
The report investigates the key motivations for building an NGSS––scientific endeavors,
exploration, and commercial development––and recommends the optimal locations for such a
station, while giving an overview of the technology that may be required to carry out these
mission objectives. Attention is given not only to issues of engineering, but also international
cooperation and policy, education and public outreach, station science, finance, and
commercial applications. The team also explores considerations based on the transition period
between the ISS and an NGSS.
The main goal of the report is to provide a first step on the journey toward a next generation of
space stations and provide relevant information in a user-friendly manner.
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FACULTY PREFACE
While visionaries in the 19th century could only dream of travelling into the skies and beyond,
these dreams came true in the 20th century. The iconic pictures of the soaring development
that led humankind from Kitty Hawk to the Moon within decades, set the scene today for all
high hopes and expectations of what advances in technology the future could bring within the
next 5, 10, 50 years.
Once we arrive at a goal that we long reached for, we better build a strong base, from where
we can go on. The International Space Station is such a base incorporating the knowledge and
experience achieved during 50 years of human spaceflight in a truly international cooperative
venture. From there, we can go on to set the next goal, as we have seen from the Wright
brothers to Charles Lindbergh, from Yuri Gagarin to Neil Armstrong.
The Team Project Next Generation Space Station (NGSS carried out during the ISU Space
Studies Program 2012 in Melbourne, Florida investigated how an infrastructure in space should
look, an infrastructure that, based on the ISS experience, takes us to the next steps, or - as they
formulated - it takes us “Beyond Low Earth Orbit into the Solar System.” An NGSS is the next
such base from where a choice of different projects may open new paths into space, where
science and research as known on board the ISS can be continued, and where the political wish
of peaceful international cooperation for the exploration of space can be demonstrated.
Comprising societal, technical, educational, engineering, and many more aspects that such a
centennial undertaking needs to satisfy, the team was faced with many challenges. Among
them, limited time has been the greatest challenge. Only a few weeks were available to do
research and find a way to balance the many options that have been discussed as follow-on
projects to the ISS. The result of their labor is presented in the following pages. Much more so
it is in their minds, and may in their future work lead them back to the lines of reasoning that
they followed during the weeks in Melbourne. They have made friends, settled arguments,
organized themselves individually and in their project team, they may have gone through
stressful and joyous moments, just like real explorers do on their voyages.
Whatever the looks of an NGSS actually will be in the end, the participants surely will feel
united with NGSS’s voyage, by their common intense experience within the team project.
We would like to thank the staff of FIT and ISU, who supported the logistic side of this 24/7
effort, NASA and KSC for providing insights and personnel to help discussing ISS and NGSS
ideas, and last, but not least, Walter Peeters, for proposing this challenging and rewarding
team project subject.
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TEAM PREFACE
Achieving long-term human presence off the surface of the Earth is one of the crowning
technological triumphs of the past 50 years. People have lived and worked in orbit for decades
on space stations. These orbital habitats are humanity’s first attempts to build homes among
the stars. Space stations provide shelter to allow human beings to live, work, and thrive in the
harsh environment of space. Commercial activities, scientific research, technological
demonstrations, international cooperation, and a range of other uses make these complexes
valuable for the development of advanced societies in a global context.
The ISS is a crucial step to building a new off-world future for humanity. The unprecedented
cooperation of so many different countries on one of the largest and most complex engineering
projects in history provides proof of the unifying power of space. The recent completion of the
ISS means that it can now be used to its full scientific potential. Enabled by the laboratories
aboard the ISS, discoveries in medicine, materials science, and human spaceflight will yield
advances relevant to life on Earth while building the technologies of the future. The ISS,
however, will not last indefinitely, and the current plan is to retire the station around 2020.
Even though the ISS is scheduled to be decommissioned, new neighbors are joining the ISS in
the sky. The Tiangong-1 space laboratory is China’s first step toward building a larger orbital
complex. New players, like the United States (US) company Bigelow Aerospace, may make
space economically attractive. Governmental agencies and aerospace companies around the
world from the United States to Russia have proposed possible uses for ISS modules or
completely new structures in space. Many of these are proposed in locations other than low
Earth orbit (LEO). With a multitude of purposes, locations, and sponsors, the space community
needs a path forward so that humanity’s foothold in space is not lost. If people are to make a
true home in space, human civilization must be launched above the surface of the Earth.
Diverse stations spread throughout space will help humanity expand not just its presence but
its knowledge and creativity into new and unique environments. By guiding the advancement
of human beings in space, new technologies, new cultures, and new ideas will be generated
that will fundamentally change the human experience. Space stations built in the near future
will be the foundation for further space exploration and settlement, and this report is meant to
act as a guidebook to that foundation.
At a time of changing programs and budgetary uncertainties in the aerospace industry
worldwide, all stakeholders in human spaceflight must effectively and efficiently plan limited
resources to guarantee continued advancement in the field. The 34 participants of the BLISS
Team hope that this report will prove useful for a variety of interested parties at this crucial
time. From the discussion of lessons learned and design drivers for future space stations to a
user-friendly matrix of choices, this report should prove essential to the designers of
humanity’s next home in the stars.
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The team is deeply grateful to the ISU faculty and staff and external experts, all of whom have
given their invaluable time and advice throughout the project. Their perspective and input
helped the team discover new paths forward that otherwise would have remained shrouded.
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1 INTRODUCTION
The mission statement from Team BLISS (Beyond Low Earth Orbit Into the Solar System), of the
ISU Space Studies Program (SSP) 2012, is:
Establish a framework driving design for a next generation space station built upon diverse
partnerships and capabilities to research and demonstrate key science, technologies, and
systems necessary to enhance socioeconomic value and expand human exploration beyond
Low Earth Orbit.
The BLISS team’s primary objective is to provide a guidebook for those persons or entities
interested in constructing an NGSS. To meet this goal, the team has conducted a review of
literature and other information concerning the planning and operation of the ISS. Through this
review, the team gained an understanding of the issues that were encountered and addressed
at all phases of ISS construction and use. This report takes an interdisciplinary approach by
taking into account not only the engineering challenges, but also the scientific, financial, legal,
and political considerations. Team BLISS also explores opportunities for public outreach that
could be used to increase understanding and interest related to a space station and space
activities generally.
The team investigates the priorities that would be needed given the change in circumstances
that will have developed by the time an NGSS is ready to be put into use. One possible
development from the ISS to an NGSS is increased availability of space for non-governmental
entities, and commercial applications. If this is to be the case, then commercial and other
potential users will have an impact on the design of an NGSS. The findings in this report
attempt to predict the needs of these new participants and suggest solutions for how to fulfill
them.
The developed a matrix that can be employed by interested parties to assess which of their
intended uses are compatible and what sort of design is necessary to accommodate those uses.
The matrix takes several factors into consideration such as location, crew number, potential
partners, and legal issues.

1.1

Project Rationale

The ISS is currently scheduled to be retired within the next decade. By 2015, if humanity wants
a continuous presence in space, a replacement concept should be in place with operations
ready to begin as soon as possible. To help inform decisions on an NGSS design, BLISS is
creating a guidebook to assist the space industry in its work to advance the development of
future space stations and help expand human exploration beyond LEO.

BLISS

1.2

Introductions

Project Approach

Our main objectives for the project are the following:
1. To identify the past, current, and planned use of the ISS and describe its strengths and
weaknesses
2. To identify and describe the design drivers for an NGSS, assuming a development period
from 2015 until 2025
3. To describe the sequence of events during the transition phase from the ISS to an NGSS.
It was important for the BLISS team to take a thorough approach to this topic and this was
enhanced by the interdisciplinary, intercultural, and international nature of the team. Further
to this end, the team began by conducting a literature review on issues pertaining to the ISS.
After the review was completed the team used the results to determine the major areas that
should be considered. These conclusions determined the organizational structure of the team.
A group was formed for each area of interest (See Figure 1-1). Once formed, the groups
performed a more detailed literature review and analysis to forecast the needs of a future
space station based on observed issues with prior stations, user needs, and an evaluation of
developing technologies.

Figure 1-1: BLISS Team Structure
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2 LESSONS LEARNED FROM PAST SPACEFLIGHT
Humanity is still in its infant stages when it comes to living in space. We are learning new
lessons with every additional mission. The greatest lessons for a future station come from
mankind’s longest lived celestial home – the ISS. The ISS itself was built upon the knowledge
gained from previous space station programs such as Salyut, Skylab, and Mir.
To date the ISS has enjoyed a number of successes. As the largest international partnership in
space history, it has required countless advances in human spaceflight engineering. Scientific
breakthroughs have resulted from long-term microgravity research and extended human
spaceflight. Commercial transportation of cargo has been achieved, and commercial crew may
be just around the corner. This progress will only accelerate as the ISS enters its phase of full
utilization. Since spaceflight is an inherently complicated and expensive endeavor, we must
take every opportunity to learn from those who have gone before us. This chapter identifies
the key lessons that can be taken mainly from previous space station programs so that they
may be taken into consideration when considering how best to proceed with a future station
design.

2.1

Education and Public Outreach

Education and Public Outreach (EPO) is important for any NGSS because it helps to ensure
continued support of space activities. A space station is a powerful tool to inspire young people
to study science, technology, engineering, and mathematics (STEM) and involved them with
space. The ISS, with its range of international partners, presents many opportunities for great
outreach and education programs across the globe. At the same time, the regularity of Shuttle
flights has made spaceflight seem to be a routine activity. While there are still spaceflight
“firsts” to be had, none of these are imminent so EPO programs must be more innovative in
order to grab public attention.
Our research identified many education and public outreach programs that are conducted in
conjunction with the ISS through the national space agencies and other partners. To date, the
education programs have succeeded in reaching over 40 million schoolchildren around the
world. Publications about the research on the ISS are mostly targeted towards the scientific
community but social media and movies about the ISS reached wider audiences. Although
there have been many interesting research and scientific results from ISS, so there is a need for
more effective publication of these achievements to the general public.
2.1.1

Public Perception

At the height of the Space Race, public interest in space exploration was high and working in
this area was prestigious. Since then, the space industry has experienced many ups and downs.
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Nowadays, the number of young people who choose to study scientific and technical disciplines
is decreasing (Johnson & Jones, 2006). This declining interest will have an adverse effect on
human spaceflight and space related matters (Schieb & Andrieu, 2003).
To gauge public perception, a US poll analyzed by Launius (2003) evaluated public support of
space programs in the United States Figure 2-1 shows the percentage of respondents who said
that space programs are “extremely” or “very” important to them.

Public Support of Space
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20
10
0
1986 1988 1990 1992 1994 1996 1998 2000
Figure 2-1: Public interest in US space programs

In the mid-nineties, the graph depicts the beginning of consistently high marks for spaceﬂight
after several years of steady decline. Analysts suggested that the 1995 rise may have been the
result of the Shuttle/Mir docking missions and the release of the feature film Apollo 13.
Dittmar Associates (2006) conducted two studies of American public attitudes and perceptions
pertaining to the NASA Vision for Space Exploration (VSE) and to NASA in general. Over twothirds of respondents between 18 and 24 described themselves as “neutral” or “not excited or
interested” in human missions to the Moon and Mars. In 2006, the majority of young adults
participating in a second Dittmar Associates study saw NASA as irrelevant, with 72% stating
that money spent on NASA would be better spent elsewhere. When questioned about the
relevance of “new space” on their lives, 61% of respondents indicated they think that the flight
of SpaceShipOne and the possibility of space tourism are relevant or very relevant to their lives.
The primary reason cited was that “regular people can get to go.” (Dittmar, 2006).
In 2009, a survey (Everett, 2009) showed that 60% of participants were “somewhat” interested
in space activities, but only 15% of them were “very interested”. The main justifications for
spaceflight, stated by survey participants, are shown in Figure 2-2.
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Which do you think is the main
reason why America
continues to explore space?

because it's
human
nature
35%

other
3%
to inspire
people
6% to provide
benefits to
the Earth
13%

to keep
prestige
27%

to keep the
nation safe
16%

Figure 2-2: Survey results for the main reason for space exploration in America

Team BLISS performed a survey of 48 SSP 2012 participants from a variety of countries to get
an indication of where the ISS program could make improvements. The survey pointed to a
need for public outreach programs to achieve a wider reach in order to maintain interest in the
ISS.
The participants generally reported a positive emotional impact of the ISS, with half the
respondents saying they felt “inspired,” one quarter felt “proud,” and one in five felt “amazed.”
When asked about the appearance of the ISS, the majority responded that the appearance of
the ISS could be improved. Finally, the participants expressed that their view of an NGSS
aligned most strongly with the words “habitat” and “spaceport.”
2.1.2

Using Space Stations to Educate

Interest in aerospace education is falling. Futuristic ideas and the possibility to be personally
involved capture the public interest in space missions (Jorgensen, 1999). The ISS is a long
duration mission and it is hard to keep interest. That is why one of the main aims should be to
make an NGSS that is interesting for everybody, and provides inspiration for new generations.
A variety of activities have been conducted on board the ISS to involve students with space
activities. As of 2012, 43.1 million students from 25,000 schools and 43 countries have
participated in education programs using the ISS as a platform (Mayo, et al., 2012). Examples
include Butterflies and Spiders in Space, ‘Kids in Micro-g,’ Tomatosphere, EarthKAM, ISS Ham
Radio ARISS, SPHERES-Zero-Robotics, and NanoRacks–NanoLabs (Mayo, et al., 2012).
The agencies operating the ISS provide a wide variety of education programs. The European
Space Agency (ESA) distributes an ISS Education Kit and conducts campaigns such as “Mission
X: Train like an Astronaut” (ESA, n.d.). NASA and the Japanese Aerospace Exploration Agency
(JAXA) (2012) also offer a variety of materials for educators and for children. Kosmocenter in
the Astronauts’ training center in Star City, Russia (opened in 2012), has a wide spectrum of
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educational programs for young people. This center is highlighted by special courses of space
studies during which students participate in a space station simulation (Yuri Gagarin
Cosmonaut Training Center, 2012).
The designation of the ISS as a US National Laboratory with the mandate to include education
has advanced the use of ISS resources for US educational programs (Saenz-Otero, et al., 2010)
(Severance, et al., 2010). In addition to the space agencies, non-government organizations and
private companies can offer education programs on the ISS (Saenz-Otero, et al., 2010). As an
example, Google and YouTube performed a contest to put student experiments into space
(Youtube, 2012) which generated almost 45 million views on the internet. The Teacher in Space
Program was a major step in NASA efforts to use space for education. It established a
framework for continued mission to this day (Challenger Center, 2012) (NASA, 2004).
In addition to education programs for school children, the ISS offers possibilities for
undergraduate and graduate students to become involved in ISS research. NASA supports both
students affiliated with NASA and university research. Students can also participate in
university programs designing actual ISS experiment hardware (Thomas, et al., 2006).
2.1.3

Media

Numerous books, articles in magazines, and several movies (some filmed in space), have
featured the ISS to some extent. Many of these productions, however, target a narrow reader
circle and not the general public.
The wider audience of the general public can be reached through corporate advertisement in
the mass media. The ISS has been used for advertisement by several companies. The
associations made with space flight, such as exploration, adventure, and high technology, are
exploited in these advertisements (BudweiserMedia, 2007).
Complementing advertisement-related publicity, NASA uses a stream of social media and
online resources to raise the awareness of the ISS. The channels and media are found on
popular websites such as Facebook, Twitter, Foursquare, and YouTube (NASAtelevision, n.d.)
(NASA, n.d.). ESA and JAXA also use YouTube as a window to the ISS by supporting agency
YouTube channels (ESA, n.d.) (JAXA, n.d.). More content is featured on ISS websites hosted by
participating agencies and corporations to promote awareness. Smartphone applications and
video games, such as NASA’s "Station Spacewalk Game," have been created to increase public
interaction with the ISS. Astronaut Douglas H. Wheelock “checked in” to the ISS on a popular
social network, Foursquare, greatly raising publicity both for the network and the ISS
(Friedman, 2010). Through inspirational photography and innovative videos, astronaut Donald
Pettit gained himself a reputation as one of the greatest educators during his stays on the ISS
(Jaramillo, 2012). With the advent of a range of space tourism “firsts”, media coverage of space
is set to increase.

2.2

International Cooperation and Policy
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2.2.1

ISS Governance Model

“Regardless of size, scope or complexity, all endeavors require that decisions be made, things be
done and people interact with other people” (Kiskel, 2011).
The ISS is the most complex feat of engineering ever undertaken in international partnership.
The project involves sixteen countries and might span forty years, from initiation to retirement
(Fuller, et al., 2010). The BLISS group examined the ISS governance model––an agreement
which describes how decisions will be made, things will be done, and people will interact––to
determine which features may be applicable to future international joint programs and which
have been rendered inappropriate by the policy changes of the last three decades. The group
concluded that the current ISS Inter-Governmental Agreement (IGA) provides a viable
foundation for the governance model for a future international joint program.
The governance model for the ISS is described by the IGA among all participating governments
and the Memoranda of Understanding (MOU) between executing agencies (Diekmann, 2011).
The principle of mutual involvement requires countries seeking membership to commit
themselves to the project by providing a hardware element and associated ground support
services. The program operates with the partners joining their efforts “under the lead role of
the United States for overall management and coordination” (US Department of State, 1998).
The advantage of this system is that each partner has a voice and may abstain when they chose
to do so; however the system can become paralyzed if consensus is not reached and NASA
lacks support from the dissenting parties (Stockman, et al., 2010).
The ISS program did, however, demonstrate that high-level governmental agreements are
essential in maintaining the commitment of partners through challenging economic times,
providing security and stability in the face of uncertainty by acting as an economic stimulus
(Diekmann, 2011). The political benefits of the ISS program were demonstrated through
international cooperation, such as the United States deferring the cost of the Russian
Functional Cargo Block and Russia continuing to provide the Soyuz after the retirement of the
Shuttle. In fact, it has been argued that the benefits of international collaboration alone have
made it worthwhile for the partners to be involved in the ISS program (Stott, 2012).
As a future international joint program, an NGSS will be as complex and challenging an
endeavor as the ISS. The program will require a significant level of cooperation among
governments and commercial entities to benefit from the diverse strengths of every
participant. Certain modifications to the IGA will be necessary to ensure that more partners are
included in essential roles; these modifications may include the sharing of critical path
responsibility and designing the program to accommodate the inclusion of additional partners
over time. Despite the need for these amendments, the IGA still provides a viable foundation
for the governance model of a future international joint program.
2.2.2

Intellectual Property
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Intellectual property issues are an important aspect of station operations. Article 21 of the ISS
IGA governs intellectual property rights. “[A]n activity occurring in or on a Space Station flight
element shall be deemed to have occurred only in the territory of the Partner State of that
element’s registry, except that for ESA-registered elements any European Partner State may
deem the activity to have occurred within its territory” (US Department of State, 1998). This
applies regardless of which countries participate in the activity.
In large part these issues are handled by the national laws of the Partner States. For example,
Title 35 of the United States Code (Section 105) addresses patent law as applied to inventions
in space: “Any invention made, used, or sold in outer space on a space object or component
thereof under the jurisdiction or control of the United States shall be considered to be made,
used or sold within the United States for the purposes of this title.” An exception is permitted
in the case of an international agreement stating otherwise. The statute also permits items
from modules under foreign jurisdiction to be considered as US objects if it falls under a
relevant international agreement.
2.2.3

Future Relationships

Forecasting the future is a difficult exercise, but it is an important step in laying plans in the
space sector. For example, a study led by the company Futuraspace in 2002 (Gurtuna &
Garneau, 2002) accurately forecast the first Chinese astronaut into orbit before the end of
2010. China is today becoming a strong player on the international scene and its influence with
other countries is expected to continue to grow over the next years.
During the International Space University’s Space Studies Program in 2012, the BLISS team
surveyed opinions of the ISS from a group of 28 professionals and students in space-related
fields from fourteen different countries: China, India, Japan, USA, Canada, Russia, France,
Germany, Slovenia, Portugal, Israel, Brazil, Australia, and South Africa. The results
demonstrated that individuals from countries involved with the ISS typically have a perspective
differing from that of non-partner countries. Both groups, however, did agree that an NGSS
would provide significant benefits to scientific research.

2.3

Station Science

Through the years of ISS development, microgravity research has been promoted as a central
goal. The first 15 expeditions to the ISS carried out over 130 experiments. As a long-term
microgravity and space environment platform, the ISS enables unique research in a variety of
scientific fields; these include physical sciences, biological sciences, human life science
research, Earth observation, and remote sensing. Such experiments and studies have produced
numerous useful results and publications within these research areas.

2.3.1

Applications of Microgravity Research
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Some examples of the benefits resulting directly from space station science include new
titanium aluminide production techniques and fuel cell technology from the Intermetallic
Materials Processing in Relation to Earth and Space Solidifcation (IMPRESS) experiments (Jarvis,
et al., 2009), salmonella vaccines produced by Astrogenetix (Astrogenetix, 2009) and
osteoporosis drug experiments conducted by NASA (Alexandre, 2012) and ESA (ESA, 2005).
The microgravity environment on the ISS allows us to conduct long-term studies exploring the
effects of gravity on the human body that cannot be performed on Earth. For example, a
discovery was made through a unique experiment that looked into the storage of sodium in
human skin as a result of fluid shift in the human body in microgravity (Ewald, interview, July
20, 2012).
There are examples of successful applications of microgravity research on the ISS, especially in
the biomedical field. In addition to groundbreaking scientific advancements and new
technologies, the research can also provide economic benefits. Osteoporosis costs European
health agencies USD 36b each year (Kanis & Johnell, 2005). The study of microgravity-induced
bone loss on the ISS can cut these costs by providing an excellent platform for drug studies on
human astronauts (Ratliff, telephone interview, July 20, 2012).
2.3.2

Criticisms of the ISS as a Platform for Science

A common criticism from those wanting to perform science on the ISS is the cost. While there
are cheaper and simpler ways to carry out microgravity research on Earth, including parabolic
flights, sounding rockets, and drop towers, none of them can support experiments that require
more than a few minutes of microgravity (Park, 2006).
In addition to cost, station science is restricted by a number of factors.
 Logistics and cost of transportation act as a barrier to the types of experiments that
may be launched, and the organizations that may launch them.
 Limited available crew time limits the number of experiments that can be carried out.
 Limited onboard data analysis capabilities limit the information that may be obtained
from a given experiment.
 Destructive sample return limits the amount and quality of information that may be
obtained from experiments returned to Earth.
 Limitations of onboard scientific equipment limit the type and sophistication of
experiments that may be carried out.
 Downlink bandwidth is limited, restricting technologies such as telerobotics to perform
experiments remotely.
 Microgravity quality is not optimal due to vibrations introduced by crew movement.
 Lengthy construction period and high maintenance requirements impact utilization.
 Wait time needed to launch an experiment to the ISS is very long and prevents shortterm research projects from using this resource.
 Space limitations aboard the ISS prevent very many experiments form being flown at
the same time.
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A repeatedly identified limiting factor is the amount of available crew time on the ISS. The sixperson crew is currently using 70% of their time dealing with station operation and
maintenance. That leaves only six and a half hours per day for government and nongovernment
research (Leone, 2012). In addition, crew training must also be considered. There has been a
shift from land-based training to in-flight training for experiments. This puts a limit on
experimental complexity, which can influence research results (A. Spinale, personal interview,
July 2012). This limit leads to a future vision of sending dedicated scientists to space directly
from companies, universities, and other researcher institutes (Ratliff, telephone interview, July
20, 2012), similar to the Space Shuttle payload specialist program.
Crew safety on the ISS is of critical importance, and has implications on the type of science that
can be carried out. All safety critical substances must be contained, with various substances
requiring different levels of containment. Microscopic analysis with a chemical fixative cannot
be accomplished, and very strict rules on microbial contamination are in place (A. Spinale,
personal interview, July 2012).
Since the introduction of the Alpha Magnetic Spectrometer (AMS), the ISS data downlink rate
has been pushed to its limit. Greater bandwidth for data transfer for both data analysis and
experiment monitoring is needed (Ratliff, telephone interview, July 20, 2012).
Certain facilities are lacking on the ISS for in situ analysis. This lack of in situ analysis capacity
means that most experiments must be returned to Earth for analysis. Unfortunately downmass capability is another constraint. An increase of in situ analysis capability is the clear path
for a future space station. Combined with augmented or autonomous facilities, an NGSS would
be less reliant on resupply and less dependent on crew and training.

2.4

Space Medicine

Astronaut performance is crucial for the success of human spaceflight missions. For this reason
great attention is given to the health of astronauts. While the first flights were only of short
duration, six month stays on the ISS are now standard. In space, unlike on Earth, a medical
doctor is seldom available for direct personal consultation. While on Earth, the individual’s
health is the first objective, in space the first priority is to support the mission” though the
astronaut’s health plays a vital role (Clément, 2011).
2.4.1

The Human Body in Microgravity

The human body adapts to environments with different gravity levels, including microgravity
(Williams, 2003). These adaptations are not necessarily pathological, per se, though they may
lead to a new physiological balance. Deconditioning by microgravity and the cumulative effects
of radiation leads to a higher risk for impairment of the health of the astronauts during
spaceflight, during the exploration of other celestial bodies or upon the return to Earth
(Seedhouse, 2011). Countermeasures addressing these risks must therefore be developed and
employed to maintain crew fitness. Space physiology researchers are trying to understand
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these adaptation processes (see Figure 2-3), while operational space medicine is concerned
with the actual health of astronauts (Clément, 2011).

Figure 2-3: Biomedical challenges of spaceflight (Williams, 2003)

The first astronauts for NASA were military fighter pilots who were already selected due to
their significant jet pilot flight experience (NASA, 2011). Today civilians become astronauts, but
selection of medically fit individuals still forms the basis for later crew health maintenance.
Selection takes place on Earth before the spaceflight. Even though some astronauts are medical
doctors by base profession, there is no guarantee that a physician will participate in a given
spaceflight. With this limited access to direct medical care it is evident that prevention and
countermeasures play an important role in the maintenance of astronaut health, as well as
telemedicine methods of diagnosing.
2.4.2

Astronaut Health Care and Space Medicine on the ISS

Even the best prevention methods and application of countermeasures cannot guarantee
health maintenance. Actual medical treatment onboard of a spacecraft will become necessary.
As Ball and Evans (2001) documented in “Safe Passage”––their report to the Institute of Health
––“Space travel is inherently risky.” Building from the experience of the earlier space stations
Skylab and Mir, a system of onboard Crew Medical Officers (CMOs) was established for the ISS.
These CMOs are not necessarily physicians but are crew members guided by a medical support
team on Earth. Each ISS expedition incorporates two astronauts especially trained as CMOs.
CMOs receive 34 hours of pre-flight medical training, twice that of regular crewmembers. The
CMOs also receive “Space Emergency Medical Training” (Clément, 2011). With such little
training CMOs are not able to independently make clinical decisions about patient treatment.
As in any remote location tele-medicine techniques are employed. In emergency situations,
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CMOs are trained to recognize the condition and stabilize the patient. If sufficient treatment is
impossible on the ISS, the CMOs also have to prepare the patient for an emergency return to
Earth (Clément, 2011).
Surgical operations are theoretically possible on the ISS, though not easy. This has been proven
by animal-testing in microgravity during parabolic flights (Rafiq, et al., 2005). The lack of
training and clinical experience of CMOs limits this option, even if CMOs are guided by groundbased doctors via a tele-medicine link. Newton’s third law of motion dictates that in
microgravity, both the patient and the CMO have to be restrained for any dynamic treatment.
This is also important during airway management in medical emergency situations or for
anesthesia for surgical operations (Keller, et al., 2000).
Medical equipment onboard the ISS is mostly commercial equipment that has been extensively
tested, adapted, and certified for human spaceflight. This includes state-of-the-art portable
computer-sized ultrasound machines for diagnostics to support medical decision-making.
Astronauts operating the ultrasound machine on the ISS are assisted by experts on the Earth
through a two-way communication link including real-time transmission of the ultrasound
images. Current developments on Earth include remote manipulation of the ultrasound probe.
(Arbeille, et al., 2007) Compared to the manipulation of the probe by the astronaut this adds
greater precision and also avoids time-intensive training (P. Arbeille, personal communication,
July 25, 2012). Monitoring devices, a patient ventilator, an Automated External Defibrillator,
and standardized packs for drugs and other equipment are also available (Barrat & Pool, 2008).

2.5

Commercial Applications

Since the launch of the first telecommunications satellites, the private sector has considered
ways to generate revenue on the ground using assets in space. In the last two decades, both
Mir and the ISS have served as vehicles for commercial ventures on orbit with some success.
Nevertheless, is to the truly international ISS that designers of an NGSS must look for
inspiration. Though commercial applications were not the focus of ISS design and operation,
important lessons can be learned from the history of ISS commercial applications.
2.5.1

Planned Applications for the ISS

Commercial applications for the ISS date back to the days of its planned precursor, space
station Freedom. In 1992, the NASA Office of Commercial Programs issued a request for
proposal to facilitate launching larger scale commercial operations on Space Station Freedom.
The proposal offered the exchange of spaceflight opportunities for access to experimental data
(NASA, 1992).
Building on this proposal, NASA published the Commercial Development Plan for ISS (CDP). The
CDP’s goal: “To establish the foundation for a marketplace and stimulate a national economy
for space products and services in low-Earth orbit, where both supply and demand are
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dominated by the private sector” (CSP Associates, 1999). To this end, the CDP performed an
independent market assessment and identified pilot businesses for commercial development.
A year later, NASA identified mechanisms for ISS-industry collaboration (CSP Associates, 1999).
In addition to the standard contract-for-services approach, industry was encouraged to use the
ISS as a target for venture capital endeavors. As demonstrated below, this sector has fallen
short of expectations.
2.5.2

Realized Applications of the ISS

Through a decade of operation, there have been several instances of direct commercial
involvement aboard the ISS. Pharmaceutical researchers have benefited from the on-orbit
environment and the support of a human crew; notably, breakthroughs in the ongoing
development of a salmonella vaccine have been a direct result of this experiment series
(Ruttley, et al., 2010). To enable similar advances, NanoRacks LLC is providing access to the ISS
and downlink of data in a space laboratory environment separate from standard NASA
application channels (Mayo, et al., 2012).
In addition to on-orbit science, NASA created incentives for commercial involvement through a
pair of spaceflight programs: Commercial Orbital Transportation Services (COTS) and
Commercial Crew integrated Capability (CCiCap). Supported by the COTS program, the SpaceX
Dragon capsule successfully berthed with the ISS on the 25 of May, 2012, delivered cargo, and
returned payloads to Earth (SpaceX, 2012).
2.5.3

Lessons from the ISS

Despite the above successes, the ISS operation regime does not align well with current industry
needs. As illustrated in
Figure 2-4, projects designed for the ISS incur high costs of both time and money.

Figure 2-4: ISS Project Cost (CSP Associates, 1999)
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There are a number of other barriers to commercial applications onboard the ISS, such as:
 Disturbed microgravity: despite intense engineering efforts, sensitive microgravity
payloads have avoided the ISS (T. Gill, email correspondence, July 17, 2012).
 Bandwidth limits: which pose a challenge to data-intensive applications (C. Stott,
personal interview, July 20, 2012)
 Transportation to and from the station particularly on return (Ratliff, telephone
interview, July 20, 2012)
 Crew time to operate commercial payloads is not guaranteed (Ratliff, telephone
interview, July 20, 2012).
In 2011, the Center for the Advancement of Science in Space (CASIS) was established to
administer the American section of the ISS as a US National Laboratory. CASIS manifest of
research includes:
 imagery for climate and agriculture
 space environment effect on commercial satellites
 propellant tanking and transfer
While rooted in science, these fields have potential for commercial development and can
provide a basis for future private ventures.
Finally, the field of space tourism merits a special consideration. Spearheaded by MirCorp and
Space Adventures, the ISS has hosted a number of paying spaceflight participants over the last
decade. With the emergence of Virgin Galactic, XCOR, and similar companies, at least the
suborbital market shows every indication of rapid growth in the years to come.

2.6

Finance

Financing space projects is a perennial challenge. To prepare for an NGSS, Team BLISS looked at
the ISS, identifying the major issues regarding cost and funding.
The final cost of the ISS was much higher than initially estimated. From the approval of the
station’s current design in 1993, NASA’s ISS cost-estimate (without the USD 11.2b already spent
from 1985 to 1993) increased from USD 24.2b to USD 34.2b in 1998 (both values in USD 2010).
By the year 2001, the amount needed to complete the ISS assembly and sustain its operations
over a five year period further increased by USD 4.8b. To control the costs, NASA announced
that it would cancel or defer some hardware and limit construction of the space station (US
General Accounting Office, 2003). The Shuttle Columbia accident stopped the Shuttle flights for
nearly three years and caused further delays in the construction of the ISS. Today, estimates of
the total cost of the ISS range from around USD 100b to USD 150b (US General Accounting
Office, 1999) (Lafleur, 2010). However, the international nature of the ISS project implies
dealing with various currencies, which makes accurate overall cost estimations difficult.
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The primary costs of the ISS over its lifetime are associated with the Space Shuttle program and
ground-based ISS operations. The Shuttle program was intended to provide a reliable and lowcost access to space, but this goal was never achieved. The Shuttle only flew an average of four
to five times per year instead of the initially expected 12-24 flights per year, and costs
increased far above original estimates (CAIB Public Hearing, 2003). The team has estimated
that the total cost of all 36 Shuttle flights to the ISS amounted to USD 27b–USD 39b (in 2010
dollar value) using data from Pielke (2005). In addition, NASA's ISS operating costs from 1998 to
2010 added up to approximately USD 22b, which is almost USD 1.7b per year (NASA, n.d.).
2.6.1

ISS Funding

The financial contribution to the construction of the ISS was divided among the international
partners according to Figure 2-5.
2%
7%

5%

U.S.
Russia

12%

Europe
75%

Japan
Canada

Figure 2-5: Partners contributions to the construction of the ISS from 1993-2010 (Lafleur, 2010)

A big challenge in the ISS funding approach was how to anticipate the partners’ budget
fluctuations and evolution. Early ISS development was based on conventional funding profiles
and was significantly increased at the critical design and testing phases, then gradually
decreased afterwards. The budget strategies for each partner's program were designed to
allow each partner to accomplish its respective responsibilities efficiently. In reality, the
partners’ budgets varied from the ideal profile because of the different budget plans of the
contributing partners. NASA’s budget is decided on a yearly basis, while ESA’s ISS program
contribution is decided for periods of up to five years in advance. Funding disruptions were
important factors in the delay of ISS assembly completion (ISS Multilateral Coordination Board,
2009).
2.6.2

Lessons from the ISS

A lesson learned from the ISS is that funding for the entire life cycle of an NGSS should be
considered up front. Often when funding is considered, the tendency is to take into account
the initial phases of a project such as design, construction, and assembly. Although the latter
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phases such as operations, logistics, maintenance, and disposal are very important, there is a
risk that they may be overlooked in cost planning. Additionally, items like funding for upgrading
obsolete components and funding for additions to the program should be considered from the
very beginning of a space station program (US General Accounting Office, 1999). In an
international project like the ISS, it is important to establish and maintain a balanced level of
partnerships and interdependencies among the partners.
The total cost of the ISS was much higher than initially estimated. The planning of such a large
and complex project needs to include all life-cycle costs; not just the development and
construction costs. The involvement of partners needs to be well-defined and balanced, and
the budget fluctuations must be planned for.

2.7

Engineering

This section presents a review of the subsystems and technologies used in previous space
stations, along with a discussion of the issues and shortcomings identified.
2.7.1

Guidance, Navigation, and Control (GNC)

The GNC subgroup has reviewed the GNC systems used on the ISS and the Mir Space Station. A
summary of this review is presented in Table 2-1 below.
Table 2-1: GNC of the ISS and Mir

Function
Guidance
Navigation:
State Determination
Navigation:
Attitude Determination

Control

ISS
Ground Support
Ground Support
GPS
GLONASS
GPS Interferometry
Rate Gyro Assemblies
Star Tracker
SIGI
Reboost using Russian segment
thrusters, GNC MDM, CMG,
attached visiting vehicles

Mir
Ground Support
Ground based telemetry tracking

Infrared Sensors
Solar Sensors
Star Sensors
Sextant
Magnetometer
Gyrodynes (also known as CMGs),
thrusters, attached visiting
vehicles

The ISS has two separate GNC systems, one aboard the Russian segment and a second aboard
the US segment. In the case of the Mir Space Station, each of the autonomous modules had its
own GNC components. Both the ISS and Mir have seen failures of GNC components. Several
Gyrodynes on the Mir failed (Gordon, 1997) and needed to be repaired. Also on the ISS, two
Control Moment Gyros (CMGs) failed and had to be replaced (Gurrisi, et al., 2010). Because of
the possibility of failures of the GNC systems, it can be concluded that a beneficial option is to
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have redundant GNC systems aboard a space station. The importance of using highly reliable
GNC components, especially CMGs, is also an important lesson learned.
In 1997, a Russian Progress vehicle collided with Mir resulting in damage to the Spektr module
(NASA, 2001). It is critical to have a collision avoidance maneuvering system in an NGSS.
2.7.2

Structure and Mechanisms

The structure of a space station is crucial to the success of a space mission––it is what
preserves and protects the crew and the equipment onboard.
The structure of the ISS consists of standardized modules that have been docked together
through the use of an integrated truss structure to support a solar array and other equipment.
In order to keep radiation and debris at bay, these modules contain a thick aluminum shell
which surrounds the pressure cabin and a polyethylene layer around the sleeping quarters
which is more effective at absorbing radiation (NASA, 2003). The structure of the shell is most
often in the form of a honeycomb sandwich, helical wound fiberglass and metal, expanded
plastic sandwich, or woven fabrics. These forms offer high efficiency and strength. Materials
used in the spacecraft structure often include: aluminum, magnesium, titanium, stainless steel,
graphite-epoxy, Kevlar, and fiberglass composites (Larson & Pranke, 1999).
Astronauts aboard the ISS are exposed to the radiation environment of space and receive, on
average, 120 mSv of radiation for a six-month stay––100 times greater than that absorbed by
someone on the Earth (NASA, 2002). While this is still within safe limits, the exposure would
increase dramatically beyond the protection of Earth’s magnetosphere.
Astronaut experience tells us that storage is an issue on the ISS today. The need for dedicated
and well-managed storage spaces, designed into the facility, should be considered when
designing an NGSS.
2.7.3

Thermal System

The Thermal Control System (TCS) of the ISS features the same technologies used for thermal
control in unmanned spacecraft as well as systems to serve the crew. These systems can be
grouped under two headings: passive and active systems.
Passive systems onboard the ISS include thermal insulation (Multi-Layer Insulation (MLI),
foams, washers), capacitors (passive radiators, phase-change materials), conductance
enhancers (fillers, heat spreaders, thermal straps), Thermal Protection System (TPS) (ablative
materials; high temperature composites like carbon-carbon, carbon-silicon; ceramic blankets),
and surface finishing (paints, polishing, dielectric films). The passive systems are cheaper, less
risky and easier to implement than active systems, but they alone cannot fulfill the
temperature control requirements.
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Active systems onboard the ISS include operated radiators (rotatable, deployable, temperature
controlled), single and double phase loops (heat exchangers, pumped loops, boilers), heat
pipes, cryogenics (thermoelectric coolers, refrigerators), and thermo-electrical devices. They
generally produce additional heat but are able to actually set a temperature. Moreover, some
can heat up or cool down hardware separated from the heat sinks and sources. The most
sophisticated part is the Internal Active TCS, which controls the temperature of the cabins and
the internal avionics by means of water and air loops. It is connected to the External Active TCS
(EATCS) to reject the energy to space. The EATCS uses ammonia loops and therefore, is not
placed in the cabin for safety reasons.
All features needed for thermal control of the different space stations are well developed
technologies. However, improvements will lead to cheaper, lighter and more reliable TCS.
(Messerschmid & Reinhold, 1999).
2.7.4

Environmental Control and Life Support Systems (ECLSS)

The ECLSS system onboard the ISS consists of two key components; the water recovery system
(WRS) and the atmosphere management system (ESA, 2010).
Two water recovery systems exist onboard the ISS, in the United States and Russian segments.
The WRS provides clean water by reclaiming wastewater, including water from crewmember
urine and sink, Extra Vehicular Activity (EVA) wastes and condensates from the temperature
and humidity control subsystems as well as water from the Sabatier system (see below). The
water quality is monitored and can be returned to the WPA to be re-processed. The system is
designed for 6-7 crewmembers and reduces the net mass of water that would need to be
launched from Earth to support six crewmembers by 2,760 kg per year.
Current methods of atmospheric management onboard the ISS are based on physiochemical
processes. These processes can be subdivided into oxygen generation, carbon dioxide filtration
and reduction, temperature, humidity, and pressure control. Oxygen generation is
accomplished by two electrolysis systems which separate water into oxygen and hydrogen. The
Vozdukh system and Carbon Dioxide Removal Assembly (CDRA) filters carbon dioxide using
regenerative absorbers. As a back-up to both systems, a limited number of lithium-hydroxide
canisters are also available. For carbon dioxide reduction, the Sabatier system uses the byproducts of previous systems and high temperatures to create water, and also methane as a
waste product. Temperature and humidity control is accomplished using a fan and heat
exchanger on each module with condensate being returned to the WRS. Pressure control is
achieved through a set of onboard sensors and regulated through the introduction of oxygen
and nitrogen into the cabin. The air contamination control units are also critical items which
control the concentration of trace contaminants within the cabin air.
2.7.5

Power System

The power system of a space station is an essential subsystem, which generates, stores,
manages, and distributes the necessary power to all other subsystems so that they can work
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continuously. The power features of four important past and present space stations are listed
in Table 2-2. In all these stations, Photovoltaic (PV) solar cell arrays with silicon-based cells
were used for power generation during the sunlit phase of an orbit. The excess power
generated was stored in different types of chemical based batteries, to power the station
during eclipse.
Table 2-2: Orbit and power system characteristics for reviewed stations (Aerospaceguide, 2007) (Miller, 2000)
(Braeunig, 2008) (Messerschmid & Reinhold, 1999) (Portree, 1995)

Station
ISS

Orbit
LEO

Altitude
400 km

Inclination
51.6O

Mir

LEO

400 km

51.6O

Skylab

LEO

435km

50O

Salyut 7

LEO

400 km

51.6O

2.7.6

Power Generation
8x393 m2 PV arrays
Silicon cells
248 m2 PV arrays
Silicon cells
2x108 m2 PV arrays
Silicon cells
80 m2 - 3 arrays

Power
110 kW

Energy Storage
Ni-H Batteries

28 kW

Ni-Cd Batteries

24 kW

Ni-Cd Batteries

10 kW

-

Propulsion System

In this section, the team reviews the propulsion systems used in Mir and ISS. In both cases,
pressure fed bipropellant storable propulsion systems are used for both orbit boost and
attitude control. There are two installation options of these systems; integrated propulsion
system, which is part of the station, and modular propulsion system, which is attached when
needed.
On Mir and ISS, the modules used for propulsion are: the Service Module, the Progress Module,
and the Automated Transfer Vehicle (ATV). Table 2-3 shows the properties of these systems.
On Mir, the orbital boost was carried out using the Progress module. For attitude control, a
combination of CMGs and bipropellant thrusters were used. On the ISS both orbital boost and
attitude control are performed with bipropellant Nitrogen Tetroxide (N2O4) and Unsymmetrical
Dimethyl Hydrazine (UDMH) propulsion systems.
Table 2-3: Propulsion Systems used for Mir and ISS (NASA, n.d.) (SpaceRef Interactive Inc., n.d.) (Zak, 2012) (EADS
Astrium, 2012)

Propulsion system

Installation

Zaria Service Module
Progress

Integrated
Modular

Automated Transfer
Vehicle

Modular

Thrust [N]
Propellant
Attitude control Orbital boost
32 x 130
2 x 3070
N2O4 and UDMH
14 x 137
3100
N2O4 and UDMH
and
12 x 24.5
28 x 200
4 x 490
N2O4 and MMH

The choice of propulsion system must be based on reliability, simplicity and long-term
storability. The choice of integrated or modular system is based on the space station design.
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Launch and Assembly

Launch: The launchers used to bring the modules of ISS to LEO were: the Russian Soyuz-TM and
Proton the US Space Shuttle, Europe’s Ariane 5, and the Japanese H-II. 109 launches from 1998
to 2011 were necessary to complete the construction of the ISS, indicating the complexity of
the task of space station construction.
Missions to ISS continue with crew or cargo to replenish fuel, food for the crew, water and
pressurized gases for sustenance. Of the 84 launches that took place in 2011, 10 transported
crew and supplied cargo to the ISS (US Federal Aviation Administration, 2012). With the
retirement of Space Shuttle orbiters, transportation of crew members to and from ISS is
possible only with the Soyuz system. There are a few commercial programs taking shape for
delivery of crew and cargo. This indicates the complexity of commissioning a space station in
outer space.
Assembly: The assembly process for the ISS was found to be a good model. The various
modules were flight acceptance tested at their respective work centers and shipped to the
launch site. Final assembly of the modules and integrated testing using a flight emulator were
carried out in the Assembly Integration and Test Facility at launch site for flight clearance. The
on-orbit assembly of these modules is done either with the help of the robotic arm, Canadarm2, as was the case with US modules, or by autonomous docking and rendezvous as
demonstrated by the Russian modules of ISS.
2.7.8

Command and Data Handling, and Communication Systems

Command and Data Handling (CDH) System: The ISS computer system has around 100
computers and consists of the US CDH system, the Russian Onboard Computer Control System
(OCS), the Canadian Computer System, the Japanese Data Management System, and the
European Data Management System. The US CDH is implemented by hierarchically organizing
computers and associated buses into three tiers. US CDH also provides station level control
software. Russian OCS is module based. Caution and Warning, and Fault Detection, Isolation
and Recovery (FDIR) are two of the other capabilities of the system.
The advanced diagnostics system, which uses model-based reasoning tools with enhanced
capabilities for real-time fault detection, isolation, and recovery, needs to be incorporated in an
NGSS. It should also have provision for anomaly resolution and critical decision support system.
To facilitate advanced diagnostics system research, a Diagnostic Data Server (DDS) can be setup
with indexed repository of station vehicle telemetry data. Web based access to this resource
can be provided with context sensitive search for meeting specified criterion (NASA, 2008).
Communication System: The ISS has transmission paths to ground, to Earth orbiting satellites,
to orbiter, and among crew members onboard the ISS and Extra Vehicular Activity (EVA) crew
members. It has multiple communication paths to different ground stations. Because there is
limited duration of visibility of the ISS from ground stations, communication is also
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accomplished using geostationary relay satellites which are part of the “Tracking and Data
Relay Satellite System” (TDRSS). ISS uses gimbaled High Gain Antenna for High Data Rate
communication and Omni-directional Low Gain Antenna for Low Data Rate Communication.
(NASA, 1998) The ISS uses the S-band to transmit voice, command, telemetry and files to Earth.
The Ku-band is used for payload downlink and for two-way transfer of video, data files, and
Internet access. The baseline bandwidth of 50 Mbps with growth level to 150Mbps (Brackey, et
al., 1999) will be insufficient for an NGSS. The Internet access is through the Ku-band and it is
provided through TDRSS for communication to the ground.
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3 DESIGN DRIVERS
An NGSS can host a variety of users for science, exploration, commerce and arts. Each user
carries with it specific design drivers that should be integrated to a specific design. In particular,
level of gravity, orbit, station mobility, and station architecture will rely heavily on the purpose
of the station. With a set of purposes determined, emerging technologies stand to play a key
role in the station to come.

3.1

Education and Public Outreach (EPO)

The main objective of NGSS EPO programs is to make people feel more connected to space
activities. As discussed in Section 2.1, most young people were interested in space missions
when they felt that they could one day be a part of it. The team summarized the EPO aims in
the slogan “Space is now, Space is everybody.” This means an EPO program needs to
communicate that exciting space missions, such as the ISS (and, in the future, an NGSS), are
happening right now. They are not merely a construct of science fiction. Additionally, it is
important to help the public feel a personal connection to an NGSS in order to raise and
maintain their interest in space.
3.1.1

Design Drivers

The design of an NGSS should give a strong inspirational message to the public and the
construction should convey a clear idea that the station is modern, highly technological, and
that it is truly a next generation space station (Fremerey, 2004).
Concepts for futuristic station designs can be found in existing scientific proposals for “future”
stations (Figure 10-1, Figure 10-2, Figure 10-3). Images also exist in science fiction art (e.g.
Chesley Bonestell, Walt Disney), TV series (e.g. Babylon 5, Star Trek, Futurama), and pop
culture (Walt Disney Productions, 2001) (Miller, 2007). Inspired by books (e.g. Jules Verne,
Isaac Asimov, Robert A. Heinlein), movies (e.g. Solaris, The Hitchhiker's Guide to the Galaxy,
2001: A Space Odyssey), art objects, and exciting industrial designers as Raymond Loewy, the
image of the station should take into account how design and aesthetics can have a profound
impact on people’s perception of, and interest in, space. It is necessary to combine
functionality and design, in order to create a practical space station with an appealing
appearance (Boyle, 2005). Aesthetics are often discounted within space programs but, to keep
people interested they should be fundamental considerations beginning in the early design and
development stages. Successful technology companies like Apple have recognized the value of
aesthetic appeal; EPO would greatly benefit from good station aesthetics to influence public
perception.
Creating a futuristic and iconic station design will influence public perception of the station and
help attract attention. The popularity of science fiction shows that people are fascinated with
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futuristic space endeavors (SciFi Ideas, 2011). In most futuristic ideas the station is
transforming into a spaceship and our participant survey suggests that this approach is very
interesting. The spaceship conception is connected with human space exploration and space
tourism is a logical next step of the idea. Therefore, an iconic design will not only serve raise
awareness of an NGSS, but will also attract tourists to the station.
A futuristic and iconic appearance would bring additional advantages to an NGSS, because it
will make the station attractive not only for the public, but also for private companies, because
they will be able to use an NGSS image as an advertisement tool. This approach is very
important for both private companies and an NGSS. Science fiction themes are often used in
advertisement, and the ISS has been used for this. An iconic station will combine the
fascination of futuristic high-technologies and the real life station. In connection with this
image, an advertisement platform could be created onboard an NGSS. Using free space on the
station to install monitors and billboards will enable not only advertisement onboard, but could
also support educational programs (Koenig, 2008) (Balsamello, 2010).
To ensure success, resources will need to be allocated to EPO programs in advance. Resource
requirements for EPO programs should be investigated early on to avoid later conflicts with
other space station uses (Finarelli & Pryke, 2007) (US Government Accountability Office, 2009).
Resources that should be considered for EPO programs are crew time, broadband
communication links for EPO programs and interactive components, and part of the operations
budget.
If experiments are flown on board of an NGSS within the framework of an EPO program they
should be short-term experiments. Especially educational experiments have to give quick
results so they can inspire children. Interactive components and research equipment could be
deployed for EPO uses. This is consistent with suggestions from Space: One Giant Leap for
Education to incorporate educational experiments in the design of a future space station
(SSP12 TP STEM, 2012).
In conclusion, a successful EPO program for an NGSS will be based on four driving goals:
1. To give the station a futuristic and iconic appearance with an ergonomic and
aesthetically pleasing interior design.
2. To enable the use of an NGSS as an advertisement platform in space, as well as an icon
in advertisement on Earth.
3. To allocate resources such as crew time, budget, communication links to EPO programs
early in the design process.
4. To include diverse international partners, especially representatives of the developing
world, to promote the idea that “space is everybody.”

3.2

International Cooperation and Policy

“We will also need an international partnership, probably even a wider one than for the ISS,
when aiming at the next steps of human space exploration” (Reiter, 2012).
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Section 3.2 describes potential issues with international cooperation influencing the design
drivers for the construction and operation of an NGSS. While the issues listed in this section are
not exhaustive, they are intended to give the reader a sense of the scope of the issues involved
and what kind of considerations need to be made in an NGSS program.
Diekmann (2011) and Gibbs (2011) have suggested that a future joint space program would
have the following characteristics:
 the program will have evolutionary objectives and architectures;
 architecture elements will be produced cooperatively;
 core elements will be provided by multiple partners leading to interdependency;
 the United States will surrender control of the critical path, though they will still be a
dominant partner in a leadership role; and
 the program will be able to accommodate a growing number of partners over time,
including commercial partners.
3.2.1

Evolution of International Cooperation

The US approach to cooperation in space exploration has visibly evolved since its beginnings
with Apollo-Soyuz. A product of the Cold War, Apollo was intentionally an exclusively US
program until the Apollo-Soyuz mission marked the end of the Space Race; a decade later, the
Shuttle program was directed and led by the United States, yet featured international
contributions such as the European Space Lab. This collaboration continued with the ISS
program, which began under US control, but became an international partnership with the
arrival of Russia (Pace, 2011).
Today, Article 1.4 of the ISS IGA (US Department of State, 1998) states that, “The Space Station
is conceived as having an evolutionary character.” The IGA acknowledges the evolutionary
nature of the ISS program by stipulating that any new capability requires an amendment of the
IGA or a new agreement between partners (Diekmann, 2011).
In December 2006, 14 space agencies released the Global Exploration Strategy (GES) which
“will enable interested nations to leverage their capabilities … [to] propel us into this new age
of discovery and exploration” (Dale, 2006). In accordance with the GES, the United States is
interested in involving more international partners at earlier stages. This will allow these
partners to provide core architecture elements, supplementing their contributions of
supplementary components. (Pace, 2011).
In conclusion, current dialogue and policy directly supports the characteristics suggested above
by (Diekmann, 2011) and Gibbs and is therefore expected to be included in future agreements.
3.2.2

Interdependence
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It is likely that the ISS will be the last space project that a single country could even
contemplate undertaking on its own (Pace, 2011). During the course of its participation in the
ISS program, NASA released control of the critical path: station construction depended on
Canadian robotics, while human transportation is currently available only from the Russian
Soyuz spacecraft. This kind of interdependence is expected to increase as governments realize
the economic benefits of reducing duplication of effort. It is expected that partners with
strengths in particular capabilities would specialize in contributing those capabilities to the
program. As this trend develops, it will be important to maintain dissimilar redundancy of
critical functions (ISS Multilateral Coordination Board, 2009). For example, when the American
Space Shuttle retired in 2011, dissimilar redundancy of transportation systems the Russian
Soyuz could maintain crew transport to the ISS.

3.2.3

New Partners

An attractive feature of the IGA is that it clearly defines the roles and responsibilities of each of
the partners, including the elements that they are expected to deliver to the program
(Diekmann, 2011). In contrast to this well-defined structure, an NGSS governance model may
need to accommodate a growing number of partners of varying capabilities and expertise.
ISS program policy states that if a non-Partner state wishes to collaborate with one Partner, it
may do so under the evaluation of all five Partners (CSA, NASA, JAXA, ESA, and Roscosmos). A
potential barrier to collaboration is the fact that the United States currently has a noncollaboration policy with China (Mervis, 2011). Thus, if China were interested in working with
any of the other four Partners, NASA must deny China’s access to the ISS. Future government
and NGSS policies should be more flexible in accepting new partners, including organizations
besides national space agencies.
An NGSS program should include as partners China and other developing countries, nongovernmental entities, and non-profit and philanthropic organizations, and should be able to
accept research proposals from around the world, including from non-spacefaring nations.
3.2.4

Exchange of Funds

The current IGA in place for ISS prescribes a minimum exchange of funds between partners
through the exchange of capabilities (US Department of State, 1998). This has served
government partners well, but this will not be the case in the private sector (Pace, 2011).
Commercial industry has the opportunity to play a much larger role in the space sector, for
example, in transportation of cargo to orbit, but they expect to be paid for providing that
service (Pace, 2011).
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A future governance model must also describe how governments interact with commercial
entities. This is reflected in the Outer Space Treaty 19671 (OST), whose parties, “shall bear
international responsibility for national activities in outer space … carried on by governmental
agencies or by non-governmental entities” (US Department of State, 1967). As more companies
undertake space activities, it will become necessary to monitor or license these companies in
such a way that complies with the treaties without limiting their potential contributions. The
Moon Treaty attempted to place strong controls on private enterprise, and today has been
ratified by very few countries, none of them being strong players in the space industry (Pace,
2011).
3.2.5

Intellectual Property

Intellectual Property (IP) concerns will become highly important with increased commercial
activity on the next space station. Private enterprise will require that IP rights be upheld on an
NGSS before they will be willing to engage in any research activity there (Freeland, 2005).

3.2.6

International Traffic in Arms Regulations

International Traffic in Arms Regulations (ITAR) is a set of US governmental regulations to
control import and export of military-related articles and services. For instance, ITAR has placed
constraints on the collaboration between European and US contractors. This has made it
difficult for ESA to participate in key ISS activities, for example, in the preparation and launch of
the European ATV (ISS Multilateral Coordination Board, 2009). ITAR prevents any exchange of
information and cooperation on a technical level among partners. This regulation significantly
reduces the potential for current and future cooperation in space endeavors.

3.3

Station Science

Science has formed the foundation of most space station projects to date. Space is a unique
environment with multiple areas of interest for scientific investigation. From long-term
microgravity to astronomy observations unobstructed by the atmosphere, space has exciting
opportunities for investigation in a diverse range of fields. The ISS has provided a unique
scientific research platform, but as discussed in Section 2.3, there are improvements that
could be made to optimize the scientific potential of the station.
3.3.1

Research Areas

1

Treaty on Principles Governing the Activities of States in the Exploration and Use of Outer Space,
Including the Moon and Other Celestial Bodies, (610 UNTS 205) opened for signature 27 January 1967.
610 UNTS 205 referred to as the Outer Space Treaty 1967.
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The keys areas of scientific interest aboard the ISS are life sciences, physical science, materials
science, and Earth observation (Gerstenmaier, 2012)(check senate hearing for ref). Research on
a future station is likely to continue in these broad areas and this has design implications for
the station, depending on the specific experiment requirements.

In life sciences, one of the main goals is to better understand human physiology to enable
sustainable human spaceflight. It is critical to understand the performance, behavior and
function of the human body in the space environment if we want to undertake long-term
missions to Mars, for example. In order to investigate potential benefits of artificial gravity
in space, a variable gravity module could be added to the station design. Incorporating this
concept may introduce factors (such as vibrational interference) that would affect other
design considerations, such as the need for a stable microgravity environment for research
purposes.
For a biological laboratory facility there are a number of standard equipment requirements
to allow basic research to be carried out. The basic items, such as refrigeration units,
incubators, and centrifuges require a consistent and reliable power source, and their
energy consumption should be taken into account when designing the station power
system. One of the issues identified from the ISS was the limited ability to return samples
for analysis on Earth in a timely manner. Dependent on the location of a future space
station, this could become an insurmountable obstacle for certain research fields. The
capability to analyze samples in the space environment could counteract this, but will have
an impact on the facilities required aboard the station. On this note, additional bandwidth
for data transfer back to Earth should be taken into account (Ratliff, telephone interview,
July 20, 2012).
Experiments on living organisms, such as microorganisms, plants, and animals, introduce
further design constraints since their biological needs have to be maintained. It is also
imperative to ensure crew safety by keeping samples securely contained.
Combustion science is an area of interest in the physical science domain. Since crew safety
is paramount, great caution must be taken when introducing a naked flame to the station
environment. Special facilities for research in this area should be considered at the design
stage. All equipment for scientific research must be designed with space safety
requirements in mind. Chemicals and other toxic or dangerous substances must always be
contained and an ability to safely dispose of, or recycle them, should be built into the
station. Telerobotics may also be used to help to safely handle and dispose of chemicals
and substances and to protect the crew from hazardous materials.
Another area of interest is investigating the effects of the space environment on various
materials and microorganisms. This is of special interest to the satellite industry’s radiation and
debris shielding requirements. An ability to conduct experiments outside the station is
essential. A future station should integrate external experiment facilities, such as the Japanese
Kibo external facility on the ISS, which may affect the station design (Messerschmid & Reinhold,
1999).
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As discussed previously, the ISS is a platform for long-term scientific research in microgravity
conditions. Research conducted in the physical and material sciences are areas that would be
significantly affected by the stability of the microgravity conditions. As a result, the quality of
the microgravity environment is a concern that needs to be addressed by the design of the
station. For example, tethers could be attached or a free-flying module could be used to reduce
the variability of the microgravity environment for conducting experiments.
Earth observation and remote sensing are useful scientific capabilities for a future space
station. The design of the station should consider including laboratory equipment to engage
further human exploration of the universe. The ability to monitor the Earth, exoplanets, and
the universe will be a significant factor in determining our next destination. Therefore,
scientific resources and space for remote sensing devices on an NGSS design should be
evaluated.
3.3.2

Potential Users of an NGSS

Although the major design drivers will dependent on the type of science to be conducted
aboard an NGSS, some thought should be given to the implications of having different station
users. To date, most of the science carried out on the ISS has been publicly funded, but there is
increasing commercial interest in space. The United States identified early on that
commercialization of research activities onboard the ISS could enhance the national benefit of
their involvement in the ISS (Richardson, 1997). If private entities, such as pharmaceutical
companies, want to rent laboratory space aboard an NGSS, then there may be a need to
provide laboratory spaces to protect their intellectual property. Logistical considerations, for
example the return of experimental specimens, must be considered when evaluating the
viability of commercial research conducted on an NGSS.
For international science, coordination of research subjects and providing shared-use facilities
is of high importance (Reiter, 2012). Station designers should take this into account to develop
a multifunctional laboratory.
Both international cooperation and EPO will benefit from the ability to open up station facilities
to emerging partners and educational institutes. As the cost of accessing space decreases, and
accessibility increases, there will be greater opportunity for small organizations or even
individuals to participate in science on a future space station. When designing the scientific
elements of a future station, team BLISS suggests allotting a section of the laboratory for
hosting experiments from non-traditional partners. This could build on the work already
carried out by the private corporation NanoRacks, that provides a method for researchers to
send their experiments onto the ISS for a more affordable price (NanoRacks, 2012).
The potential for new station science users, in addition to government agencies, and their goals
and priorities could affect design of an NGSS.
Table 10-1 examines a selection of organizations and their potential motives for contributing to
an NGSS science program. These groups were selected as having the highest potential to
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perform science on an NGSS, based on availability of project time, cost, and resources. A
primary driver of an NGSS could be to identify who wants to conduct station science and their
scientific priorities.
3.3.3

Construction and Operations

In order to accommodate new station science partners, the laboratory layout should be
evaluated. A split laboratory, with specific sections for different users, may work for smallscale partnerships. If a large market or a private laboratory emerges, entire private
modules could be added to the station. Standardized docking points should be
incorporated into the station design.
Since crew time proved to be such a limiting factor for science aboard the ISS, telerobotics
and automated facilities could be added to an NGSS. This technology would free up the
crew to conduct more complex experiments. The station should be designed in such a way
that station operation and maintenance is kept to a minimum.
The ISS took twelve years to construct (1998-2010) and has only recently entered the full
utilization phase. An NGSS construction schedule should include modules that are
operational and allow experiments to be performed as soon as possible after launch, even
before the station is completely built.
Options for separate modules, such as free-flying microgravity research modules, or
exploration vehicles, should also be investigated.
The physical design of an NGSS will of course be the primary factor in deciding the type of
science that can be conducted, but attention should also be given to the Earth-bound
process of experiment selection and flight-readiness review, since this was also identified
as a source of delay in the ISS program.

3.4

Astronaut Health Care and Space Medicine

The requirements for astronaut health care and space medicine on an NGSS depend mostly on
the location of the station. Experience from ISS shows that return to Earth from LEO is possible
within 6-24 hours. Resuscitation equipment, such as a defibrillator and ventilator, are available
aboard the ISS, although the limitations of the Soyuz spacecraft prohibit the return of an
intubated and ventilated patient. This is due to constraints in the available space on the Soyuz
vehicle as well as g-forces associated with atmospheric re-entry (D. Hamilton, personal
communication, July 2012). Future Earth-return vehicles should accommodate seriously ill
astronauts, as medical evacuation aircraft do (see
Figure 10-5). This should include low g-forces on re-entry, a controlled soft-landing at a
predefined location, and medical evacuation of patients who must be kept flat on their back, as
is possible with the envisioned Boeing X-37C (Figure 10-6).
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Returning from a lunar location would take several days and a return from Mars would take
estimated at 9 – 12 months. An abort for such a mission is not feasible after departure from
Earth due to the energy required to reverse direction. (Cermack, 2006) The farther away from
Earth a space station is located the more the medical care for astronauts has to be available
onboard (Clément, 2011). Up to lunar distances, semi-real-time tele-surgery techniques could
be used to support the crew in medical treatments. Further technological developments, like
predictive displays which display intended motion of surgical tools ahead of time may be useful
for such tasks (Haidegger, et al., 2011). At farther locations, for example towards Mars, the
signal delay times are too long for the crew to rely on ground support, but tele-consultations
could still be provided (Cermack, 2006).

Figure 3-1 General concept for telemedicine support of long-duration space flight (Haidegger, et al., 2011)

The greater the distance to Earth, the more important is the ability for the Crew Medical
Officers to perform autonomously (Hamilton, et al., 2008). See Table 10-3 for suggested
onboard medical capabilities for various missions.
Surgery in microgravity has been proven possible by experiments on animals in parabolic flights
and on board the ISS. Endoscopic surgery techniques have the advange of a sterile and
contained operating field (Clément, 2011) (Barrat & Pool, 2008). On Earth, robotic surgery
technology is advancing, including tele-operated surgery. For future space flight missions this
technology should be introduced as it allows ground-based experts to support or remotely
perform on-orbit surgery (Haidegger, et al., 2011).
Current and future developments in other areas of medicine which could increase the
autonomy of onboard medical teams should be closely followed. Examples include artificial
oxygen-carriers as a substitute for blood transfusions, nanorobotics, and smart medical systems
(Barrat & Pool, 2008). To decrease the likelihood of medical operations being needed during
long-duration missions, preventative surgery for often-affected organs (e.g. removal of
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appendix, gall bladder) has been proposed, although there is no consensus on this topic yet,
and the ethical issues remain unresolved. (Ball & Evans, 2001)

3.5

Commercial Applications

The ISS was designed for a variety of users, including commercial actors. However, this broad
base of users necessitated compromises throughout its design and construction. As outlined in
Section 2.5, some of these design compromises negatively impacted commercial use of the ISS.
Despite these compromises, there have been commercial successes achieved using the ISS.
These applications, discussed in Section 2.5, are ideal candidates for use aboard an NGSS.
3.5.1

Novel Commercial Applications for an NGSS

In addition to proven markets, an NGSS has the potential to cooperate with the private sector
in new and exciting ways.
Table 3-1 summarizes a selection of commercial applications and the means by which they may
be realized on an NGSS. Proper design of an NGSS will provide the private sector access to
these new sources of wealth.
The proposed development period for an NGSS is from 2015 to 2025. Based on the example of
the ISS, utilization can be expected to last into the 2040s. Thus, detailed preparation for
station-based commercial applications will require mid- to long-term market studies and
projections. In addition, new markets will invariably emerge throughout the lifetime of an
NGSS.
Table 3-1 should therefore be considered a high-level and precursory overview of the ways in
which commercial applications can drive the design of an NGSS.
3.5.2

ISS-Derived Design Drivers

In addition to the application-specific design drivers listed previously, the ISS has provided a
number of general design lessons. The following have been obtained through consultation with
industry professionals:


Space station purposes can interfere with each other.
 Physical separation of the station according to function will allow the NGSS to achieve
conflicting goals with greater success. (T. Gill, email correspondence, July 17, 2012)



The ISS was not able to serve commercial purposes until well into its lifetime.
 An NGSS should facilitate commercial research and development with the launch of its
first modules. (R. Ridenoure, email correspondence, July 21, 2012)



Regulations and approvals for ISS-based ventures are costly and time-consuming.
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 To combat this, the governance of an NGSS should strive to minimize obstacles for
commercial partners wherever possible. (R. Ridenoure, email correspondence, July 21,
2012)


Standardization is a critical step to smooth commercialization of space.
 Standard platforms for manufacturing should be established. These platforms and all
other interfaces should have ground-based emulators for testing. (R. Romanella,
interview, July 17, 2012)

3.5.3

Rationale for Commercial Activity

“It will be private enterprise that truly opens up the space frontier through commerce” (Harris,
2009).
As demonstrated, an NGSS holds great potential for commercial applications. Though varied,
these applications share a common goal: the incorporation of space into our global economy.
By developing this ability and allowing the commercial sector to focus on routine operations,
space agencies will once again be able to focus on exploration and expanding the reach of
humanity beyond our home planet.

REMOTE
APPS

EXPLORATION

SPACE ENVIRONMENT

Table 3-1: Novel Commercial Applications for an NGSS
APPLICATION

CUSTOMER

DESIGN DRIVER

SUITABLE ORBIT

SPIN-IN/-OFF

Microgravity
research and
development
Technology
demonstration

Materials testing,
education, drug
industry
Commercial space
industry

Low-cost access to
space

LEO

Materials and
manufacturing

Protein crystal
growth, fluid mixing

Access to space
environment;
up-/downmass
Low-cost access to
space, operator
presence

LEO (general space),
beyond LEO
(radiation)
LEO

Vaccines, bone loss
treatment, cancer
treatment
Radiation protection,
exploration
technology
Slow chemistry,
process improvement

Space power

Commercial
satellites

Everywhere (LEO and
LLO experience
eclipse)

Long-distance energy
transmission

Resource utilization

High-technology
manufacturing, lunar
bases
Space agencies

Power collection,
storage, and
transmission
Robotic mining,
processing facilities

LLO (lunar mining), NEO
(asteroid mining)

Rare-Earth minerals,
water in space

Variable gravity,
spaceship docking

L1 / L2 (less delta-v)

Closed environmental systems,
robotics

Private citizens,
climate and
agricultural agencies
Telecom industry

Windows,
observation
platforms
Communication
nodes

LEO or LLO
(resolution)

Digital image
techniques, disaster
warning
Optical
communication

Private tourism
ventures

User-friendly station,
appealing design

LEO (quick and
cheap), beyond LEO

Eexploration
preparation
Earth/lunar
observation
Communication

BR
IN
GI
N
G
SP
AC
E
TO
EA
RT
H

Space tourism
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APPLICATION

CUSTOMER

DESIGN DRIVER

SUITABLE ORBIT

SPIN-IN/-OFF

(experience)
Arts and culture
STEM
commercialization
Advertising

Entertainment
industry, artists
Global education
community
Any commercial
entity

Facilities, windows,
user-friendly station
Production studio

LEO (access), Lunar
(inspiration)
LEO or LLO (view)

Access of NGSS to
general public

Everywhere

Space art, inspiration
and exploration ideas
Space-based filming
techniques
Space-based banners

Table 3-1 was populated with data from (Artemis Society International, 1998), (Beggs &
McLucas, 1997), (Cavanagh & Rice, 2007), (Cowing, 2009), (DFI International, 2002), (ESA,
2010), (Giacalone, 2008), (Griffin, 2005), (Kawamoto, 2004), (McDermott, 2008), (NASA, et al.,
2012), (Raitt & Diekmann, 2004), and (Tolker-Nelson & Oppenhauser, 2002).

3.6

Finance

The success or failure of large projects like space stations strongly depends on the financial
health of the project. Budgetary difficulties are frequent in the space industry, but space
stations are especially susceptible to financial woes since they concentrate resources and
efforts of several years into one vehicle. The total cost of the ISS, for example, was much higher
than initially estimated.
For future space stations, rough order of magnitude (ROM) cost estimates must effectively
characterize the trade between station size and complexity with total cost. The ISS proves to be
a useful metric for this estimation since it was built in a modular fashion over a long period of
time. NASA’s parametric cost models are useful, as well, to gain a different financial
perspective on the project. For unique new technologies like artificial gravity, parametric
models are more applicable since no analogues are available.
3.6.1

Cost Assessment

ROM cost is a cost estimate based on approximate cost models or expert analysis and is usually
based on top-level requirements or specifications (NASA, 2008). We have seen that the cost of
transportation (namely the Space Shuttle) and operations were one of the major factors adding
up to the high cost of the ISS program. In the ROM cost assessment of an NGSS the team
assumed more cost effective launchers for construction and resupply of the station.
The team’s ROM cost assessment approach is based on the ISS as the closest analogue – this is
true even for missions beyond LEO – while at the same time presuming that the factors which
inflated the final cost of the ISS could be reduced. The team used NASA’s cost estimating
models for comparison of the results and to estimate the operational costs (NASA, n.d.). To
obtain the ISS development cost estimate without the cost of transportation and operations
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from 1985 to 2010, the team summed NASA’s budget for the ISS from 1985-2010 and added
the estimated contributions of other partners (Lafleur, 2010). The team then subtracted all
partners’ operational costs (NASA, n.d.). Partners’ operational costs were calculated assuming
NASA’s operational cost comprised 75% of the total operational cost. The team also subtracted
the estimated non-US transportation costs. The average cost per mass of the ISS was then
obtained (NASA, n.d.), along with the average ISS pressurized-module mass (total ISS mass
divided by fifteen pressurized modules). The average mass of a Mir station module was used
for the small station scenarios with microgravity and non-inflatable modules. Such a station
would require less support structure than the ISS.
When considering different scenarios for an NGSS, the team identified three design drivers.
First, the team compared microgravity (μg) with artificial gravity (AG), then small stations (e.g.
four crew) to large stations (e.g. eight crew), and locations––LEO to Earth-Moon Lagrange point
one (EML1).
The team then performed ROM cost estimates by simulating a space station development for
twelve different design driver combinations over 2015-2025. Detailed tables for ROM cost
estimates for four LEO missions are presented in Table 10-4 in the Appendix. The final ROM
average mass and cost estimates are presented in Figure 3-2.
μg, small station
LEO
EML1
LEO (inflatables)

AG, large station

μg, large station

AG, small station
Figure 3-2: ROM cost estimates (in USD 2010 billons) of an NGSS based on complexity, size, and location

The team simulated the higher design difficulty by taking into account the level of design
inheritance (for a new design the assigned value is one, for a partly inherited design this value
is above one) in the system using the parameters from the NASA’s Advanced Missions Cost
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Model (NASA, n.d.). The team assumed the level of design inheritance for an NGSS in LEO with
microgravity to be higher than one, as we would be building upon the previous experience of
space stations in LEO. The radar chart in Figure 3-2 is skewed to the left indicating that a
change from a small station design to a large one has a bigger effect on the costs when a
station is designed for AG. Currently, any AG design would be technologically innovative and
therefore demanding. For the AG design the team assumed a completely novel design––no
design inheritance and an increased level of programmatic and technical difficulty. The higher
costs of an AG design are especially pronounced in the initial phases of the project. This can be
seen in Figure 10-7 which shows the estimated cost evolution over the development period of
an NGSS.
Comparing cost estimates for an NGSS at EML1 with that in LEO results in increase of USD 9–
15b, for microgravity and AG respectively. There are two reasons for this: higher transport
costs to the station (the team used a cost increase factor of 2.5), and more radiation protection
at EML1 (this decreases the design inheritance). The team also considered Bigelow BA330
commercial inflatable modules. The original BA330 quoted price estimate of USD 100m (Space
Exploration Architectures Concept Synthesis Studio Team Project, 2010) was doubled––tripled
for AG scenarios––to include any needed adaptations. Even so, inclusion of the commercial
module significantly lowers the cost estimate. For an NGSS, the availability of funding will
determine the level of design features that are possible.
3.6.2

Funding

The source of funding for the project must match the station purpose and capabilities. Public
funding from taxpayers is useful when the return on investment is not clear or if the risk of
failure is high. Deep space exploration and basic research stations fit this model well. For
commercial stations, a public private partnership or completely private funding may be more
effective. In a Public-Private Partnership (PPP), a public agency and private entity sign a
contract to share risks and resources between themselves. This leaves the private entity with
enough revenue potential to invest in the project while still preserving risk incentives. As space
technology advances and becomes cheaper, completely private funding is also becoming a
viable funding approach. Such a station would exist to achieve profit motives for shareholders
with all risks accepted by the private enterprise.
Public funding is funding by governments using taxpayers’ money in order to provide services
for the common good of all. Because taxpayers are anxious to see a return on investment, the
question “why should governments spend taxpayers’ money on space?” often arises. The
public doesn’t understand money spent “in space” is spent on the ground. This disconnect can
lead them to protest their money being “wasted” on space; this is especially true during hard
economic times. Today, “space can increasingly be seen as an important potential source of
economic growth, social wellbeing, and sustainable development,” (OECD, 2011) and without
the public funding of space activities, scientific and technological advancements would be
severely undercut.
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Investing government money into space projects not only brings about advancement in
scientific, technological, industrial, and security capabilities, but also provides socio-economic
returns. As put by Joan Vernikos, a member of the Space Studies Board of the US National
Academy of Sciences and former director of NASA’s Life Sciences Division, “Economic, scientific
and technological returns of space exploration have far exceeded the investment. … Royalties
on NASA patents and licenses currently go directly to the US Treasury, not back to NASA”
(Dubner, 2008). “In 2009, for every dollar spent in the US commercial space transportation
industry, USD 4.9 resulted in indirect and induced economic impact” (OECD, 2011). Public
funding is invaluable in projects where the return on investment is not clearly evident and/or
the risk of failure is high, e.g. deep space exploration, basic research.
A negative aspect for an NGSS program of using public funding is that there can be fluctuations
in the budget. Most of the countries across the world are under strict budget pressures.
Changes in national priorities can result in reduction or disruptions in public funding for space
programs. In some cases, certain publicly funded programs have been cancelled (e.g. NASA’s
Constellation program in 2010). According to Euroconsult, a leading consulting firm that
specializes in the space sector, public funding for space programs is expected to decrease
significantly in the next five years (Space Daily, 2011). The United States Congress votes on the
federal budget, including funding for NASA, on an annual basis. NASA’s budget as a percentage
of the total federal budget has mostly been decreasing since the Apollo program ended. This
trend is illustrated in Figure 10-8 in the Appendix, which was created using historical budget
tables (Office of Management and Budget, n.d.).
Another disadvantage of using public funding for space programs is that government agencies
are not as cost-effective as commercial companies. There is cost-overhead associated with
public funding for a space program. To find cost-effective methods of resupplying the ISS with
cargo, NASA is relying upon commercial companies, such as SpaceX, under its Commercial
Orbital Transportation Services and Commercial Resupply Services contracts (NASA, 2012).
According to Andraschko (2012), NASA can significantly lower its costs associated with science
missions by using commercial entities to host payloads.
Purely private funding is done by non-governmental entities for profit purposes. Sometimes it
is hard to make a distinction between public and private sectors. In this report the team will
differentiate between the two based on who is directly spending money in space projects. The
private sector resources are primarily from private individuals, groups of individuals, and
private companies. The profit motive of the private sector can represent a problem in many
space projects. Nevertheless, if an NGSS would primarily be used for commercial purposes,
purely private funding could be considered (e.g. Bigelow Aerospace planned space station
(Thomson, 2012)).
A public-private partnership (PPP) is any contractual agreement between a public agency and a
private sector entity (National Council for Public-Private Partnerships, n.d.). In PPPs, private
partners assume a part of the responsibility for public projects in exchange for return on their
investment. Because of this, the private sector has a stronger incentive to enact better financial
management. The increased funding enables the public sector to provide better service. A
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space-related project with the government as the primary customer should consider a PPP
approach under the following conditions: visible policy/regulatory environment, long-term cash
flow for private companies’ commitment, and cost savings as the main driver of PPP
(Hashimoto, 2009). Examples of PPP space projects are presented in Figure 10-9 in the
Appendix.

3.7

Engineering

The design of the station will be primarily determined by four parameters defined by the
envisioned purpose of an NGSS. These parameters are orbit/position––LEO, geostationary orbit
(GEO), EML1/2, EML4/5, low lunar orbit (LLO), and near Earth object (NEO)––station mobility,
artificial gravity, and crew size. The effects of these parameters on each subsystem are
summarized in Table 3-2.
3.7.1

Location

The inclination of the orbit needs to be taken into account if an NGSS is placed below GEO. To
enable reuse of ISS modules, an NGSS would have keep the same inclination as the ISS (51.6˚),
but there is no guarantee these modules would be structurally sound beyond 2028. 51.6˚ has
never been the best technical option due to the inefficiencies of launching to this orbit from
the main launch sites, KSC and Baikonur (Messerschmid & Reinhold, 1999), but was selected to
enable Russian partnership. There are too many drawbacks for it to be a preferred location for
an NGSS.
Another option might be to consider a polar orbit, which is technically feasible from any
country in the world, even those in high latitudes, facilitating international cooperation. An
NGSS in this orbit would pass over every single point on Earth, including the poles, opening up
greater opportunities for Earth observation. If the right ascension of the ascending node is
close enough to 90˚, and the orbit is Sun synchronous, the station will never be shadowed by
the Earth. This eases power subsystem design because the battery capacity requirements are
reduced and there is a constant power income from the Sun. Thermal subsystem design may
also be simplified because radiators and solar arrays can be static.
The drawbacks of polar orbits include higher radiation above the poles concentrated by the
Earth’s magnetosphere (World Health Organization, n.d.) and the fact that it is not possible to
use Earth's magnetosphere to produce energy with tethers, because the magnetic field is fully
or almost parallel to the orbit.
LEO and GEO are the immediate possibilities after leaving Earth’s atmosphere, and they need
the lowest delta-v to be attained––the cheapest and fastest to reach. A station in LEO below
600km altitude, however, needs additional delta-v per year to compensate the atmospheric
drag, what involves propulsion capability or continuous altitude “supply” by external
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spacecraft––as happens nowadays with the ISS. The team also considers the Earth-Moon

Lagrange points shown in
Figure 3-3.

Figure 3-3: Gravitation field in the Earth-Moon environment.

Lagrange points need higher delta-v to be reached from Earth than LEO and GEO, but are
closer––in terms of propulsion needs––to future possible destinations like Moon and Mars.
EML3 is not considered due to its distance from the Moon. A station in EML1 or EML2 needs
thrust to keep its position because these points are of instable equilibrium; EML4 and EML5,
are stable so no station-keeping thrust is needed, but it takes higher delta-v to get there and
they are farther from the Moon. (Thronson, 2010).
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Figure 3-4 Transportation and station-keeping delta-v requirements over time for various locations

Figure 3-4 shows the total amount of delta-v needed to get from LEO to different Lagrange
points plus annual station-keeping requirements. It shows how a given station is less expensive
in EML4/EML5, in terms of delta-v budget, than EML1 from the fourth year of positioning, and
EML2 from the tenth year. A detailed trade off analysis will also take into account: the numbers
of trips to the station per year, the ratio between the mass of the station and the space ship,
the additional mass for station-keeping thrusts and propellant, and the hypothetical missions
from the station to other destinations––like the Moon or Mars. (Larson & Pranke, 2007).
3.7.2

Artificial Gravity

A requirement for artificial gravity may completely drive the architecture of the station. If this
feature is needed to better preserve crew health, then a rotating station with circumference
shape is the best option to get stable, Earth-like gravity. If there are accessible areas at
different distances from the center of rotation, then different gravity levels are achieved and
the opportunities for scientific research increase enormously. Mechanical issues arise then in
the areas of the station where gravity is induced: the need to conceive an up/down design (a
floor, weight supporting shelves, for example), the need for lifting tools, and most of all, a
gravity control system that takes care of the equilibrated rotation of the station. The latter
needs to relocate masses in order to somehow compensate the mass distribution changes
when the crew moves, because the station may begin rotation with respect to different axes
and end up tumbling. Figure 3-5 shows an example of a rotating non circumferential space
station.
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Figure 3-5 Non circular rotating station concept with variable gravity.

Another possible way of achieving artificial gravity is using couple of masses (working modules)
attached by a tether and make them rotate with respect to their center of mass. This approach
is more limited but much simpler from the engineering point of view. The configuration center
of mass can be held by a module of the station while it does not rotate and keeps micro gravity.
Figure 3-6 shows a schematic example of such system (Wilson, 1990).

Figure 3-6 Scheme of tethered masses for artificial gravity

A number of studies have been carried out to evaluate the feasibility of using tethered
elements to transfer momentum (Cosmo & Lorenzini, 1997). There are concepts for several
applications, so it is a promising approach to reduce mass in usually heavy subsystems like
structures and power generation.
3.7.3

Mobility

Traditionally space stations have been single-point complexes in space, but an NGSS might
benefit from the ability to move. There are two main options that would significantly affect the
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design of a future station: entire station mobility, or partial station mobility. Both scenarios
would carry a high cost burden, but may be investigated as possibilities for an explorationfocused station. A station with a mobile element could enable other uses to be incorporated.
One example of this is where the main station is situated in LEO, and a manned/unmanned
mobile explorer could use this as a starting point for additional missions. If the spaceport
network proposed by ISU SSP 2012 team OASIS were implemented, the mobile explorer could
refuel at one of their nodes, and thus have a greater scope for exploration.
3.7.4

Standardization

The ISS has incompatibilities among different sections. For example, NASA’s International
Standard Payload Racks do not fit through the Russian docking ports, the ECLSS parameter
values of the Russian and the rest of the station are different. To ease assembly and increase
flexibility, standardization of design parameters shall take priority when working on an
appropriate framework for future space stations. The more this issue is delayed, the more
“traditional” the different approaches will become, and thus the harder it will be to meet
criteria in the future. All station partners should use the metric (SI) system of units to prevent
confusion.
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Table 3-2: Design drivers for space station subsystems

3.7.5

Guidance, Navigation, and Control

Orbit/Position: Designing a GNC system is feasible for all locations being considered using
today’s technologies. If the selected location is further away than GEO, then GPS or GLONASS
cannot be used for navigation purposes. In these cases, the Deep Space Network is required for
communications
Microgravity or Artificial Gravity: If the future space station has microgravity as ISS has today,
then current GNC solutions will still be applicable. However, if artificial gravity is required on an
NGSS, then additional control systems considerations need to be taken into account. Artificial
gravity is created by rotating the space station (or part of the space station) to create a
centripetal force; this rotation imparts angular momentum to the station. If both artificial
gravity and microgravity are required for NGSS, then a rotation along the same axis in the
opposite direction is required to balance the angular momentum and keep the microgravity
section stationary. Large momentum wheels are required to counteract the angular
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momentum of a rotating section for attitude control. Also, control moment gyroscopes (CMGs)
should be used for dampening wobble of the rotating section (Kurzhals, 1963).
Mobility: If NGSS requires a translation motion in the same orbit, then ground control centers
can perform the necessary calculations and uplink the results to an NGSS. This is how
translational motion is achieved with ISS today via the Moscow Ground Control Center
(Warren, 2004). If an NGSS will be required to make frequent orbital maneuvers, then an
onboard guidance system should be considered. This will allow the space station to perform its
own calculations independent of any ground support.
Crew Size: This parameter has negligible impact on the GNC subsystem.
3.7.6

Structure and Mechanisms

Two structural design drivers have been identified as critical for a conceptual design—the
payload service capability and human factors. The main considerations for these drivers are the
integrity of the structure and radiation shielding, including shielding against solar energetic
particles and galactic cosmic rays. This radiation could affect not only crew but also scientific
experiments, which may become more sensitive as they become more sophisticated.
Orbit/position: A station located in EML1 or EML2/L3 will need station-keeping capabilities to
maintain its position because these are unstable locations. Providing the station modules with
propulsion capabilities would be the best method for maneuvering because the mechanical
loads would be evenly distributed. Otherwise the entire architecture must be designed to
withstand the loads developed from applying thrust at a single point – as is currently done with
the ISS – which creates internal forces in the structure. LEO above 600km, GEO, EML4/5, or LLO
do not suffer atmospheric drag, and an NGSS would not require station-keeping capabilities to
stay in these orbits. The primary concern here is keeping the structure pressurized and
conceiving a structure as flexible as possible. These locations are thus preferable. A station
located in LEO below 600km would be affected by atmospheric drag, and station-keeping will
be needed to avoid re-entry and destruction (Messerschmid & Reinhold, 1999).
GEO, EML1, EML2/L3, LLO, and EML4/L5 locations are highly affected by radiation, and
appropriate shielding would have to be provided to maintain the health of the crew. New
shielding technologies including new materials and composites will be considered to provide
adequate protection. A station located in LEO is partially protected from radiation by the
Earth’s magnetosphere and thus requires less radiation shielding, which would allow the
structure to be thinner and lighter.
Microgravity or Artificial Gravity: If the station implements artificial gravity, it must withstand
centripetal forces, the interfaces must function under variable gravity, and the station must
self-equilibrate. Up and down directions are defined for the crew, in contrast to a microgravity
environment, so internal structure must be designed taking this into account. Another option
for implementing artificial gravity is to spin two or more tethered modules. This system is
further explained in Chapter 0.
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Mobility: The station requires thrust in order to change orbit. Again, if the modules of the
station do not have propulsion capabilities, the entire architecture and every module must be
designed to withstand the loads derived from applying thrust at a single point.
Crew size: This parameter affects only the sizing of the architecture of the station and the
distribution of subsystems and payloads. It does not affect the structure of the modules. Once
a mission is manned, it shall be designed according to ECLSS constraints. (Larson & Pranke,
1999)
3.7.7

Thermal System

Orbit/position: When placed in LEO, the thermal subsystem shall be designed taking into
account the proximity of Earth and its infrared (IR) and Albedo radiation.
Microgravity or Artificial Gravity: Radiators may require a pointing capability if the station is to
rotate, since these must continuously face deep space to be effective.
Mobility: With the addition of propulsion system on an NGSS, the thermal system may need to
accommodate additional heat generated.
Crew size: The crew size affects the thermal subsystem only in terms of sizing.
3.7.8

ECLSS and Human Factors

Orbit/position: The requirements for the life support systems mainly depend upon the ability
to deliver needed consumables to the space station. The longer the mission duration, the more
cost effective it is to invest in a higher level of consumables recycling. The further from Earth
the mission is, the longer its time duration, and the more cost efficient it is to invest in recycling
and closed environment technologies.
Microgravity or Artificial Gravity: The ECLSS system should be designed to operate in the
gravity level(s) the station is designed for.
Mobility: As for orbit/position mentioned above, the key design factor is station autonomy and
mission duration rather than mobility. It is reasonable to assume that a mobile station
(excluding a station frequently passing through LEO) will need a higher level of recycling due to
the high energy cost to deliver consumables to the station.
Crew size: The crew size is a major factor that determines the requirements of the ECLSS
system. The larger the crew, the more consumables required. Thus a larger crew will increase
the level of recycling required for a given mission.
3.7.9

Human Factors onboard a Space Station
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The design drivers for Human Factors are listed below:
Habitability: Beyond basic life support, the station should provide reasonable comfort for longduration human habitation. Design considerations for Earth are not necessarily the same as
those for a space habitat. The interior design of the station can significantly affect the personal
experience, wellbeing, and comfort of its users. The design should address privacy and personal
space issues, hygiene, ergonomics, ”day”-“night” cycle illumination, and noise levels and odors.
Other important factors for long-term habitability are the composition of the crew, the daily
schedule, isolation, communication delays with home, lack of spatial reference points, and
crew motivation (Hauplik-Meusburger, 2011).
Health: The space environment affects the human body in several potentially hazardous ways
that the station should be designed against. One of the most significant effects is the
microgravity environment. This environment affects several systems in the human body,
especially the musculoskeletal system and the cardio-vascular system, among others (Planel,
2004) (Ball & Evans, 2001). Additionally, solar energetic particles and cosmic radiation can
cause genetic mutations in the human body and other malignant effects (Clément, 2006).
Another important factor is balanced nutrition (Smith & Zwart, 2009). Countermeasures to
these hazards, as well as emergency procedures, such as tele-medicine and crew escape,
should also be designed into the station (Wootton, et al., 2011).
Psychology: The human body in space is prone to several health-jeopardizing environmental
factors, including high radiation levels, microgravity, vestibular system disorientation, and
stressors like sleep deprivation, confinement, isolation and anxiety, as well as noise, microbial
and chemical contamination, and a short-time high-gravity field. These types of exposure lead
to various physiological changes in the body’s systems. See Table 3-3 and Table 3-4 for a list of
environmental hazards and stressors, respectively, encountered during human spaceflight.
Table 3-3 Example of environmental hazards encountered during human spaceflight (Kanas &
Manzey, 2003)
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Table 3-4 Examples of stresses encountered during human spaceflight (Kanas & Manzey, 2003)

Particular concern should be given to long-duration, long-distance missions, where there is no
significant reference frame in the surrounding space and long delays exist in communications.
Crewmembers will have to deal with induced psychiatric problems with no possibility of
evacuating an affected individual. Further research and mitigation techniques are required,
both in team selection and preparation and in problem mitigation as they emerge (Clément,
2003).
3.7.10 Power Systems

Orbit/position: An orbit with long shadow regions will need adequate energy storage capacity
if solar-based technology is used. For example, a station based in a LEO of altitude 350km, with
an inclination of 28.5°, will be in shadow for 37.5 minutes (41% of its orbital period) (Eagle,
2012). If the station is placed further away from the sun, where the intensity of the solar
irradiance diminishes, power sources other than solar technology, such as nuclear power,
should be explored.
Microgravity or Artificial Gravity: If artificial gravity is to be implemented on an NGSS, the
power requirements will increase. The majority of designs for a space station with artificial
gravity constitute the concept of a rotating structure. Though the rotational torque can be
imparted by propellant thrusters, the demand for station keeping will increase many times over
owing to the vibrational moments drifting the station off the nominal orbit. This would call for
a rework on power budgets and for power requirements above 200 kW; it would be advisable
to opt for non-solar power generators. If the power requirement is below 200 kW, PV arrays
can still be used. A station utilizing solar energy as a power source would need to account for
the exposure of panels/collectors to the sunlight whilst the station rotates. Consequently, the
design may require that the collectors remain in a fixed direction or require that a non-solar
power source be used.
Mobility: If electric propulsion is selected for the station, a large amount of electrical power
will be needed to supply the propulsion system (Martinez-Sanchez & Pollard, 1998). This adds a
significant requirement to the power system. Furthermore, a moving station using solar energy
as its power source will need to be adaptable to varying incident solar energy as the station
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moves closer to or further away from the sun or into a solar eclipse. This would require flexible
energy storage and management systems.
Crew size: The size of the crew affects the size and scope of the life support system in the
station. A more extensive life support system requires more power and affects the design of
the power system.
3.7.11 Propulsion Systems

Orbit/position: The propulsion system is essential for orbit boosting and station keeping
maneuvers. In orbits like EML4, EML5, GEO, NEO the orbit correction requirement will be less.
In LEO, the atmospheric drag will cause orbit decay; hence, periodic orbit boosting operations
must be carried out. In unstable orbits like EML1, EML2 and EML3 the station keeping
operations must be carried out to maintain the position. The orbit control operations can be
carried out using chemical and electrical propulsion systems. The electrical propulsion systems
have higher specific impulse compared to chemical propulsion and hence require less
propellant to be carried. This system is however dependent on electrical power from solar cell
and will require backup power system when the spacecraft is orbiting in the shadow of a
planet. The electrical power can also be provided by nuclear power source if available on the
space station.
Microgravity or Artificial Gravity: Use of liquid propulsion system in microgravity poses the
problem of servicing the propellant from the tanks to the thrusters. This requires the use of
efficient propellant management system in the propellant tanks. Accurate measurement of
propellant quantity in the tanks is also an issue to be addressed. Electrical propulsion system
uses gaseous propellant and therefore it can be used in microgravity without propellant
management system.
Mobility: The selection of the propulsion system will be based on the mission requirement.
Chemical propulsion can be used for faster transfer of the station using high thrust engines.
The lower specific impulse of storable chemical propulsion results in higher propellant
requirement. Use of cryogenic propellants, such as liquid hydrogen and liquid oxygen, can
provide higher specific impulse thus reducing the propellant requirement. However the storage
of cryogenic propellant for long duration is to be demonstrated. Electrical propulsion provides a
higher specific impulse compared to chemical propulsion and hence less propellant is required
to be carried. However the thrust produced is very low because it is limited by the electrical
power available from solar cells or batteries. This dictates the time to reach another orbit.
Higher thrust electric propulsion system is possible with nuclear power source by providing
more electrical energy.
Crew size: The overall mass, size, configuration and safety of the space station would depend
on the activities planned on the station and various systems required for sustaining life on the
station. The propulsion system design will be based on the parameters mentioned above. For
orbit transfer higher mass would require higher propellant consumption for a given specific
impulse. The size and configuration of the station will dictate the thrust requirement, vibration
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levels, etc. In case of chemical propellants the propellant storage and delivery system should be
isolated from the crew modules from safety point of view. Use of nuclear propulsion systems
would require proper radiation shielding for the crew and equipment.
3.7.12 Launch and Assembly

Orbit/position: The modular assembly of a future space station is economically viable and
technically simpler only in LEO. A preferred method for assembly of an NGSS is that the major
portion of the assembly is carried out in a LEO of convenient inclination and the station is
tugged to the final destination later on. This would make available the stable of all major
international launch vehicles to participate in the station building process. Thereby the future
space station realization can be met within the time frame envisaged (before 2025). The sizing
of modules for an NGSS can be done depending on payload capability and envelope of the
payload fairing of different launchers operational as on date.
Microgravity or Artificial Gravity: The ground testing of the artificial gravity module will
require special infrastructure for design validation and clearance.
Mobility: If the future space station is mobile the crew exchange and cargo supply missions
would be affected considering the limitation of payload that can be launched to different
locations. For farther orbits, the transfer vehicle will have to be configured with advanced
propulsion systems.
Crew: The crew size would define the number of cargo spacecraft launches to the station for
resupply missions.
3.7.13 Command and Data Handling, and Communication Systems

Orbit/position: Design drivers for CDH will largely be the same at each location discussed.
Significantly higher communication data rates than those available today are realizable in LEO,
but much more mature technology is required to achieve communications beyond LEO orbits.
The associated technologies are discussed in Section 6.8.
Microgravity or Artificial Gravity: Design drivers for CDH as well as communications will largely
be the same regardless of the existence of microgravity or artificial gravity.
Mobility: Design drivers for CDH will largely be the same. Station mobility will have a significant
impact on the choice of a communication system. An NGSS should be capable of supporting
efficient communication in all possible mobile locations and transfer orbits. This leads to a
more complex communication system design utilizing technologies applicable to LEO and
beyond LEO.
Crew size: Design drivers for CDH as well as Communication will largely be the same as
discussed in Section 2.7.8. The size of the crew will result in a different design for
communication
system,
but
the
design
drivers
remain
the
same.
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4 TRANSITION FROM THE ISS TO AN NGSS
The transition from the ISS to a future station will be a significant endeavor. Module re-use is
possible, but constrains the design of an NGSS. As the largest orbiting object ever assembled,
the fate of the ISS will be a key part of the transition, and pose its own challenge to engineers
and innovators. Team BLISS evaluated information taken from the chapters on lessons learned
and design drivers to make recommendations for a seamless transition. Key elements in a
future space station will be presented for parties interested in creating an NGSS.

4.1

Education and Public Outreach

The importance of having public outreach during the transition phase from the ISS to an NGSS
cannot be stressed enough. Raising awareness of an NGSS while it is being built helps to make
the public feel involved and is a valuable tool to ensure support for the space station program.
During the transition phase from the ISS to an NGSS, public outreach and educational programs
are very important. The building of an NGSS should be communicated efficiently to raise
awareness. ISS programs need to be updated to accommodate the new station while successes
from the ISS should be continued to be publicized. An outreach campaign is an option of
promoting an NGSS and the framework for future educational programs should be initiated.
4.1.1

Awareness and Communication of the Development of an NGSS

One way to raise awareness is by publicizing every step during the transition and building phase
of an NGSS. Similar to methods used during the assembly of the ISS, live video streams and
interactive tools could give information about different modules, systems, and their assembly.
This can be used to inform the public of the progress and development of the space station
(Kruse, n.d.) (Discovery Education, n.d.).
Another option is developing a space station video game like the one the team mocked-up in
Figure 4-1. It can include all NGSS modules and parts, the launch vehicles, and other resources.
The player can design his/her own space station or reconstruct and simulate the building of an
NGSS. This will make the player feel more connected to the real station in orbit by giving the
player insight into the different stages of space station design (Simsquared Ltd., 2007) (TV
Tropes, n.d.).
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Figure 4-1 Example of Space Station Video Game Image: Wilson Lee
4.1.2

Transition of ISS EPO Programs

The EPO programs conducted with the ISS must be updated during the transition phase. When
the ISS is no longer in operation, some of these programs will no longer be possible. However,
activities that do not require an operational station, such as replicating ISS experiments in
classrooms or inviting astronauts to speak to children, must continue with the aim of
maintaining interest in the human space flight program during any gap between ISS and NGSS
operations (Thomas, et al., 2006).
Other EPO programs can continue to engage the public and foster STEM education by
introducing open competitions for space projects. One example is NASA’s Exploration Habitat
(X-Hab) Academic Innovation Challenge, which enlists university students to develop functional
prototype subsystems for space exploration missions. In exchange for sponsoring of these
student projects, NASA benefits from the innovative concepts and technologies generated
during the competition, while developing a future technically-skilled workforce.
One option for improving public perception of space stations is launching a campaign of
outreach activities, bulletins, television, magazine, and newspaper advertisements, and using
websites and social media, to communicate the successes of the ISS. Results of experiments
conducted on board the ISS, achievements in educational programs and international
cooperation, lessons learned, and spin-offs should be included. These activities will not only
emphasize the great legacy of the ISS but will also increase support for a new space station
(Mayo, et al., 2012) (Evans, et al., 2009).
At the same time, an equal amount of effort to promote an NGSS should be undertaken. Using
the accomplishments of the ISS as a starting point, this campaign should focus on the new
aspects of an NGSS. Depending on the main use of an NGSS, we need to explain that this
station will benefit every individual and show that an NGSS could have an effect on everybody’s
life and is not exclusive to rocket scientists and astronauts (Wickham, 2012) (Cowing, 2012). For
example, a science laboratory on an NGSS could provide novel scientific insight, improving life
on Earth through innovative technologies. A commercial station can promote space tourism
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and enable more people to go into space. Figure 4-2 shows an example of the kind of
advertisement that could be included in the campaign.

Figure 4-2 Example of a Billboard for an NGSS Campaign

Credit: Wilson Lee

Another aspect of this campaign is to increase efforts on public outreach programs. Even
though many new media tools are used for outreach they are not advertised on traditional
mediums such as television, in magazines, or in newspapers. Using this sort of advertisement
will be especially beneficial for large public events or tools like the space station video game
mentioned above.
Throughout all of these activities, the international character of an NGSS should be
emphasized. An NGSS offers the fantastic opportunity to create a global education and public
outreach campaign. Including the international aspect of space station and how it promotes
international cooperation truly proves that space is for everybody all over the world, an
endeavor of humankind. Internet resources can be used to connect students from all over the
world to work together on science to promote intercultural understanding. (United Nations
Office for Outer Space Affairs, 2011)
4.1.3

Space Station and Popular Culture

Spaceflight, robotic or human, is not very relevant in popular culture, compared to the 1950s
and 1960s (Miller, 2007). This is because space flight is accepted as routine and is no longer
exciting (Miller, 2007). Taking measures to incorporate the space station into popular culture
will increase its visibility and interest in the station. The design drivers and some of the
methods described previously, such as the advertising campaign, the video game will help to
fulfill this goal. Additionally, an NGSS should cooperate with non-traditional partners such as
record labels, private companies, TV stations, fashion designers, artists and others to make an
NGSS more prominent in popular culture even in the transition phase (Timmins, 2011) (West,
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2012) (Dunn, 2009) (ESA, 2012). This will also benefit these partners, because they can use
positive associations of the space station, such as exploration, adventure, and progress.
Producing a reality TV style documentary on the progress of an NGSS can be an additional
method to raise awareness to the public. The primary focus should be placed on the people
“behind the scenes” working on the station to captivate an international audience. This will
allow people to relate to and be inspired by the people on the show and this reinforces the
notion that space is everybody (Dittmar, 2006) (Goehlich, 2007).
To make people feel like they are personally involved with an NGSS, the public should have an
opportunity to vote on small design decisions like color. Moreover, we found that the name of
the station is very important. It should be inspirational and connect with a lot of people (Aaker,
1991) (People's Daily Online, 2011). A naming competition would result in several options for a
space station name, and to further engage the public. Then, online tools could be used to have
a public poll to decide which of the suggested names will be chosen for the space station. For
example, NASA used this approach for naming Node3 on the ISS (Space.com, 2009) (Yembrick,
2009).
4.1.4

Establishing a Framework for Future EPO

In addition to the ISS educational programs that are still taking place in the transition phase, an
NGSS could start establishing a framework for future education programs. This can include
contacting potential commercial partners, schools, and universities, laboratories, and
governments to create a network for future education efforts. Possible educational programs
before an NGSS is operational can involve visits to manufacturing sites, inspirational talks to
astronauts, scientists, and engineers, preparing experiments, among others. For example, at
ISU’s SSP 2012, students learned about the astronaut selection process and training from
astronauts including Soyeon Yi, Nicole Stott, and Leland Melvin.
4.1.5

EPO During NGSS Operations

As soon as an NGSS becomes operational it should be accompanied by events and activities
that support the station and strengthen its influence on society. Proving the idea, that space is
everybody, EPO programs need to connect people with the station showing that the
technologies are a part of their life.
The outreach and education programs started during the transition phase from the ISS to an
NGSS can be continued during NGSS operations. The campaign should now focus on
achievements on an NGSS instead of the ISS in order to provide justification for an NGSS. The
accomplishments of an NGSS need to be communicated in order to create an emotional
connection between the individual and an NGSS. This could be accomplished, for example,
through industry conferences such as those held by the American Astronautical Society (2012).
Examples could include new inventions that will improve aspects of life on Earth, expanded
space tourism capabilities, or successful educational programs. Cooperation with popular
culture influences should continue to establish a profound connection between space station
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and popular culture. Also, the reality TV show can continue in this phase, now concentrating on
the crew and operations team of an NGSS. The voting system can be adapted during the
operations time and still be utilized, for example when deciding on new parts of the station or
“redecorating.”
Additionally, the education programs can be expanded during operations. They should aim to
include as many students as possible, depending on the budget available, from all over the
world. As described, online tools can be used to connect students from different countries,
thus increasing the number of young people able to participate in these educational programs.
As mentioned in the EPO design drivers chapter, resources such as money, crew time and
bandwidth, should be allocated to educational and outreach programs. This should continue
throughout the operational phase to ensure continued success of these programs.
An option to promote that “space is now, space is everybody” is organizing social events. These
could include:
Entertaining social events: celebrating
milestones such as the first day of
operation, astronauts’ talks during
concurrent events (e.g. Yuri’s Night or World
Space Week) (Yuri's Night, 2012) (World
Space Week Association, 2010). Also in the
situation of an NGSS and pop culture fusion
it will be possible to organize concerts
onboard. If an NGSS is in LEO, station
watching parties can be organized building
on existing initiatives like the ISS wave
(British Broadcasting Corporation, 2010).
Entertaining activities attract people and at
the same time could increase awareness
through low-pressure advertising of space
activities. Another example could be
throwing a space station party as seen in
Figure 4-3.
Scientific events: conferences, symposiums,
lectures, press conferences. These events
could be open for public to keep people
informed about all activities on board.
Moreover, these events provide an
opportunity for scientists to share their
ideas and to discuss vital issues.
Figure 4-3: Example Space Station Party Flyer
Credit: Wilson Lee
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Competitions to fly experiments, both student and ‘citizen science’, could be held on a regular
basis. They should be promoted via online and in media to reach as many people as possible.
Online tools to share files, ideas, brainstorm, and communicate need to be made available in
order to ensure success of this program. Another option would be hosting gatherings, where
participants will work in groups to come up with experiments and a jury, or the public via an
online voting tool to decide which experiments will be flown on an NGSS. These competitions
should be explicitly aimed at individuals with no space knowledge and school children to make
space everybody and reach new audiences.
Team BLISS recommends that, to meet the needs of an NGSS, the next station build upon and
update existing ISS outreach programs. Public campaigns can assist in raising global awareness
of the space station. There are many possibilities of engaging students in educational programs
to support STEM education. All of these methods will promote the idea that “Space is now,
Space is everybody.”

4.2
4.2.1

International Cooperation and Policy
Motivation

The scientific method revolves around the concept of an overarching question. Scientists pose
such a question as a basis for specific programmatic activities. This practice of asking grand
questions to organize programmatic architecture can play a helpful role in ensuring the
sustainability of space activities across political cycles (Pace, 2011).
Curiosity about the sky and the universe was humanity’s main motivation toward science for
centuries. With the industrial revolution and the modern age, a paradigm change was achieved
when the first man ventured into space. Each country wanted a space program to demonstrate
their pre-eminence to the international community. The space race between two superpowers
produced many breakthroughs, the most significant being their current cooperation in space.
Today, space and the ISS, in particular, are an investment for the countries involved. None of
these countries alone could have built such a large space station, and this synergy is the main
driver for today's cooperation.
Cooperation would not be possible without the support of the multitude of people inspired by
space. The outreach activities of space agencies have kept the public interest alive by
unraveling the mysteries of space. But "It’s not just about what we learn out there in space, or
about ourselves, or how to be a better steward of precious Earth. It’s about how we live here
on Earth together and what type of future we want for ourselves and children" (Livingston,
2008).
International collaboration between space agencies is facilitated by the definition of common
goals and objectives. In 2007, fourteen space agencies created the International Space
Exploration Coordination Group (ISECG) to build a coordinated human and robotic exploration
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roadmap, "The Global Exploration Strategy," which identified eight common goals of space
exploration which include extending human presence, developing exploration capabilities, and
engaging the public in exploration (ISECG, 2011).
Every partner involved in a multinational program has different national rationales and
objectives, but this has not been an impediment to the ISS program (Gibbs, 2011). The ISS
should be a stepping stone for an NGSS to pursue the common goals identified by ISECG.
4.2.2

New Partners

One solution to the issues described in Section 2.2.1 would be to assign roles and
responsibilities to partners on a temporary basis, with the understanding that some of these
would be revised or renegotiated each time a new partner is accepted into the program.
Alternatively, a future agreement could be structured for a greater degree of flexibility (Gibbs,
2011). This solution is considered more attractive since it avoids the time and effort required
for international negotiations. A multilateral ‘umbrella’ IGA could be used to provide the
political and legal framework for such cooperation (Gibbs, 2011). This umbrella agreement
should include any country that is, or may become, interested in participating in an NGSS
program, including developing countries. This umbrella agreement could authorize space
agencies to enter into “implementing arrangements pursuant to the IGA” without having to
employ extensive legal processes every time that a new capability is required (Gibbs, 2011).
4.2.3

Standardization

To work efficiently, especially where multiple companies collaborate, every industry needs to
develop standards to enable the players to speak the same language. Some standards are
already well established such as those from the International Organization for Standardization
(ISO) (ISO, n.d.). Nevertheless, the unique environment and activities of space exploration
obliged national agencies to create new standards. Since 1993, the European Cooperation for
Space Standardization (ECSS) has worked to develop and improve standardization within
Europe’s space industry. It seeks to “… promote the continuous improvement of methods and
techniques, and the avoidance of unnecessary work… [and] encourage industrial efficiency and
competitiveness by limiting the variety of products and processes." (European Cooperation for
Space Standardization, 2012) The goals of ECSS are shared by many organizations, such as
NASA (NASA, n.d.), the International Aerospace Quality Group (IAQG, 2010), and the American
Institute of Aeronautics and Astronautics (American Institute of Aeronautics and Astronautics,
2012). These organizations agree that, ideally, the most efficient system would be to
implement a single global standard among all of the partners. However, in practice, dissimilar
redundancy among critical capabilities has been vital to the ISS.
4.2.4

Intellectual Property

The need to amend our current understanding of IP law in space will depend on the
governance structure that is employed in the creation of an NGSS. If the next station employs a
modular design in which each partner provides modules considered to be national property,
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then the same IP structure as that of the ISS can be used. If a new organization structure is
employed, however, the current regime would be ineffectual since jurisdiction would be in
question.
The basis for current legal activity, including IP rights, in space is rooted in Article VIII of the
OST, which grants that a state maintains jurisdiction and control over its registered space
objects. If the example of the ISS is not to be followed, and each station flight element will not
be registered by individual partner states, then there is no other basis under the OST for any
state to claim legal jurisdiction.
4.2.5

Leadership

The ISS program has shown that high-level governmental agreements are essential in managing
the station over the long term (Gibbs, 2011). NASA, through its experience with that program,
now has the longest history of managing large multinational space programs (Gibbs, 2011).
Even so, expert opinion suggests that developments in global politics will prevent the United
States from exerting the same level of control over future programs as they have done
previously (Diekmann, 2011). Currently the United States is responsible for “…overall program
management and coordination…”, “…overall system engineering integration; establishment of
overall safety requirements and plans; overall planning for and coordination of the execution of
the overall integrated operation of the Space Station”, as described by Article 7.2 of the IGA
(US Department of State, 1998). In a future program, experts expect that partners will share a
more equal footing in terms of decision-making power (Diekmann, 2011).
Alternate leadership structures can be found by looking at other international joint projects.
For example, the European Southern Observatory, a world leader in astronomy research, is
composed of fifteen member states. A board of representatives from the member states elects
a president to lead the organization. This structure has proven very stable over the 50 years of
ESO’s existence and the board is now open to countries that “… have a strong, motivated and
well-prepared astronomical community” (ESO, n.d.).
Another example is Concordia station in Antarctica which is co-led by the French Paul Emile
Victor polar Institute (IPEV, 2012) and the Italian Antarctic National Research Program (PNRA,
2011). Every year, these two organizations select half of the crew to perform experiments at
this site. Experts have observed that the small number of leading members has allowed for
faster decision-making, but any disagreement between the two results in deadlock.
The typical leadership structure of private companies is well-established. A hierarchical
structure has the advantage that decisions can be made and implemented quickly, without
political approval.
The OASIS project, at ISU SSP 2012, has suggested that an intergovernmental organizationtransnational corporation PPP provides the most practical legal and business model for the
execution of their proposed network of spaceports. This would involve the creation of a new
governmental authority, the International Spaceports Authority (ISPA) - which would share the
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objectives and plans of ISECG and would consist of the fourteen ISECG member agencies - and
the creation of a private transnational company designated the Spaceport Company (SPC). This
model allows a public entity to plan, facilitate, and regulate the initial construction when a
large portion of the capital needed cannot be provided by the operator. The port operator,
managed by a private entity, would operate and develop the station (SSP12 TP Spaceports,
2012).

4.3

Station Science

The transition from the ISS to an NGSS will be an important step for station science. This
section will recommend some key factors for improving science projects aboard an NGSS.
These factors include: continuation of workflow in particular research fields, monitoring
microgravity disturbances, logistical and vehicle capacity constraints and considerations when
transferring scientific experiments from the ISS to an NGSS. The involvement of commercial
companies working in parallel with the scientific goals of governmental space agencies is
recommended during this transition phase.
4.3.1

Experiment Transfer

The science experiments currently being conducted on the ISS have a positive impact on life on
Earth (Nimon, 2012). These research areas include material and fluid science, biotechnology
and human medicine. Experiments that have directly benefited Earth such as those
investigating new titanium aluminide production techniques and fuel cell technology from the
IMPRESS experiments, Salmonella vaccines developed by Astrogenetix, and osteoporosis drug
experiments conducted by NASA (Alexandre, 2012), ESA (ESA, 2005) and JAXA (Thumm &
Robinson, 2012, p. 3) are examples of experiments that will benefit from transition to an NGSS.
A range of different microgravity levels provided by a modular NGSS structure will allow room
for further research and development that may help human space exploration challenges, as
well as life on Earth. The experiments that are transitioned from the ISS to these modules will
provide insight into the processes in variety of gravitational conditions.
4.3.2

Microgravity Stability and Monitoring

The team recommends either a location with a more stable level of microgravity such as EML4
or EML5 as an ideal location for scientific research. If this is not an option, then future methods
of monitoring the quality of microgravity are recommended. One such tool in development is
an artificial intelligence monitoring system created at NASA Glenn Research Center as part of
the Microgravity Measurement and Analysis Project (MMAP) has attempted to analyze this
environment in conjunction with Principle Investigator Microgravity Services (PIMS) (Jules &
Lin, 2001). The PIMS project aimed to collect accelerometer data and archive it as a source of
information for ISS researchers, as a means of data interpretation and standardization which of
the microgravity environment onboard the ISS. Acceleration sources considered include those
related to vehicle and vibration isolation systems as well as experiment hardware and other
systems. This technique of evaluation is a good stepping stone towards identifying the areas of
disturbance found in LEO orbits, however a lag time between the stages of activity onboard the
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ISS and data collection on Earth is generated. Future algorithms that improve ‘real time’ data
collection should be developed for future stations (Jules & Lin, 2001). An improved level of
efficiency onboard an NGSS will reduce costs and decrease the need for repeating experiments,
as conditions of microgravity are more efficiently monitored. As a result, this will save more
money on Earth, in areas such as bone loss research within the pharmaceutical &
biotechnology fields (Ratliff, D., telephone interview, July 20, 2012). A modular structure of
tethered station laboratories will counter these vibrational disturbances and allow a range of
microgravity levels to be explored as a basis of human exploration to the Moon, Mars and
beyond to be researched.
4.3.3

Vehicle Capacity Constraints

The team recommends that an experiment aboard an NGSS will require either more frequent
resupply missions, or the development of vehicles with a larger carrying capacity, as to avoid
experimental constraints. Modification of the pre-existing ISS rack design can be done, similar
to the Spacelab to ISS transition phase for long term experiments that are novel to an NGSS.
Hardware that is compatible to the ISS can alternatively be transitioned to an NGSS, if within
engineering and economical means (refer to Section 4.7). This will provide a method of filling in
the gap in station availability as an NGSS is in construction, or can also utilize well-established
ISS rack design. This will minimize cost and introduce a theme of efficiency within the space
station design (American Institute of Aeronautics and Astronautics, 2012). In conjunction with
experiments in space and Earth observation, human experiments in relation to material and
fluid sciences and will be the primary science ventures for an NGSS, which will aid both life on
Earth and progress the journey of human space exploration further.
4.3.4

Commercial and Space Agency Grand Scheme Science Plans

The commercial sector needs to consider the scientific missions and goals of governmental
space agencies. The team recommends that key areas in which a commercial application may
take place should be identified. For example, ESA’s High-level Science Policy Advisory
Committee (HlSPAC) has proposed a grand scheme of four highlighted scientific areas to focus
ESA’s resources (HlSPAC, 2012). This proposal is summarized in Table 3; some of these
recommendations can be carried out aboard a space station.

Table 4-1: Adapted from ESA’s HlSPAC grand scientific themes for future space exploration

Scientific Grand Scheme

Cosmic Climate

Understanding Gravity
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Potential Fields of Research
Earth observation (Remote Sensing)
Exoplanets
Habitability
Satellites and global monitoring of ionosphere and
atmosphere
New generation of atomic clocks
Materials under microgravity – fluid physics and
material sciences
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Scientific Grand Scheme
Life in the Universe
Cosmic Magnetism and
High Energy Particles in
Space







Potential Fields of Research
Water in the universe
Role of gravity in the development of organisms
Radiation biology
Local space environment and protection
astronauts, including magnetic shielding
Physics of cosmic rays

of

Commercial entities that have similar goals or priorities as space agencies could begin
developing business plans and strategies to determine their next project or field to contribute
to science on an NGSS. In addition, by synergizing their efforts, space agencies and commercial
sectors can achieve greater success in their scientific and economic endeavors.

4.4

Astronaut Health Care and Space Medicine

During the transition towards an NGSS, the current capabilities for medical treatment on the
ISS should be expanded to build up broader knowledge and experience. Emerging medical
technologies such as remotely controlled tele-medicine should be brought from Earth into
practice on the ISS to enable further experience and improvements of the techniques before
venturing out from LEO. Tele-health procedures and systems for patient care in microgravity
continue to be further developed and tested, including autonomous decision making and
surgical robotics to supplement CMOs on long-term space missions. To protect astronauts,
measures such as prophylactic surgery prior to space flight may be implemented to prevent
medical issues onboard an NGSS (Ball, et al., 2012). Ethical issues of human spaceflight,
including potentially dangerous and life-threatening scenarios during long-term missions,
should be discussed and explored.

4.5

Commercial Applications

For a smoother transition of the ISS commercial applications to an NGSS, backwards
compatibility of ISS commercial application is necessary. For instance, the ISS excess
experiments should be able to be flown onboard an NGSS. Also, commercial crew and cargo
vehicles developed for the ISS should be equally useful for an NGSS application.
Furthermore, on-Earth marketing of an NGSS capability should be carried out in a way that
allows for the commercial sector to be ready to use an NGSS commercial potential once they
become available. A good example is the ‘hotel’ module. The marketing efforts on attracting
space tourists should be in line with the availability of the module to maximize the revenue
generated by the space tourism application. Another example is the early start of private
research and development application to generate cash as soon as an NGSS is in orbit and
operational. In the case of the ISS, scientific research started only after a number of assembly
missions were completed.
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Another key matter that should be addressed adequately for the successful operation of the
commercial sector of an NGSS are the legislative and regulatory issues. The ISS commercial
experience has shown that some of the legislative initiatives taken were not successful. Such
examples include; transferring the land remote sensing system (Landsat) to private operation
or identifying a commercial company to build and operate a follow-on system (the Landsat
Data Continuity Mission) both of which were not successfully realized due to a number of
reasons.
George Abbey Sr., former director of Johnson Space Center, and Neal Lane, former presidential
science advisor, have studied the adverse effects of the US export regulations on the country’s
commercial space industry. They concluded national security controls constrict the commercial
space industry, its workforce, and the international cooperation required to achieve
commercial opportunities. Abbey and Lane advised the United States to follow a “balanced
program of commerce, science, exploration, national security, and shared international
partnerships.” (Abbey & Lane, 2009).
Start-up companies might need some economic stimulus in the form of business accelerators.
According to Rocky Persaud (Harris, 2009), the chairman of the Canadian Space Commerce,
business accelerators in the form of entrepreneurial entities are required to mentor the space
start-up companies to the stage where they obtain initial funding. The support provided to the
start-up companies includes management, finance, accounting, product development, and
research services and positions the start-up companies to leverage the newly founded Space
Angels Network for investments ranging from USD 0.1m to USD 2m.
Finally the role of the unexpected market should not be overlooked, as it has been seen in the
past that some of the objectives of the commercial space sector were not only fully realized but
we also accompanied by new and perhaps unexpected consumer markets. An example of the
unexpected market is the construction of space habitats, facilities, and platforms from nonterrestrial material. This is in addition to the on-Earth market that is to be stimulated by an
NGSS progress and needs proper alignment with NGSS needs and growth. The on-Earth market
supporting an NGSS include building a large space structure for power systems,
telecommunications, navigation, remote sensing, nuclear or helium-3 mining, automation and
miniaturized robotics, manufacturing of space-related computer hardware and software.
(Harris, 2009)

4.6

Finance

The transition stage from the ISS to an NGSS is critical in terms of who will be financing the
project. The purpose of an NGSS will be a major influence on the funding scheme.
For scientific research, exploration and technology demonstration, a public funding scheme
would be preferred because these activities do not always show tangible return on investment
potential. If an NGSS program is directed more strongly towards exploration and science, a
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similar funding scheme as the ISS is recommended; however, improvements based on the
financial lessons learned from the ISS should be implemented. As a part of the transition phase
towards an NGSS, governments need to take a more active role in the promotion of space
activities and provide the reasons for building a new space station. Without the active support
of the public, an NGSS would face serious funding problems, making EPO a vital component to
financing a space station. Another recommendation is for space agencies to streamline their
processes to make them more cost effective.
For commercial use of an NGSS, private funding is better suited because it involves higher
financial risks but also higher revenue potential. By transferring the financial risk to the private
sector, an NGSS project could achieve better risk allocation. Private funding can result in a
completely private enterprise or in a PPP. A completely private enterprise accepts all costs and
risks of the project, while in a PPP, this depends on the level and timing of each party’s
involvement. In the case of PPP for an NGSS, both the public and private sectors should clearly
define and agree upon the risks each is willing to take on during each phase of the project. The
problems of previous PPP space-related projects during the development phase suggest that
governments should provide most of the funding during this phase. As an NGSS program
approaches the operational phase, private companies will take on a bigger financial
commitment.

4.7

Uses of ISS Modules

Transition from the ISS and use of existing parts and equipment from the ISS would depend on
various factors, specifically the time when the transition occurs, the location of an NGSS, its
inclination and the condition of these parts and equipment. Reuse of the ISS modules would
make more sense, if an NGSS is located in LEO at the same inclination as the ISS. There is a
focus on standardization and modularity in an NGSS. These standards might not be compatible
with standards used on the ISS, which would be a major hurdle in the use of ISS items. Many of
the items of the ISS would not qualify due to technology and end-of-life limitations. The
equipment used on the exterior of the ISS is exposed to the extreme environment of space and
is vulnerable to deterioration. In such a scenario, it is highly unlikely that this equipment can be
reused. Nevertheless, use of existing communication systems during the initial phase of NGSS
integration as an intermediate communication hop could be explored. One of the many
possibilities is to install communication equipment in ISS, which could act as a relay to NGSS. In
summary, any definitive statement regarding use of the ISS modules will largely depend on
further detailed study of each sub-system at that time.
In case the station is not used after end of operational life, there are two possible options:
deorbit it (to avoid creating space debris) or bring it to a graveyard orbit. One option is to move
it to a higher orbit and grant it museum status to motivate space professionals and to inspire
children, youth, and space enthusiasts. Another option is to make it re-enter the Earth’s
atmosphere and burn it in the process (Suffredini, 2010) (Burke, et al., 2011).
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5 GUIDEBOOK FOR FUTURE STATIONS
The primary design drivers for a space station will be based on its proposed use. In the
broadest sense, a station is likely to be used for commercial purposes or publicly funded
research. Within these areas we have identified likely usage scenarios. The BLISS team has
created a user-friendly matrix, presented in Figure 5-1, which allows a reader to gain a basic
understanding of the requirements and considerations involved with particular activities and
locations when planning for a space station.

5.1

Commercial

There are several commercial endeavors that private parties may attempt in outer space. The
four major areas within commercial applications that the matrix considers are tourism,
manufacturing, private laboratory space, and in situ resource utilization. Through the matrix,
the BLISS team recommends which locations will be useful for each activity.

5.2

Science

The BLISS team expects that scientific research will remain an important function of any space
station. This portion of the matrix illustrates which orbits are conducive to certain areas of
research.

5.3

Exploration

It is also possible that a future space station would serve as a launching point for further human
space exploration. The matrix shows potential avenues for exploration using possible orbits and
station locations.

5.4

Legal Issues

The Rescue Agreement 19682 states that astronauts are “envoys of mankind” and requires that
countries assist astronauts in distress, but it is presently unclear whether commercial
spaceflight participants fall under this agreement. The Liability Convention 19723 imposes
liability on a launching state to pay compensation for damage caused by its fault in space; this
should be considered in missions which may generate space debris. The OST decrees that
2

The Agreement on the Rescue of Astronauts, the Return of Astronauts, and the Return of Objects
Launched into Outer Space
3
The Convention for International Liability for Damages Caused by Space Objects
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countries are responsible for the space activities carried out by that country. Currently there is
ambiguity as to country or the launching state would be liable, or whether this even applies to
commercial spaceflight participants. The OST also states that space and celestial bodies cannot
be claimed as the property of any country, which may act as a barrier to resource extraction in
space. Issues regarding human and animal ethics may be raised when discussing life sciences
experiments on the station. At present, no treaty exists for addressing these issues in the
context of space exploration. IP and ITAR have been discussed in Section 3.2.5 and 3.2.6,
respectively, and the issues involved will not be repeated here.

5.5

Matrix Use

A reader interested in developing a space station will be able to locate the desired use along
the top of the matrix. The reader may then scan down to get a review of which locations are
advisable for that use. Going further down will reveal other important factors that must be
considered, such as sources of funding, outreach potential, and legal regimes.
The matrix also provides information relevant to possible station locations that are
independent of the use being made. By tracking the desired location, the reader is able to note
possible dual-use combinations of a station in a particular orbit. Additionally, the reader would
be provided with outreach considerations unique to the desired orbit or position.
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Summary Matrix
PURPOSE
S

Commercial uses

Research

Figure 5-1: Summary Matrix

Space
Station Tech
Demonstration

Outreach
Potential

Exploration
Potential

Partnership
Potential

Tourism

Manufacturing

In Situ
Resource
Utilization

Scientific Research

Proximity to
Earth, Earth
view

Proximity to
Earth

None

Lab- Proximity to Earth,
Earth Remote Sensing,
Microgravity Research &
Development,
Protein Crystal Growth,
Fluid Mixing

Optimal only
for:
ECLSS
µg / Ag
Human Factor

Good
communication

EML 1/2/3

LEO better
(Moon view)

LEO better

None

L2 – Radio-Quiet Space
Observation

LEO better

Moon

Government

ELM 4/5 – (Stable)

LEO better

LEO better

None

No Unique Benefits

LEO better

Asteroids

Government

Lunar Orbit

Lunar view
Difficult access

Greater distancehigh cost

Lunar utilization

Lunar Research

Lunar view
Nostalgic effect

Moon

Private Sector,
Government

NEO

Not practical

Greater distancehigh cost

NEO utilization

NEO Research

Optimal for all
technologies:
Propulsion
ECLSS
Power
GNC
Human Factors
Communication
µg / Ag
Structure
Thermal
Radiation

Not practical

Asteroids

Private Sector,
Government

FACTORS
Orbit
LEO

Ag / µg / Both
Design
Implications

Ag

Both

µg

Habitat
User-friendly
station,
Appealing
design,
Modular
‘Space Hotel’

Funding

Ag

Both

µg

Ag

Automation
Robotics
High quality µg
Module

Both

µg

Mobility
Docking and
EVA Systems
Processing
Facilities,
Robotic Mining

Ag

Both

µg

Laboratories
Easy Access to Earth

Ag

Both

Student
experiments

µg

Modular Design

PPP, Purely Private

Both

Ag

µg

Futuristic
Appearance,
Allocated
Bandwidth

Public Sector

Outreach
Potential

Commercialization

Products

Resources

Experiments for STEM
Technology Development

Pictures, Media
Interest
Lone Explorer

Legal Issues

Rescue
Agreement,
OST – Liability

IP, Liability

OSTAppropriation

IP, Rescue Agreement,
Human and Animal Ethics

Intellectual
Property
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6 ENABLING TECHNOLOGIES
This chapter discusses the different technologies currently available or development that could
be incorporated into an NGSS. The chapter summarizes the key technologies that will be
feasible for NGSS designs at different locations and with particular requirements––for example
with or without artificial gravity and mobility capability. For each subsystem, different existing
or emerging technology solutions are proposed to meet the design driver requirements. The
orbits considered are: LEO, EML1/L2/L3, EML4/L5, LLO, and NEO. Table 6-1 provides an
estimation of the maturity and feasibility of the technologies suggested by the Engineering
group, for the engineering design drivers discussed in Section 3.7. It is important to note that
many factors impact each subsystem and likewise, each subsystem can impact another; thus it
is recommended that the information be seen as an overview. Following this overview all
subsystems are explained in greater detail.
Table 6-1: Engineering Feasibility and Maturity Matrix

ECLSS - For orbits beyond LEO the technology maturity is red, given the difficulty to deliver
consumables, and the immaturity of more closed-loop technology.
Power System - The feasibility of emerging power systems was marked as red, as the
development of these systems is highly dependent on resource allocation to these research
areas.
Propulsion System - For all orbits beyond LEO, the lack of experience and data to stay at those
locations for long period of time has to be considered for propulsion systems design.
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6.1

Guidance, Navigation, and Control

A description of the current GNC Technologies is provided in Table 6-2. Given that all of these
technologies are above TRL7 we expect that they can be used for an NGSS.
Table 6-2: Current GNC Technologies onboard the ISS
Requirements
Technical capability

Guidance

Navigation

Ground support for orbit rendezvous from long
distance
Onboard capability of orbit rendezvous in near
range
Good orbit maneuver capability in LEO
Capability of interplanetary travel
Ground telemetry for orbit tracking
Global positioning in LEO and MEO
GPS, GLONASS
Relative navigation sensor in near range
microwave radar, optical radar, laser radar
Relative navigation sensor from long distance
Precise attitude determination with the reference
to planets or inertial space
Good attitude determination during interplanetary
travel
Attitude sensor
Star Sensor, Sun Sensor, Earth Sensor
Relative attitude sensor
microwave radar, optical radar, laser radar
Orbit maintenance capability with chemical engines
Precise attitude control

TRL4
9
9
9
8
9
9
9

4

Attitude control devices
Momentum Wheels, Reaction Wheels, CMG,
Thrusters

With a precision
of 1m and 0.1m/s
At centimeter
level

7
9

0.001°

9

0.2 to 0.5°

9

0.001°

8

0.5°

9
9
9

Control

Additional
Information

0.01°
0.001°/sec
Momentum:
4760Nms
Torque: 258Nm
(L3
Communications
Space &
Navigation, 2002)

All TRLs in the tables are based on estimations using Technology Readiness Assessment
Guidance
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In addition to the current GNC technologies discussed in Table 6-2: Current GNC Technologies
onboard the ISS, the following are brief descriptions of emerging GNC technologies that will be
required for some locations of an NGSS.
XNAV: XNAV or X-Ray Navigation is a technology under development that could be used for
navigation in the future. With this navigation technique, the Space Station measures X-Rays
being emitted by pulsars and compares them to a pulsar map/catalogue to determine the
station’s location (Garvin, et al., 2007).
Table 6-3: GNC orbit location matrix
LEO
Current

Emerging

6.2

EML1/2

EML4/5

LLO

GNC Technologies used on ISS today (TRL 9)

Electrodynamic tether for
orbit maintenance (TRL 6)

Extremely sensitive GPS
receiver for L1 (TRL5),
XNAV (TRL3)

NEO
Deep Space
Network for
Tracking
Could use XNAV in
future

Structure and Mechanism

The main challenge for future crewed missions or space station settlement is radiation
shielding (Piascik, et al., 2012). If future missions are conceived to be long duration, the
protection level achieved presently in the crewed modules of the ISS is insufficient for that
purpose. The structure of an NGSS is one engineering sub-system where there is some
potential for mass savings at launch. Carbon fiber and inflatable structures are two candidates
for incorporation.
Carbon fiber structures: With the increasing capabilities of composite materials, in part

because of their lighter and stiffer nature, they are replacing traditional metallic materials in
some applications. For example, carbon fiber fairings for launch vehicles (Kleiman, 2007) to
allow more payload mass. Carbon fiber is an alternative material to metals for use in structures;
however, improving generic properties––mass and production cost for example––of tailored
materials, for example thermal and electrical conductors, is a permanent goal.
Inflatable structures: To date, the structures used for manned spacecraft have been rigid

structures. During the 1950s, inflatable structures for space applications started to be
considered, and during the 1960s some structures were first flown. Because of their low mass,
low numbers of mechanical pieces, and high storage these structures have become attractive
again (Higuchi, 2007). In 2006, Bigelow Aerospace launched Genesis I, the first expandable
habitat technology test. It has a volume of about 20m2 and a mass of 1363kg and is still orbiting
the Earth, demonstrating its viability (Bigleow Aerospace, 2012). These structures, apart from
providing higher volume enclosures for crewed missions, are also appropriate as a first layer in
a radiation protection system because of the light materials used. Given that inflatable
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structures can offer increased volume at little mass penalty, this can address a lesson learned
from the ISS regarding lack of storage.
Radiation shielding: Radiation shielding is a crucial mechanism for a space station but trade-

off studies are needed to determine the correct balance between the protection offered and
the associated increase in mass.
Passive shielding is simply the lining of the space station with material that can absorb the
incoming radiation. Materials with high hydrogen content are ideal for shielding as they offer
efficiency with little mass. For the same reasons, polyethylene is a good candidate for use on an
NGSS (NASA, 2002). Pure hydrogen would be a more effective shield, but to incorporate it into
a useable system would require a heavily pressurized vessel around the entire station (Parker,
2006).
Emerging technologies in the realm of radiation shielding involve the concept of active
shielding, where power is used to generate a shielding mechanism. The most promising
method of active shielding involves using superconducting wires to create a confined magnetic
field around the spacecraft that will deflect the incident radiation; one such design of this
method suggests a mass saving of up to 20% over passive shielding (Townsend, 2005). Although
effective at shielding against solar radiation, the downside of confined magnetic fields is that
they are currently in-effective at shielding against galactic cosmic rays.
Table 6-4: Structure (NASA, n.d.)

Location
Current
Emerging
Maturity
/ Risk

6.3

LEO
EML1/2
EML1/2
LLO
NEO
Rigid structures (ISS modules)
Expandable structure, inflatable structure (Bigelow), adaptive structures
Inflatable structure: two experimental systems in orbit around the Earth.
Other structures : no operational system available / ongoing design

Thermal System

Possible enabling thermal system technologies for an NGSS are listed below:
 Low temperature/power cryocoolers for science applications.
 Cooling fluid loop architecture
 Smart radiators and coatings
 Synergic design with other subsystems for an optimized design
Cryocoolers for propellants: The development of cryocoolers for the thermal control of

propellants is one area of research. This technology would allow long-term propellant storage
in space, which is a driving parameter in many future long term missions, like manned missions
to Mars. For liquid hydrogen propulsion systems, it is necessary to improve cooling at a
temperature of 20K. Typical requirements are 5W cooling at 20K to achieve zero-boil-off
storage systems, but 20W capacity is anticipated for larger volume storages and propellant
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conditioning. If development efforts continue, TRL6 could be reached in three years (Hill, et al.,
2012).
Single-loop TCS: State-of-the-art TCS for station temperature control are double-phase loops,

with an internal/external loop separation by means of heat exchange units. This is required
because the most thermodynamically efficient fluids to be used in the loops are dangerous for
the crew – ammonia, fluorocarbons and polypropylene. By dividing the system into
internal/external, it is possible to keep those fluids out of the ECLSS enclosure and use water
for the internal part, so the crew is kept safe from potential leaks. The drawbacks are
complexity, lower reliability, and higher mass. Low-toxicity architectures are in development
which could eliminate the aforementioned drawbacks.
Radiators: Radiators represent the heaviest parts in a TCS; they can be up to a 40% of the total

mass (Hill, et al., 2012). Radiators are sized to reject heat in the worst combination of load and
environment. Variable heat rejection radiators have variable emissivity coatings or can change
their active surface, which can considerably reduce the size and weight of the system. High
temperature (~500K) radiators and coatings allow for higher heat rejection with reduced
radiating area, and consequently reduced weight. Moreover, the use of coatings with ratios of
close to zero absorptivity to emissivity––almost null solar radiation absorptivity––allows for
constant radiating capability, independent from its position. This technology negates the need
for radiator positioning mechanisms, for a further save in mass and complexity.
Synergisms: The thermal subsystem plays an active role in the structural design. Total thermal

hardware mass can be significantly reduced if the architecture and the distribution of other
subsystem hardware and payloads are conceived to be thermally efficient. Strategies like
extracting thermal energy from waste heat or using outer structure surfaces as radiators can
significantly improve the efficiency of the subsystem.
Dependency on Orbit Position and Artificial Gravity: Missions involving eclipse periods are

also more demanding because heat needs to be provided in penumbra, which means additional
mass in batteries and the implementation of a thermal control (Messerschmid & Reinhold,
1999). The implementation of artificial gravity onboard will affect hardware that needs µg to
operate, like heat pipes.

6.4

ECLSS and Human Factors

As mentioned in Section 3.7.7, the main ECLSS design drivers are the mission duration, and the
cost and complexity of delivering consumables to the station. We have divided the orbits into
two sub-categories: LEO, which can be supplied with resources from Earth, and the Lagrange
points––LLO and NEO locations which require a higher level of recycling. Physicochemical life
support subsystems are used onboard the ISS, as described in Section 2.7.4. Besides mature
physiochemical technologies, there are numerous alternative technologies at different
readiness levels, such as completely bioregenerative systems, and hybrid systems which are a
combination of physiochemical and bioregenerative. Both hybrid and bioregenerative are more
International Space University, SSP 2012
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complex than physiochemical ones, and can close the loop to a much higher degree for long
duration missions (see Figure 6-1); however, at this time, reliability is one limiting factor. The
main available and emerging technologies are listed in Table 6-5.

Figure 6-1: Graph of system mass plotted against mission duration for types of ECLSS systems.
Physiochemical abbreviated to P/C. Adapted from: (Larson & Pranke, 1999)
Water Management: For water distillation, the vapor phase catalytic ammonia removal

(VPCAR) system is more promising for long duration missions than the current vapor
compression distillation (VCD) technology. This technology minimizes the pre- and posttreatment required (Eckart, 1996). For water filtration, the multi-filtration process provides a
more closed solution. Current projections of water recovery from condensation, urine, hygiene,
laundry, and waste are for 50% closed loop by 2015 in the form of a ground demonstration unit
(Hurlbert, et al., 2012).
Atmosphere Management: Given that resupply is the main issue of ECLSS design for long-term

missions beyond LEO, a more closed-loop system is desirable than the system currently in use
on the ISS. One promising research topic in this field is the use of algae to accomplish three of
the goals of the atmosphere management system: carbon dioxide, chemical reduction and
filtration, and oxygen generation. In particular, the most attractive candidates are the various
species of green and blue-green unicellular algae because of their adept autotrophism (ability
to produce complex organic compounds from simple substances found in their surroundings),
and their broad ecological flexibility (Gitelson, et al., 2003). Given its reproducibility, algae can
function as a part of an atmosphere management system indefinitely, giving it an advantage
over current physiochemical systems.
Food Management: Algae can also provide sustenance to the crew of an NGSS and, with

continuous harvesting, it can also provide a valuable link in the food management system. It is
important to note that algae will not supply all of an astronaut’s nutritional needs; thus, they
cannot form a high percentage of the overall diet. Some algae that are suitable for
consumption have complicated cycles of sexual reproduction, and require specific light and
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saline regimes, possibly making them unsuitable to intensive cultivation (Gitelson, et al., 2003).
In conclusion, the use of algae as a food on an NGSS is feasible, but requires more research
before being implemented.
In addition to algae, higher land plants are also considered to be important for the food
management system onboard an NGSS. When considering higher land plants, the mass and
volume required for cultivation are two factors worth noting. Given that the minimum growth
area required to support one crewmember will range between 13 and 50m2/person (Eckart,
1996), the space required for a closed food management system could be too excessive for a
manned space station. Future spaceports could be situated at various locations, or nodes,
throughout the solar system, allowing cheap and convenient resupply for an NGSS (SSP12 TP
Spaceports, 2012). For an NGSS it would be worth considering at least a small growth facility
with higher land plants for two reasons: to offer some variability and freshness of food, and to
offer some psychological boost to the crew onboard, mitigating the notion of confinement
(Rousek, et al., 2012) . In the case of an NGSS incorporating hotel facilities, this may be of
greater importance for space tourists who will appreciate fresh vegetables and the
aesthetically pleasing nature of higher land plants.

Emerging
(Maturity)

Current

Table 6-5: ECLSS orbit location matrix
LEO
EML1/2
EML4/5
LLO
NEO
CO2 extraction
LiOH canisters and four Bed Molecular Sieve
CO2 Reduction
Sabatier Reactor
O2 Generation
H2O Electrolysis
Water recycling
VCD and Multi-filtration
Food
Conserved
EDC (TRL 6) and Algae (TRL 5)
CO2 extraction
Algae (TRL 5) and Bosch Reactor
CO2 Reduction
CO2 Solid Oxide Electrolysis (TRL ) and Algae (TRL 5)
O2 Generation
Water recycling
AES (TRL 5), VPCAR (TRL 8) and Reverse Osmosis (TRL 4)
Food
Plant Growth Chambers (TRL ) and Algae (TRL 5)
Extra-Vehicular Activity for Construction and Maintenance: During construction and

maintenance of the ISS, extravehicular activity (EVA) was required outside the station.
Employing developing technologies, such as Robonauts, and augmented reality––using videos
to provide real-time assistance to astronauts during EVA––could improve efficiency and reduce
the risks of routine NGSS construction and maintenance activities. It is likely that both of these
technologies will soon reach the level of maturity necessary to be useful in the context of
constructing or maintaining an NGSS.

6.5

Power System
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There are several current and emerging power system technologies that can be considered for
use onboard an NGSS. The chart in Figure 6-2, created by the International Atomic Energy
Agency (IAEA), shows the possible power source options relevant to the power requirements
and the duration of the mission (IAEA, 2005). Chemical fuels can provide very high levels of
power, but only for short periods of time. Solar power is only viable as long as the illumination
from the Sun is sufficient. Radioisotopes are best used for continuous, long duration power
requirements up to 5kW, or more if several generators are used in combination. Nuclear
reactors, on the other hand, can provide almost limitless power for almost all mission
durations, but they are not practical for applications under 10kW.

Figure 6-2: Possible power system options, depending upon the amount of power required and
the mission duration (IAEA, 2005)
The team has considered three types of power systems for an NGSS: PV solar arrays, Solar
Dynamic Power Systems (SDPS) and nuclear power generators (including both Radioisotope
Thermal Generators (RTGs) and nuclear fission generators). If power storage is needed,
suggested battery technologies are discussed. Table 6-6 shows properties of the different
power system technologies, their advantages, and drawbacks. An example of a system
currently under development for each consideration serves as basis for the properties.
Table 6-6: Comparison of power system options for use in an NGSS (Bailey & McNatt, 2009)
(Brandhorst & Flood, 2006) (Wu & Ren, 2003) (George R. Schmidt, 2008) (IAEA, 2005) (Wu &
Xing, 2010) (Globus, 2008) (O'Neill, 2004)
Technology
Solar PV
SDPS
RTG
Nuclear Fission
System
Multiple
Combination of heat
Stirling Engine
Safe Affordable
under
junction
engines (Brayton
Fission Engine
development
Gallium
Turboalternator)
(SAFE-400)
Arsenide cells
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Conversion
process

Solar radiation
to electricity
using semiconductors

Concentrated solar
energy to electricity
using a heat engine

Heat from
natural decay of
Plutonium-238
to electrical
power
Compact,
continuous
power source

Advantages

Proven
technology

Efficient. Low Mass.

Specific
power
[W/kg]
Efficiency
Need for
battery
storage
Time frame

574

714

7-8

Energy released
by chain reactions
when Uranium235 nuclei are
split apart
Compact,
controllable
continuous power
source
195

30%
Yes

40%
No (thermal energy
can be stored)

≥30%
No (continuous,
passive)

25%
No (continuous,
active)

Available now

Near term

Space
experience

Proven
technology

Yet to be tested in
space

Issues

Large arrays
are impractical

Degradation of
Concentrators

Estimated five
years
Powering deep
space probes for
40 years
Radiation

Estimated 10
years
U.S. and Russian
fission reactors in
space
Safety

Lithium ion batteries are the energy storage technology suggested with the use of PV cell
arrays, as they prove to be more efficient than batteries used today (Ritchie & Howard, 2006).
Based on an evaluation of the technologies described above, Table 6-7 shows suggestions of
power systems to be used at the different possible NGSS locations.
Table 6-7: Power system suggestions depending on orbit
Location
LEO
EML1/2
EML4/5
Current
Solar PV
Solar Dynamic/
Solar Dynamic/
Emerging Improvements
Nuclear fission
RTG
of PV

LLO

NEO

Nuclear fission

Because of the extra power requirements beyond LEO (for example, much greater power
requirements for communications, and ECLSS closed systems), current PV systems would be
unsuitable to supply a space station, as impractically large solar arrays and high masses would
be needed for this. SDPS or nuclear power is recommended in these orbits, because of their
high energy density and compactness. EML4 and EML5 are stable points and would not require
much station keeping, so power needed for electrical propulsion is reduced. Therefore, SDPS is
favorable to nuclear fission. Here, RTGs are suggested to be used for communication needs and
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powering experiments. RTGs can also be used on an NGSS to power unmanned exploration
vessels, regardless of the orbit/position of the station. NASA stated in 2006 that nuclear
technology is “. . .set to play a major role in manned missions to Mars.” (Bergin, 2006)
Therefore, we suggest the use of nuclear power for deep space missions of modules of an NGSS
(both manned and unmanned) to test and prove the technologies needed for future human
exploration into the solar system.
Improvements in technology and efficiency of Solar PV cells and SDPS since the development of
the ISS will allow more power to be produced for less cost. Solar dynamic is shown to be more
cost effective than PV (Wu & Ren, 2003). In the case of nuclear fission power, further
development is required to ensure a cost efficient and safe for use on an NGSS. This, as well as
the cost of assembly, will make nuclear fission technology more expensive than the technology
currently used on ISS.

6.6

Propulsion Systems

There are several proven and emerging technologies in propulsion systems that can be used for
an NGSS. Based on current knowledge and experience it is possible to select propulsion
systems for the different orbits.
6.6.1

Description of current and emerging propulsion systems

Chemical propulsion: For long duration missions, solid- and hybrid-propulsion systems are not

suitable considering the limitation on fuel as well as low specific impulse. Liquid propellants are
the choice for current operational spacecraft and space station systems. Monopropellant
systems are used in LEO spacecraft for attitude and orbit control, but are limited by lower
thrust and lower specific impulse compared to bipropellant systems. Bipropellant systems are
currently the main choice for most spacecraft propulsion systems. Storable bipropellant
systems provide the advantage of higher thrust, long duration propellant storability, hypergolic
characteristic and technology maturity level. The commonly used storable propellant
combinations are Nitrogen Tetroxide and Monomethylhydrazine (MMH). Specific impulses of
storable propulsion systems range from 300-320s. Cryogenic propulsion systems use an
oxidizer and fuel at a low temperature (usually below 123K). Use of cryogenic propellants
improves the specific impulse to 335-460s. The liquid hydrogen and liquid oxygen propellant
combination gives the maximum specific impulse. Nevertheless, the low boiling point of
cryogenic propellants makes the storage of the propellants for longer duration is a major issue.
Storing cryogenic propellants for long periods of time using active and passive means is under
development (NASA, n.d.). This technology would provide a major breakthrough in propulsion
of large space station.
Electrical propulsion: Electric propulsion is commonly used by satellites for attitude control.

Whilst it affords a very high specific impulse compared to chemical propulsion, its main
drawback is the lack of thrust. Electric propulsion requires both a propellant handling system

BLISS

Enabling Technologies

and an electric power system. Three types of electric engines exist: (Robert G. Jahn, s.d.)
(Humble, et al., 1995):
-

-

-

Electrostatic thrusters: These are also known as Ion thrusters and function by
accelerating ions and neutralizing the ion beam with an electron stream emitted from a
cathode. The usual propellant is a high molecular weight liquid (Xenon, Bismuth,
Mercury). Example: Colloid thruster.
Electrothermal thrusters: An electromagnetic field is used to generate plasma to heat
the propellant, which is consequently accelerated through a nozzle. The common
propellants are low molecular weight liquids like Ammonia, Hydrogen and Hydrazine.
Examples: Resistojet and the Arcjet.
Electromagnetic thrusters: This is broadly known as plasma propulsion, wherein ions
are accelerated thanks to the Lorentz force; the force acting on a charged particle in
the presence of perpendicular magnetic and electric fields. It uses solid plastic, liquid
and gaseous electrically conducting materials as propellant. Examples: Hall Effect
thruster, pulsed inductive engine or Variable Specific Impulse Magnetoplasma Rocket
(VASIMR) which is in development. VASIMIR uses radio waves to convert the gas to
plasma by ionising it and the plasma is accelerated using a magnetic field (Ad Astra
Rocket Company, n.d.). It will be the most powerful electrical engine and will provide
the highest specific impulse.

To run these kinds of engines, one needs a power source that can be provided by the Sun,
radioisotopes, or nuclear fission. To be able to use these power sources, convertors are
included in the spacecraft such as PV, thermionic, and thermodynamics systems.
Nuclear propulsion: There are several nuclear propulsion systems that have been proposed,

for spacecraft applications and some have been tested: nuclear thermal propulsion, nuclear
electric propulsion, and nuclear pulse propulsion.
In nuclear thermal propulsion, hydrogen is heated by the nuclear reactor to a high
temperature, and then expands through a rocket nozzle to create thrust. The nuclear energy
replaces the chemical energy of the propellant's reactive chemicals in a chemical rocket. In
nuclear thermal rockets, the specific impulses are in the range of 900 to 1000s.
In a nuclear electric propulsion, the heat from a nuclear reactor is used to generate electrical
power through a converter, and then the electrical power is used to operate various types of
electrical thrusters (ion, hall-type, or magneto-plasma-dynamic (MPD)) that operate on a wide
variety of propellants (Hydrogen, Hydrazine, Ammonia, Argon, Xenon) (Page, 2011). In nuclear
pulse propulsion, nuclear explosions are used for thrust. Directional explosives maximize the
momentum transfer, leading to specific impulses in the range of 6,000s (General Dynamics
Corp, 1964).
Compared with chemical propulsion, nuclear propulsion systems have much higher
performance. Nuclear systems can reduce the cost of space missions because of the reduction
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in propellant requirements. Russia and the United States have proposed and developed some
space nuclear propulsion systems, such as NERVA (US) and RD-0410 (Russia); however, there
has been minimal flight testing of the nuclear propulsion system (Hill, et al., 2000).
Alternative Propulsion Systems: To reduce the mass of propellant to be carried on the space

station, the following alternate propulsion systems are considered:
- Tether Propulsion uses a long thin conductive cable that carries a current and, as it
cuts the planetary magnetic field, it can generate thrust or drag. The concept is under
development and the successful deployment of a 20km long tether in space has been
demonstrated. (NASA, 2010). This technology could provide a low cost orbital control
system for an NGSS in LEO.
- Solar sails use the radiation pressure from sunlight, collected on ultra-thin mirrors,
which creates the force to propel a spacecraft. A solar sail was demonstrated in the
IKAROS spacecraft of Japan (JAXA, n.d.). As the momentum transferred by photons is
very small, it would require a very large sail, and a very long time, to accelerate an
NGSS, so may not be suitable for some missions.
6.6.2

Comparison of main propulsion systems

Based on the above descriptions of different propulsion systems, Table 6-8 (Czysz & Bruno,
2009) compares the different propulsion systems explained above. The propulsion systems the
team recommends for the various orbits are given in Table 6-9.
Table 6-8: Comparison of main propulsion systems
Type
Specific
Thrust/Weight
Impulse (s)
Chemical
200 – 465
1 – 10
Nuclear
750 – 1500
1–5
Electrical
300-100000
< 10-3– 10-6

Table 6-9: Propulsion orbit location matrix
LEO
EML1/2
Current
Emerging
Maturity /
risk

Bipropellant /
electrical
Tether/Cryogenic
propulsion

EML4/5

Thrust Duration

Max
ΔV
(km/s)

Minutes
Hours
Years
(intermittent/steady)
months (steady)

7 to 9
> 100
> 30-100

LLO

NEO

Bipropellant / electrical
Electrical/Nuclear/ Cryogenic

Electrical/ Nuclear/
Cryogenic/Solar sails

No operational system for the emerging technology
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Based on the technology maturity level and the experience gained from using bipropellant
propulsion systems on Mir and the ISS, it is recommended to use a storable bipropellant
propulsion system for NGSS attitude and orbital control in the various orbits proposed.
Considering the high specific impulse of electrical propulsion system the overall mass of the
propulsion system can be reduced compared with chemical propulsion. This system is also
suitable for the attitude and orbital control of an NGSS in the various orbits proposed.
However, as the system is limited by the electrical power available, it will require longer burn
duration of the thrusters to achieve the same velocity increment (ΔV).
Nuclear propulsion could provide a solution for long duration missions with higher power.
Nuclear propulsion is recommended under emerging technology for use in all orbits except
LEO, as a simpler propulsion systems can meet LEO requirements.

6.7

Launch and Assembly

The current launcher capabilities to LEO and the envelope of their respective fairings are shown
in Table 6-10. Assuming that all the spacefaring nations would join the international
consortium to build and operate an NGSS, the launchers with payload capability of more than
10,000 kg are listed.
Table 6-10: Current operational and in development launchers
Vehicle

Origin

Mass to
LEO(kg)

Fairing diameter
(outer m) Height (m)

Development
10

22 to 40

United States

70,000 —
130,000
53,000

5.2

6.6

Angara A7 (Zak, 2008)

Russia

41,000

6.5

26

Long March 5 (Sino Defence, 2009)
GSLV MkIII (Indian Space Research
Organisation, n.d.)

China

25,000

5

India

10,000

4.5

5

Space Launch System (SLS) (Kyle, 2012)

United States

Falcon Heavy (SpaceX, n.d.)

Operational
Delta IV-H (Boeing, 1999)

United States

22,950

5.08– 5.13

13.07 –
16.4

Proton-M (International Launch Services,
2012)

Russia

21,600

4.35

9

Ariane 5ES (ESA, n.d.)

Europe

21,000

5.4

10.03

Ariane 5ECA (ESA, n.d.)

Europe

21,000

5.4

10.03

H-IIB 304 (JAXA, 2012)

Japan

19,000

5.1

12
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Origin

Mass to
LEO(kg)

United States

18,500

United States

17,100

Atlas V 531

United States

15,300

Zenit-2M(2SLB)

Ukraine

13,920

Delta IV-M+(5,4)

United States

13,500

Atlas V 521

United States

13,300

Long March 3B

China

12,000

Delta IV-M+(4,2)

United States

11,750

Atlas V 511

United States

10,950

Falcon 9

United States

10,450

Delta IV-M+(5,2)

United States

10,250

H-IIA 202

Japan

10,000

Vehicle
Atlas V 551 (International Launch Services,
1999)
Atlas V 541 (International Launch Services,
1999)

Fairing diameter
(outer m) Height (m)
5.4
14.9
5.4

11.9-14.9

5.4

11.9-14.9

3.9

5.4

5.1

8.3

5.4

11.9-14.9

4

9.56

4

6.9

5.4

11.9-14.9

5.2

6.6

5.1

8.3

4.6

7.9

Currently, with the retirement of Space Shuttle, only the Soyuz FG and Long March 2F
launchers have capability for human flights. The launch vehicles that are planned to be human
rated in the future are summarized in the Table 6-11.

Table 6-11: Current operational and in development human rated-launchers

Vehicle
Soyuz FG
Long
March 2F
Atlas V
Delta IV
H
Falcon 9

Crew
spacecraft
designation

No. of
crew

Mass
(kg)

Soyuz TMA

3

Shenghou

Size of the spacecraft
(m)

Status

Diameter

Height

7200

2.7

7.4

operational

3

7800

2.8

9.25

operational

CST100

7

10000

4.56

5.03

2017

CST100

7

10000

4.56

5.03

2017

Dragon (Space

7

10000

3.66

4.4

2017
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Vehicle

Atlas V
SLS

Crew
spacecraft
designation

No. of
crew

Mass
(kg)

X, 2012)
Dream Chaser
(Astronautix,
2011)
Orion (MPCV)

7
4

Size of the spacecraft
(m)
Diameter

Height

9000

Winged
body

9

21250

5

Status

2017
2020

Between 1998 and 2001, it took 109 launches of Soyuz-TM, Space Shuttle, Ariane 5 and H-II to
build the ISS in LEO (Anatoly Zak, 2012). The total number of launches globally in 2011 was 84,
and out of these, ten have been to the ISS for transportation of crew and supply of cargo
(Federal Aviation Administration, USA, 2012). To build an NGSS, detailed planning of the
launches with the compatible payloads/modules will be required. Launch capability of all
international space agencies should be used in tandem to ensure efficient station construction.

6.8

Command and Data Handling, and Communication Systems

Command and Data Handling System: In the following section, the team discusses command

and data handling systems that apply to all orbits under consideration. An efficient Consultative
Committee for Space Data Systems (CCSDS) compatible data compressor would be a crucial
requirement of the command and data handling system for an NGSS. Please refer to Table
6-12. Current systems in LEO and GEO mainly use the Reed Solomon code. To carry out efficient
channel coding over noisy links and to obtain higher coding gain for improved link budget,
either “Low Density Parity Check” (LDPC) or Turbo Channel coding can be used. The channel
coding techniques mentioned above are implemented using software for ground applications
that are already in use on the ground. These channel coding techniques can be implemented in
hardware using Field Programmable Gate Arrays (FPGA) for onboard requirements of an NGSS.
There is the potential to significantly reduce computing effort in LDPC coding as compared to
Turbo coding (Larssen, 2003). LDPC should be a preferred technology for this requirement.
Table 6-12: Command and Data Handling - Channel Coding orbit location matrix
LEO
L1 / L2 / L3
L4 / L5
LLO
Current
Emerging
Maturity / risk

NEO

Reed Solomon coder
LDPC or Turbo channel coder
High maturity for ground communication applications. Can be developed for
space requirements

Another important requirement for an NGSS is a robust encryptor, which can be realized in a
hardware using FPGA. The encryptor, necessary for communication security, should require
less computing resources for encryption and decryption with the help of the key, but
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cryptanalysis would be hard to carry out. Please refer to Table 6-13. Advanced Encryption
Standard (AES) and International Data Encryption Algorithm (IDEA) are block cyphers and
represent the two most suitable options for implementation in onboard hardware using FPGA.
Table 6-13: Command and Data Handling – Encryption orbit location matrix
LEO
L1 / L2 / L3
L4 / L5
LLO

NEO

DES or Proprietary encryption techniques
AES or IDEA

Current
Emerging
Maturity / risk

High maturity for ground applications. Can be developed for space
requirements

Other requirements of command and data handling system are CCSDS compatible data
formatter, a highly efficient data compressor, a robust and reliable bus system, and a powerful
computer system with a fault tolerant mechanism. Mass storage on the order of terabytes
would be needed for real-time data storage and playback. Use of distributed data systems
instead of a centralized one would provide better redundancy (Messerschmid & Reinhold,
1999).
Use of Heads-Up Display can be explored for augmented reality that would present data to
astronauts within their field of view without any need to look for it.
Communication System: The most crucial design driver for the communication subsystem is a

high speed secure Internet access at all times, as shown in Table 6-14. The technologies are
quite different for LEO, and orbits beyond LEO. The Ku-, Ka-, and V-bands can be used (Brackey,
et al., 1999) for providing Internet service in LEO. Both the Ku- and Ka-bands are matured. The
V-band has been used and demonstrated for inter-satellite communication, but the usage has
yet to grow. Internet Protocol and Internet Protocol Security (IPSEC) protocols need to be
implemented for space for secure access to the Internet. This will also help in using the same
standards that are used on the ground. TDRSS may need augmentation, preferably by partner
countries, to provide continued communication with the ground. Use of different partner
ground stations, to the extent possible, should also be encouraged for international
cooperation.
Table 6-14: Communication - Internet access and orbit location matrix

Current
Emerging

Maturity
/ risk

LEO

EML1/2

EML4/5

LLO

NEO

Ku-band, TDRSS based

-

-

-

-

Ku-, Ka-, and V-band,
TDRSS based with IP and
IPSEC support
Ku- and Ka-band are
matured; IP and IPSEC are
not yet proven for use in
space

Delay Tolerant Networking and Inter-planetary Internet

In study and experimental phase, not yet matured

BLISS
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Might require TDRSS to be
augmented

Requires additional satellites as relays

For orbits beyond LEO, the Interplanetary Internet (IPN) (Burleigh, 2002) concept can be
implemented to provide reasonably good Internet services. This technology is in an
experimental phase and not yet matured. This technology requires additional satellites as
intermediate relays.
The other design drivers are time-synchronized services like real-time voice and video, highvolume data download services, and interactive services (Peter Fortescue, 2011).
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7 EXAMPLE STATIONS
The matrix described in Section 5.6 does not restrict users to a single-purpose station, but can
serve as the basis for exploring a whole variety of station options and making quick
comparisons of different scenarios. To demonstrate the use of the matrix in Section 5.6, the
BLISS team has explored two design scenarios of stations with different purposes; each
scenario has been explored with two different primary uses in mind. The cells in the matrix that
are important for each of the missions are color coded with borders to show the path that was
taken when “walking” through the matrix. If the contents of the cells are in conflict, a
compromise solution is chosen. In addition to this matrix, the team used the Engineering matrix
in Section 3.7.4 to identify the technological design drivers depending on the found desired
orbit. Recommendations of subsystems to be used can be found in the Enabling Technologies
chapter.

7.1

Mission Design for Scientific Research and EPO Potential

The first mission is designed for scientific research and outreach potential purposes, as
represented with purple borders in Table 7-1. The columns considering Scientific Research and
Outreach Potential are identified and from these, the different station needs and requirements
can be obtained from the matrix. Cross-referencing the potential locations for the desired uses
(using the color coding in the matrix), LEO is the most suitable location for this station.
According to the matrix, a station in LEO is also viable for tourism and manufacturing, so these
options can be considered in addition to the original purposes. LEO is also favorable for a
private-public partnership potential with collective funding, which is also found in the LEO row
and also in the Scientific Research and Outreach Potential columns. Moving down the rows, the
desired gravity environment is found to be a combination of microgravity and artificial gravity.
Further down, the design implications that must be considered are shown to be adequate
science laboratories, easy access to Earth, futuristic appearance, and allocated bandwidth. If
tourism is desired, because of enhanced private funding options, incorporating a user-friendly
station design is suggested. Legal issues that have to be considered include: IP, Rescue
Agreement, Human and Animal Ethics.
Now that the desired orbit is found, the Engineering matrix will provide viable technology
options for the desired station. The main conclusions are that LEO is a well-known orbit with
partial protection by the magnetosphere, where proven technologies can be used. There is also
an easy resupply of resources from Earth. Other things to be considered include: orbital boost,
data rates, bandwidth, and Internet access.
The matrix identifications lay a foundation for a desired station design, which creates a starting
point for further investigation of the design drivers for the station design to be developed.

BLISS

7.2

Example stations

Mission Design for In Situ Resource Utilization and Technological
Demonstration Station

The second mission is designed for in situ resource utilization and technological demonstration,
represented with pink borders in Table 7-1: Matrix with example mission highlighted. Crossreferencing the potential locations for these uses, both a lunar orbit and NEO locations are
suitable. For this example, we chose a lunar orbit. Tracing across the matrix row for lunar orbit,
it is seen that this location also offers great outreach potential and enables the exploration of
the Moon. Continuing down the columns for these uses, a station with both artificial and
microgravity is recommended to fulfill the requirements of both primary uses. The design
implications arising from these two uses are different but are mutually compatible, so a
modular design will be implemented alongside mining facilities, processing facilities, and
docking mechanisms. The secondary station goal of outreach also dictates a futuristic
appearance for the station and requirement for a bandwidth allocation. Comparing the funding
sources for the different uses, government funding is necessary for technology demonstrations
and outreach but ISRU suggests the need for private funding–a mixture of the two in the form
of public-private partnerships will be necessary. The lunar orbit offers views of the Moon and is
valuable for EPO. Specific outreach potential is offered by ISRU and technology
demonstrations, for example, resources, images, and the inspiration of explorers. From the
matrix row for legal issues, using the resources on the Moon brings the Outer Space Treaty into
question and IP rights need to be considered when testing technologies on the station.
The results from the summary matrix can now be cross-referenced with the engineering table
from Section 3.7.4 that describes the design drivers for technology. The majority of systems
used on the ISS are suitable for use in LEO, but are not adequate for a lunar orbit. New ECLSS
systems will be needed because of the difficulties and cost associated with resupply. A station
in lunar orbit will need sufficient shielding from radiation and can act as a testing ground for
emerging active shielding methods. Power systems must cope with the effect of eclipses
behind the Moon and the increased demands from minor station keeping and communications.
Assembly in LEO would require sufficient propulsion capabilities and structural resilience to
transport the station to a lunar orbit. A deep space network for navigation and communications
is required.
A station in a lunar orbit could collaborate with future spaceports located on the Moon. The
spaceport node described in the ISU SSP 2012 OASIS team project would help enable ISRU, and
offer affordable resupply.
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Table 7-1: Matrix with example mission highlighted.
PURPOSE

Commercial uses

FACTORS

Partnership
Potential

Scientific Research

Proximity to
Earth, Earth
view

Proximity to
Earth

None

Lab- Proximity to Earth,
Earth Remote Sensing,
Microgravity Research &
Development,
Protein Crystal Growth,
Fluid Mixing

Optimal only
for:
ECLSS
µg / Ag
Human Factor

Good
communication

Optimal for all
technologies:
Propulsion
ECLSS
Power
GNC
Human
Factors
Communicati
on
µg / Ag
Structure
Thermal

LEO better

Moon

Government

LEO better

Asteroids

Government

Lunar view
Nostalgic

Moon

Private Sector,
Government

Not practical

Asteroids

Government,
Private Sector

LEO better

None

L2 – Radio-Quiet Space
Observation

ELM 4/5 – (Stable)

LEO better

LEO better

None

No Unique Benefits

Lunar Orbit

Lunar view
Difficult access

Greater distancehigh cost

Lunar
utilization

Lunar Research

NEO

Not practical

Greater distancehigh cost

NEO utilization

NEO Research

Design
Implications

Exploration
Potential

In Situ
Resource
Utilization

LEO better
(Moon view)

Ag

Outreach
Potential

Manufacturing

EML 1/2/3

Ag / µg / Both

Space
Station Tech
Demonstration

Tourism

Orbit
LEO

Research

both

µg

Habitat
User-friendly
station,
Appealing
design,
Modular
‘Space Hotel’

Funding

Ag

both

µg

both

Ag

Automation
Robotics
High quality µg
Module

µg

Mobility
Docking and
EVA Systems
Processing
Facilities,
Robotic
Mining

Ag

both

µg

Laboratories
Easy Access to Earth

Ag

both

Student
experiments

µg

both

Ag

Futuristic
Appearance,
Allocated
Bandwidth

Modular
Design

PPP, Purely Private

Private
Sector,
Government

Public Sector

Outreach
Potential

Commercialization

Products

Resources

Experiments for STEM
Technology Development

Pictures,
Media Interest
Lone Explorer

Legal Issues

Rescue
Agreement,
OST – Liability

IP, Liability

OSTAppropriation

IP, Rescue Agreement,
Human and Animal Ethics

Intellectual
Property

µg
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Conclusion

8 CONCLUSION
The ISS is scheduled to be retired by the year 2020. Although the station’s life may be extended
beyond that point, it is not too early to begin consideration of the next stage of human
presence in outer space. Space station creation has proven to be a costly and time-consuming
process. From the approval of its ultimate design, the ISS required billions of dollars and almost
two decades to reach the end of its construction phase. To ensure preparedness for a smooth
transition between the ISS and a next generation space station, it is necessary to develop an
understanding of what needs will exist when the time comes as well as which technologies
could provide optimal solutions.
Education and Public Outreach: Public perception can have a large impact on the success or
failure of a mission. This is true whether the project is of a governmental or private nature. The
team has investigated the past practices, such as educational programs like Mission X and
uptake of social media by space agencies, as well as discussing how best to promote an NGSS to
gain widespread recognition. This discussion includes activities that can occur during the design
and construction phase, the transition phase, and the operation phase of an NGSS.
International Cooperation and Policy: A guiding factor for an NGSS will be the governance
structure and means of cooperation employed by its enabling partners. Decisions concerning
how to integrate efforts will determine such issues as whether nations are able to specialize in
a particular aspect of a space station or if each will have to continue providing full modules on
its own.
Station Science: One aspect of the ISS that is still in its early stages is the full implementation of
its scientific potential. Despite its nascent status, the example of ISS science has given a
foundation upon which to build an NGSS science program. The team’s findings discussed what
entities in addition to governmental organizations might have an interest in conducting science
activities in space. The team also considered the science these groups may wish to conduct––
including life sciences, materials science, physical science, and Earth observation––and how
those interests would affect station design requirements.
Commercial Applications: In recent years, several companies have formed to conduct
commercial activities in space. Bigelow, Virgin Galactic, Moon Express, and Planetary Resources
are some leading examples. The different companies have very different products and services
planned. Through evaluation of the literature and current trends, the team identified the most
likely commercial applications––tourism, private research, in situ resource utilization, and
manufacturing––and looked at what technology requirements those activities would have.
Finance: The ISS was funded by the governments of the partner states. This may or may not be
possible or practical when it comes to financing an NGSS. The team investigated possible
alternatives to full public funding. One such approach that has been used on more earthly
endeavors, as well as some space-related projects is a public-private partnership.
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Station Design and Engineering: There are several engineering approaches that may be taken
for an NGSS. This report addresses possibilities and limitations presented by engineering
systems such as thermal, propulsion, power, ECLSS, GNC, launch, and structure. The team also
considered what technologies and approaches would be possible in certain locations, including
LEO, the Moon, and Earth–Moon Lagrange points.

8.1

Future Work

With a broad, exciting topic and a quick turnaround for the team project, multiple areas of
investigation are still left to be explored. This project can be the starting point for future work
to enhance the technical depth of the content and to help potential stakeholders gain a better
understanding of the interplay among the multiple permutations of design drivers.
The matrix-based design driver presentation readily supports the addition of new dimensions
to the matrix. Besides purpose, dimensions such as cost, budget, and scheduling would be very
useful to interested parties. The matrix elements could also be enhanced by the addition of
new factors that quantify or qualify elements like color-coded risk or certainty values. While
this report is designed to function as a paper hard copy, the matrix approach would certainly
be more intuitive with electronic versions. Live links to sources, related matrix elements, or
even multi-dimensional matrices would be possible in electronic versions.
As a next step, it would be beneficial for team BLISS to integrate its findings with SSP12 team
OASIS, who proposed a network of spaceports. Using the BLISS matrix and further discussion of
station requirements, future stations could be designed to make use of the suggested
spaceport infrastructure. Stations could also be designed to demonstrate the viability of the
spaceport business and infrastructure models.

8.2

Final Summary

Through a centralized, cohesive study of lessons learned from past stations and design drivers
for future stations, the BLISS team report will help any potential sponsor—from international
governmental agencies to private companies—effectively plan a next-generation space station.
Especially in a time of limited budgets and other resources, effective planning and management
will be essential to the success of station projects. This report is intended to support the human
spaceflight industry to preserve the achievements of past stations while advancing the field as
a whole. By supporting the development of future space stations, the BLISS team hopes to
support a future for human civilization and its expansion beyond Earth.
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10 APPENDICES
10.1 Chapter 3 – Design Drivers
10.1.1 Education and Public Outreach

Figure 10-1 Noordung’s Space Station Habitat Wheel (Noordung, 1929)

Figure 10-3 McDonnell-Douglas Space Station
Figure 10-2 Space Station Concept (NASA, 1959)
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10.1.2 Science

Figure 10-4: Manned Orbiting Research Laboratory MORL (Source: National Space Society)
Table 10-1: Motives of organizations or sectors with potential to participate in NGSS science.

Organizations/Sectors

Motives

Examples

Government Space Agencies

Industrial competitiveness,
disease prevention, scientific
exploration, technology
development

NASA, ESA, CSA

Academic and Educational
Outreach

Academic research, STEM
education and inspiring youth

Universities, Colleges, High
Schools

Commercial Sector

Association with space,
product application,
commercial spin-offs, applied
research

SpaceX, NanoRacks

Non-Profits

Promoting scientific
endeavors for concrete
purposes

X Prize, National Geographic

Promoting scientific
endeavors, benefits to
mankind

Warren Buffet, Bill and
Melinda Gates Foundation

Philanthropists

Table 10-2: Capabilities of Current and Future ISS Transportation Vehicles
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Vehicle
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Up-mass Capabilities

Down-mass Capabilities

Shuttle

Crew; active and passive internal and
external cargo

Crew; active and passive internal
and external cargo

Soyuz

Crew, very limited passive internal cargo

Crew, very limited passive internal
cargo

Progress

Passive internal cargo

N/A

ATV

Passive internal cargo

N/A

HTV

Passive internal cargo including racks,
passive external cargo

N/A

COTS

Passive and active cargo; crew

Passive and active cargo; crew

Orion

Crew; active and passive internal cargo

Crew; active and passive internal
cargo

10.1.3 Astronaut Health Care and Space Medicine

Figure 10-5 Airbus A310-304 Medical Evacuation
unit (courtesy C. Lüthen)

Figure 10-6 Crew-carrying spacecraft that could be
configured for medical evacuation of astronauts

Table 10-3 Levels of Care for Mission Duration and Destination (Hamilton, et al., 2008)
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10.1.4 Finance
80
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Figure 10-7: ROM cost estimates (in USD 2010 billion) over the 2015-2025 development period

Table 10-4: ROM cost simulation tables for four LEO scenarios
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Figure 10-8: The overall NASA budget as a fraction of the federal budget

Figure 10-9: Space-related PPP cases with their missions (Hashimoto, 2009)
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