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ABSTRACT
The International Space Station is an enormous achievement in terms of international
collaboration and engineering. Its creation brought together the biggest space agencies
NASA, RFSA, JAXA, CSA and ESA, creating an unprecedented alliance between the most
influential spacefaring nations of the world. The assembly took more than 12 years, starting in
1998, and the station was gradually expanded with habitats, research facilities, life support
systems, and other infrastructures built all around the world. The ISS Program is set to end in
2024, yet still has the potential to keep working through 2028 and beyond. The international
partners must decide if they want to continue the program and establish a new vision.
This Team Project proposes an extension of life meant to inspire the next generations,
develop innovative technologies, and enable groundbreaking research for humankind. To
achieve these goals, we assumed a future where the economic and technological trends that
we are seing today keep unfolding. With this assumption in mind, we proposed to split the
ISS into two independent space stations, and repurpose them respectively into an
International Research Facility and an International Spaceport.
The International Research Facility will take over the research activities of the ISS, and create
new research opportunities thanks to additional modules. In the future, the International
Research Facility will be equipped with training facilities for the next generation of space
explorers.
The International Spaceport will provide docking ports and manufacturing facilities to
assemble, service, repair, and refuel spacecraft for missions to the Moon, Mars, and beyond.
We discussed the technological aspects of this endeavor, the political requirements, and the
financial viability, and presented our recommendations. While our research was specifically
focused in finding an alternative to decommissioning the ISS, the question of whether deorbiting is the best solution to the end of life of the ISS still remains and is not covered in this
report. We believe that there are other options, and that keeping a permanent human presence
in orbit is of paramount importance. The loss of permanent human presence in orbit and the
dissolution of such an incredible international partnership would likely represent a major
setback to human space exploration and international collaboration. With a large variety of
valid alternatives to decommissioning, we hope this report will inspire decision makers to
move towards a better future for the ISS.

iii

A NEW VISION: THE FUTURE OF THE ISS

FACULTY PREFACE
The International Space University (ISU) has maintained a unique leadership position within
the space community for 30 years. For nine weeks each year, ISU runs an extraordinary
Space Studies Program (SSP) at a different host site throughout the world. In 2017, the
program (SSP17) was held at the Cork Institute of Technology (CIT) in Cork, Ireland. Our
hosts at CIT were welcoming, gracious, and very helpful. We would particularly like to thank
Dr. Niall Smith and Ms. Elizabeth Twomey for their dedicated work to make this SSP a
success.
An important part of the SSP is the team project, in which participants work on solutions for
challenging problems related to space. Developing ideas for the future of space activity
requires the participants to work in an international, intercultural, and interdisciplinary group.
In the process, they also obtain essential skills for a career in the global space sector.
This report is the result of the SSP17 team project on the future of the ISS (TP ISS). The team
brought together 28 talented participants from 15 countries with different backgrounds. They
were tasked to investigate the possible future use of the ISS following the end of its mission
life in 2024 and then to develop a case study. This was an especially challenging project
because of the broad scope and the many technical and policy issues posed by the problem.
They had to accomplish this difficult job in the midst of a busy schedule of activities and with
aggressive deadlines.
This has been an amazing summer at CIT in Cork, especially for the energetic and inspiring
people in TP ISS. They worked and socialized long hours throughout the course of SSP17 and
they pooled their creativity to make a meaningful contribution. They produced this report in a
challenging environment and hopefully formed lasting friendships along the way.
In this 30th anniversary year of ISU, we are proud of what this talented team has
accomplished in such a short time. It is likely that they will have successful space careers
ahead of them and we look forward to working with them as friends, colleagues, and
members of the ISU family.

Dr. Daniel Glover, Chair
Dr. Jan Walter Schroeder, Associate Chair
Jonathan Faull, Teaching Associate
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PARTICIPANT PREFACE
The Phoenix is a great and beautiful bird featured in Greek mythology. It has broad wings and
soars gracefully above the Earth. When its life comes to an end, the Phoenix immolates itself
and is reborn from its own ashes. The Chinese Buddhists have a similar bird in their legends.
Their phoenix uses fire to cleanse the hatred and unhappiness from the mortal world,
exchanging its life for the peace of all. In the myth, it is reborn from the fire with a clearer
voice and a purer soul. This process of purging the world and being reborn improved is called
the Nirvana of Phoenix. Today, in the real world, there is a great Phoenix called the ISS (ISS)
orbiting the Earth in the vast expanse of space, waiting to be reborn in 2024. We took on the
mission of bringing our thoughts and ideas to help achieve the Nirvana of ISS.
The ISS is currently the only large-scale structure in Earth orbit, and even though it is aging it
is still performing at capacity. While current planning calls for a controlled de-orbit in 2024,
our team proposes to repurpose it instead. Repurposing it will open up possibilities for the
future of human exploration. The costs associated with putting and maintaining such a station
in orbit require new political collaborations and legal framework. Spin-offs from the creation
and maintenance of the ISS are contributing to various fields on Earth, and will continue to do
so in the future after its repurposing. From a higher standpoint, it is not only a space study
task, but also an opportunity to reflect on how to develop human interactions and society,
how to continue or even expand international cooperation, and how to make progress together
in a competitive and sometime hostile world. The ISS is a platform that is helping us broaden
our vision of the cosmos and define what it means to be human. It has become a part of the
entire human species, rather than just one of many countries or groups.
This project is aligned with the International Space University’s philosophy: it is
interdisciplinary, intercultural, and international. Our ISS project team feature 28 participants
from 15 distinct countries with different cultures and different backgrounds. The
multidisciplinary nature of the team is reflected in the approach to this project. The technical
aspect is considered together with legal, economic, and human repercussions of such a
project. As in the Phoenix myth, this change will not be just a modification of the ISS, it will
be a complete renewal. We hope the future of the ISS will be a lighthouse for human
advancement, prosperity, and cooperation. We hope it will be the Nirvana of the ISS.

Phoenix by Liam Foley
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1 INTRODUCTION
1.1 General Introduction
The International Space Station (ISS), orbiting 400 km above the Earth, is one of the world’s
greatest achievements and arguably one of the biggest investments ever made in space. The
project surrounding this 450 metric ton structure has brought together and inspired scientists,
engineers, and the international global community for more than three decades. The current
plan for the ISS Program is to end its contract at the end of 2024. The ISS partners are
considering de-orbiting the station once the program ends, creating a potential rift between
the decision makers and the rest of humanity. We believe that such a decision will have a
strong impact on the future of human space exploration, on the advancement of space
research, and ultimately will impede potential interplanetary missions. With these thoughts in
mind, we propose an extension of life of the ISS. We focus on inspiring the new generations,
developing new technologies, and enabling ground-breaking research for all humankind.
The objective of the 2017 Team Project “A New Vision - The Future of the ISS” at the
International Space University (ISU) Space Studies Program (SSP) is to propose and develop
a technically, economically, socially, and politically feasible scenario to repurpose the ISS
beyond 2024. Our team of 28 engineers, scientists, policy makers, business experts, and
designers explore the topic throughout this document, and present an in-depth study of the
topic. We also present a detailed case study of one future operational scenario, aimed at
potential stakeholders, the space community, and the general public.

1.2 Aims and Objectives
1.2.1 Project Objectives
The purpose of this project is to perform a feasibility study for a possible future for the ISS
after the end of its primary mission. We will examine several options for potential future
missions, taking into account issues like the status of modules and facilities, the implication
of orbital mechanics, and political and economics issues. We will then review each option
against the project’s mission statement, as defined in section 1.2.2, to check whether it
complies with the team’s vision. We will then merge the most promising options into a
coherent case study, identifying strategies to address future ownership and enable
repurposing. Then, we will devise a roadmap to plan and budget a sustainable use and
maintenance of the repurposed ISS, identify potential issues and providing solutions. Finally,
we will produce a conceptual design of the repurposed ISS and envision future applications,
engineering challenges, potential hazards, economic factors, and social and ethical
considerations of our proposal.
1.2.2 M ission Statem ent
The team designed the following mission statement for this project from its aims and
objectives:
“To further humanity’s progress in space by building an economically, politically, socially,
and technically feasible option for continuing to use the ISS after 2024.”
This statement forms the basis of our direction for this project.
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1.3 Research Methodology
We used the Double Diamond method (Design Council, 2015) as our design approach to this
project, as illustrated in Figure 1, to separate the problem into four phases: Discover, Define,
Develop, and Deliver. We structured the project in this way to maximize the number of ideas
generated and efficiently converge on a scenario. The four phases are defined as follows:
• Discover: Collect information from many sources, explore, and provide a large
number of ideas
• Define: Refine the options to converge to one scenario
• Develop: Expand the scenario, explore problems or issues, and add new ideas to it
• Deliver: Narrow down the developed scenario to deliver a complete case study
This research method is further presented in Chapter 3.

Figure 1 - The Double Diamond method of idea generation, and our Discover, Define, Develop,
and Deliver processes used throughout the report

1.4 Structure of Chapters
•
•

•

•
•
•

Chapter 1 includes a general introduction, the aims and objectives of this project, and
some information on the structure of this document.
Chapter 2 gives a brief background of the ISS, and describes its status today. This
chapter focuses on current technology, policy, legal, and economic framework.
Chapter 2 covers the discovery phase of our project, describing our brainstorming
process.
Chapter 3 contains a description of possible future options. We also discuss the
challenges and the feasibility of those options, and presents how our evaluation
process reduced the number of options to four major themes.
Chapter 4 explains what the future might look like in 2024, as well as refining our
plan for the case study presented in Chapter 5.
Chapter 5 consists of a case study of one scenario, looking at the proposed solution
from different perspectives to test its feasibility.
Chapter 6 states the conclusions drawn from the project, together with a reflection on
the limitations of the study as well as future challenges.
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1.5 Challenges and Considerations
We first distinguished the issues associated with each approach to identify possible options
for the future of the ISS. We were able to narrow down our selection by ruling out some
options entirely once they were deemed not to be feasible. We were also able to identify
barriers to overcome in our chosen approach. We consider other issues such as economic or
political factors. Problems established in relation to our own proposed scenario are discussed
below.
Political, Economic, and Legal Issues:
All partners must agree to make any changes to the current operation of the ISS. This is one
of the most significant barriers as political discussions and negotiations are often difficult and
time consuming. We present a difficult proposal to change the inclination of a portion of the
station from 51.6 degrees to 28.5 degrees which is not accessible from the current Russian
launch site. With the goal of keeping both stations international, and retaining Russia as a key
partner, it is necessary to find a justification for the change that they would find agreeable.
We acknowledged that the international partners currently involved would like to reduce
spending on the ISS, therefore we offered ways to reduce costs. We were determined to
encourage private involvement, or contribution from international partners not yet represented
by the ISS. This presented the issue of how to make a business case that could demonstrate
financial and humanitarian benefits across all existing parties in a way that offsets the costs of
the changes to the station. The involvement of new international partners has its own political
issues, where some countries have legislative barriers that may need to be overcome.
Technical Aspects and Issues:
The ISS has had its lifetime extended twice already, and much of the hardware, life support
systems, and structures have limited life spans that are approaching the end of their life
expectancy. As these systems and structures age, the likelihood of their failure increases. It is
predicted that depressurization due to impact of space debris over the lifetime of the ISS has a
probability of approximately one in four (NASA, 2014). The maintenance and running costs
grow with the need to replace components. Overcoming this problem requires an in depth
study into the life expectancy of different ISS components and identifying what requires
replacing. It is also a challenge to ensure that both stations operate successfully over their
designated lifetimes.
Reorienting modules is another challenge that we identified. Compatibility issues between
different modules must be considered, including which modules would be most suitable for
each new station and any mass limitations that may have a significant impact on the
feasibility of an inclination change. The propulsion system used for an inclination change
must be thoroughly reviewed.
The current 51.6 degree inclination of the ISS poses problems for deep space exploration, as
it is far from the plane of the ecliptic. We propose to change it to a lower inclination of 28.5
degrees, although the ISS was never designed to be subjected to the large external forces
resulting from such a maneuver. The ratio of fuel mass to body mass needed to change the
inclination by this magnitude is roughly two to one.
The manufacturing aspect is also very limited by the internal size of the modules and the
current technologies aboard the ISS. No large structure can currently be manufactured on the
ISS, and only small parts can be moved between the interior and the exterior of the station. To
account for this, we considered the requirements of any new modules that may be needed to
conduct any larger scale manufacturing processes.
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Quality control of manufactured parts will have to be addressed, and is currently an open
question. We suggest using arrays of sensors and advanced imaging techniques to accomplish
this.
In-orbit refueling is an unproven technology, and transferring fuel in microgravity would
become an essential component of the spaceport, which is currently not well understood.
Human Performance in Space:
The top priority of any manned space mission is the safety of the crew. We will consider this
when designing the split of the ISS. The split also presents further problems: it would require
a duplication of human health systems and first aid kits, and would require a medically
trained astronaut to be stationed on each facility. To facilitate these changes, we should
account for extra storage and astronaut capacity requirements. Another consideration is that
any potential space tourists or commercial astronauts would require their own ground crew.
Human performance challenges were also addressed in this project. For example, The
Environmental Control and Life Support System (ECLSS) should be upgraded to increase
crew capacity and operating efficiency, while lowering overall operating costs. However,
there will be challenges in upgrading the ECLSS with astronauts on-board the station.
Extravehicular Activities (EVAs) are needed to disconnect power and other utilities. It is
unclear with the depth of this analysis the number of astronaut hours needed to complete this
task. Another challenge to highlight is the need for a specialized ground crew for commercial
astronauts. With the current information, this analysis leaves the amount of support needed
for independent commercial ground support crew is necessary. Updated operations on the ISS
will require detailed safety procedures to protect astronauts from new hazards.
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2 BACKGROUND
2.1 History of the ISS
The ISS is a remarkable example of what we can achieve with international cooperation
despite the many political, legal, and economic obstacles between nations. Envisioned in the
early eighties as a science and research facility in Low Earth orbit (LEO), the space station
was very much a symbol of the Cold War and a tool of superpower confrontation, starting
from the name, Freedom. On 25 January 1984, President Ronald Reagan directed the National
Aeronautics and Space Administration (NASA) to build an ISS within the next 10 years in his
State of the Union address. For President Reagan, the space station was part of the overall
Cold War framework to bring allies and friendly countries under the umbrella of the United
States (Peters and Woolley, 2017). It would project a positive image of the collaborative
efforts of the Western Allies in opposition to the totalitarian values and policies of the Soviet
Union and attempt to push the Soviet economy to its limits (Gregori, 2008).
The conclusion of the Cold War put an end to competition as a rationale, but the political
considerations remained. The United States’ invitation to Russia to join the ISS program in
1993 was meant to channel significant portions of the Russian space industry in directions
advantageous to the United States. It was also planned to leverage their existing launch
infrastructure, to acquire their substantial experience in long-term spaceflight, prevent an
uncontrolled exodus of scientists and engineers with strategic skills and knowledge, and to
play a vital role in the non-proliferation program (Johnson-Freese, 2007).
On 29 January 1998, the United States of America, the Russian Federation, the participating
countries of the European Space Agency (ESA) (Belgium, Denmark, France, Germany, Italy,
The Netherlands, Norway, Spain, Sweden, and Switzerland), Canada, and Japan signed the
Intergovernmental Space Station Agreements. It was an important milestone that established a
cooperative framework for the international partners on the design, development, operation
and use of the space station. These new agreements superseded previous space station
agreements, and resulted in increased Russian participation.
The orbital assembly of the ISS began in November 1998 with the launch of Russia's Zarya
(Sunrise) module. In December 1998, the crew of STS-88, the first Space Shuttle mission
dedicated to ISS assembly, added the first United States (US) built component, Unity (NASA,
2013). In November 2000, astronaut Bill Shepherd and cosmonauts Yuri Gidzenko and Sergei
Krikalev became the first crew to reside on-board the station. The assembly of ISS modules
was temporarily delayed by the Space Shuttle Columbia disaster of 1 February 2003, but later
resumed and reached completion in 2011. The ISS design continues to be upgraded with new
components.

2.2 ISS Today and Current Plans
2.2.1 Current Technology
The ISS has a variety of research capabilities including space science, Earth Observation
(EO), astronomical observations, and technology development (NASA, 2015). Life science
research on-board the ISS can be used to further medicine by studying the influence of
microgravity on astronauts’ bodies. Research on microgravity, biology, and material science
has broad applications, especially in material development. The ISS includes facilities to
study combustion, fluid dynamics, and materials. The microgravity environment provides a
unique opportunity to study these phenomena.
5
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The ISS, with both its human crew and its external research accommodations, is a very
flexible EO platform. The political framework, and data sharing between the ISS partners, can
help reduce response time to disasters. The 90 minute orbital period of the ISS enables a
detailed monitoring of atmospheric phenomena. The presence of crew on the ISS enables
easier maintenance and upgrade capabilities, compared with that of other satellites. Large
scale upgrades such as new modules and habitats, however, are far more complex and
expensive.
Scientists can collect long time astronomical data on a multitude of phenomena like cosmic
rays and subatomic particles by putting space instruments on the ISS. A variety of
instruments can also be used to measure events such as solar flares, and provide rapid
responses to protect the Earth, the spacecraft, and its crew. ISS modules and truss, together
with information regarding their mass, size, volume, launching date, and remaining life
design time can be found in Table 1.
Table 1 - ISS modules and truss information on mass, size, volume, launch date, and remaining
lifetime

Module and Truss

Orbit
mass
(kg)

Size
(m)

Launching Remain
time
Time
(26yrs life
design, by
2024)

Zarya / FGB

12990

Φ4.1

1998.11

0

Unity Node 1

11895

Φ4.3×5.5

1998.12

0

Zvezda Service Module

24604

Φ4.2×13.1

2000.07

2, launch
another

Destiny Laboratory Module

24023

Φ4.3×9.2

2001.02

3

Canadarm 2, the Space Station Remote
Manipulator System

1497

Φ0.36×17.6

2001.04

3

Quest Joint Airlock

9923

Φ4×5.5

2001.07

3

Pirs Docking Compartment and Airlock

3838

Φ2.55×4.9

2001.09

3

Truss

-

-

2000.12

2

S0

2002.04

4

S1

2002.10

4

P1

2002.11

4

2006.09

8

2006.12

8

2007.06

9

S5

2007.08

9

S6

2009.03

11

P6

P3

P4

P5
S3

S4
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Harmony Node 2

14787

Φ4.3×6.7

2007.10

9

Columbus Laboratory

19.3

Φ4.5
×6.9

2008.02

10

15900

Φ4.4×11.2

2008.05

10

ELM- 4200
PS

Φ4.4×3.9

2008.03

10

EF

4000

5.6×5×4

2009.07

11

Russian Mini-Research Module

3795

Φ2.55×4.9

2009.11

11

Tranquility Node 3

17992

Φ4.3×6.7

2010.02

12

Russian Mini-Research Module

5075

Φ2.35×6

2010.05

12

Kibo Japanese Experiment Module
(JEM)

PM

2.2.2 Current Political & Legal Fram ew ork
The ISS has set a new precedent for political relations which has inspired cooperation
between spacefaring nations united in the common goal of space exploration. This has been
facilitated through a legal framework that was initiated in the 1980s. Based upon international
law and respecting all main United Nation space treaties, this new framework was required to
allow a new international cooperative governance. The framework consists of a three-branch
approach that clearly defines regulations to all parties.
The first branch consists in multilateral intergovernmental agreements (IGAs) between
governments of all ISS partners. Its goal is to establish a long-term collaboration for the
development, operation, design, and use of the ISS. This agreement also underlines that the
ISS should only be used for peaceful purposes, and in accordance with international law. The
IGA defines this partnership, provides regulation for all parties, and ensures that the stated
objective is respected. This agreement is based on the main four conventions of the United
Nations concerning outer space: The Outer Space Treaty (OST), the Rescue Agreement (RA),
the Liability Convention (LC), and the Registration Convention (RC).
In addition to the IGA, Memoranda of Understandings (MOUs) are used to directly bind
agencies with one another. A NASA-ESA MOU would regulate the use of assets shared
between the two agencies on the ISS. These contracts establish the obligations and rights of
each agency and provide the framework necessary for agencies to coordinate with one
another in a more precise way while maintaining their common governmental obligations.
Finally, more specific additional agreements can be put into place to help coordinate joined
actions, such as sharing material for experiments.
The ISS is constantly changing with parts being updated, removed, and added, all partners
have agreed that such changes do not require special additional contractual bonds. However,
they have an understanding that whatever change is being made, the Station should always
remain a civil station for peaceful purposes, and must continue to uphold international law at
all times. For more significant changes, a new IGA can be created and used to implement
them. The ISS international partners have committed to operate the ISS through 2024. The
NASA Transition Authorization Act of 2017 calls to develop an ISS Transition Plan no later
than 1 December 2017. This plan will assess deep space human exploration objectives, the
development of commercial activities in LEO, and the cost estimates for extending operations
of the ISS to 2024, 2028, and 2030 (United States Congress, 2017a).
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2.2.3 Current Econom ic Fram ew ork
The framework that supports the economic status of the ISS is strongly linked to its history,
which has its inception in agency objectives following the Apollo era. After the last Apollo
mission in 1972, the United States announced its plan to eventually get people to Mars by the
development of a space station which would require a reusable transport system. Though this
ambitious goal was not approved due to budget restrictions, the space transport system was
approved and would eventually become known as the Space Shuttle, which played a key role
in the eventual construction and cost of the ISS. With the shuttle officially operational in
1982, NASA’s budget opened up to the development of the ISS. Initial cost estimates
presented in 1984 were approximately US$8b and by 1985, conceptual designs included two
US modules and two modules to be provided by Europe and Japan (Smith, 2005).
As construction began and shuttle launch costs grew to be significantly higher than expected,
the original cost estimate became outdated. The Challenger disaster in 1986 set construction
back further, and led to more cost increases. In 1988 Canada, Europe, and Japan joined the
program (then called Space Station Freedom) and agreed to contribute the Canadarm,
Columbus, and Kibo modules, respectively. Feasibility of maintaining original designs in
construction over the next several years demonstrated budget demands that could not be
supported. Designs evolved to cater to a science-driven station, with the Moon and Mars out
of scope (Smith, 2005).
Up to 1993, construction costs were US$11.4b with an additional US$13b for ten years of
operational costs. At a pivotal moment in the history of the station, the Clinton administration
announced that to reduce construction costs, Space Station Freedom must downsize and
include international partners capable of making significant investments (Smith, 2005). This
led to the inclusion of Russia in 1993, with hopes of US$2b cost savings and quicker
completion. After many more design changes, delays, and cost overruns, the second shuttle
tragedy in 2003 impacted ISS development, this time bringing NASA to re-evaluate its
objectives with the ISS. It concluded that the shuttle would return to flight with the main
purpose of finishing the assembly of the ISS by 2010. NASA would then make use of the ISS
until 2017 and shift its objectives elsewhere.
Total construction of the ISS by all international partners from 1983 through 2010 amounted
to approximately US$100b, not including transportation (Lafleur, 2010). This included
assembly of eleven pressurized modules and the main truss. NASA’s financial contribution
amounted to US$58.7b (discounting inflation) plus an additional US$50.4b from shuttle
transport costs. Russia invested US$12b, Europe and Japan US$5b each (though these are
currently closer to US$10b each), and Canada US$2b (Lafleur, 2010).
The 2014 decision to extend the life of the ISS assumed a US$3b contribution from the
United States (Plumer, 2014). Currently, costs to maintain operations total US$5b per year,
with 75% sourced from NASA and 25% split between the Canadian Space Agency (CSA),
the ESA, Japan Aerospace Exploration Agency (JAXA), and Roscosmos (Russian Federation
Space Agency, RFSA). Of the operational costs from NASA, mission control, spare parts,
consumables, salaries, and astronaut training specific to ISS are included. Transportation of
crew and cargo through Russian Soyuz and Progress vehicles, especially since the shuttle
hiatus beginning in 2003, are a significant yearly cost to Roscosmos. ESA receives costs by
project from its member states for its contribution. JAXA’s yearly costs are mainly from the
transport services from the H-II transfer vehicle.
The ISS is a complex structure that has seen a large progression from its original objectives
and budget allocations. Though the complexity of its design and development led to costs that
were previously unanticipated, these constraints required more international partners to take
part and helped to establish new financial strategies. Operational costs from all agencies is
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currently likely to cease in 2024, leaving behind the economic lessons learned for the next
international effort in space to capitalize upon.
2.2.4 Current End of Life Plan
The date for decommissioning the ISS has been postponed several times. The space station
was meant to last for 15 years after the first module was launched, but NASA was able to
extend the funding until 2020 as part of President Obama’s budget request for NASA for the
fiscal year 2011 (NASA Office of Inspector General, 2014; Bolden, 2010). After a further
funding extension, the current plan is to implement a controlled de-orbit into the Pacific
Ocean in 2024.
When the partner agencies of the ISS eventually agree to withdraw funding for the
continuation of the program, they must implement a plan to safely repurpose or de-orbit the
station. To keep the ISS in orbit, it takes an average of 4000 kilograms of station keeping
propellant each year (NASA, 2011). Without station keeping maneuvers, the orbit gradually
degrades because of atmospheric drag and other perturbations. Eventually, should the station
reach the higher layers of the atmosphere, it would re-enter in an uncontrolled manner posing
a threat to the unknown impact site. It is necessary to modify the trajectory of the vehicle
away from populated areas to safely dispose of the ISS. This operation will be a challenge
both technically and legally, because de-orbiting an object the size of the ISS has never been
done before. According to the LC of 1972, the launching state of a spacecraft is liable for any
damage done to spacecraft or Earth’s surface. It would therefore be important to consider the
political and economic impacts of a potential accident when the ISS is de-orbited.

2.3 Literature Review Summary
The following subchapter is a summary of the team’s literature review, highlighting the key
findings for this project.
2.3.1 Policy, Econom ics & Law of the ISS
The ISS is a cooperative program between NASA, ESA, RFSA, JAXA, and CSA, for the
collective development, operation, and use of a permanently populated space station in LEO.
All four space treaties introduced in section 2.2.2, international law, and partner cross-waiver
liability apply to the ISS. A cross-waiver liability is a set of promises made by parties to an
agreement in which each of the parties pledges not to sue the other for damages caused by the
other, except under specific circumstances (Mirmina, 2012). While NASA leads the overall
management and coordination of ISS, every partner should seek to minimize operations costs,
and can exchange or sell their part of ISS in consensus with all other partners (UNCOPUOS,
2012).
According to the UN Committee on the Peaceful Use of Outer Space (UNCOPUOS), the ISS
is a unique platform in its contribution to research, and has proven the benefits of human
space technology for all people on Earth. These benefits include its EO and disaster response
capabilities, along with the numerous technological, healthcare, and education spin-offs
stemming from related activities (St. Arnaud et al., 2013).
The ISS has proven that a cooperative space program builds global links between industries
and scientific laboratories, further developing non-space related collaborations, with positive
impact on the economy and scientific research. Many future space research programs are
financially and technically unfeasible for any individual nation to attempt without
international cooperation and the pooling of resources (Rosa et al., 2013).
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So far, international collaboration outside ISS partners focused on common benefits such as
international non-proliferation, intellectual property, and the commercialization of space
system engineering (da Silva, 2005). The Space Advisory Group (SAG) recommends that
well established spacefaring nations should take steps to include Brazil, Russia, India, China
(BRIC), and other emerging/developing space nations in large cooperative space programs to
lower their entry barrier to engage in space and enable them to participate in upfront science
(Rosa et al., 2013). Also, global international ISS exploitation beyond its scheduled
decommissioning is essential for further human evolution in LEO, and is in stark contrast to
NASA's current ISS de-orbiting plans in 2024 (Rosa et al., 2013; Suffredini, 2010).
Finally, there are also real possibilities for the private sector to become part of ISS
development and utilization (von der Dunk, 2009).
2.3.2 The Design of the ISS
The ISS was designed based on bioastronautics and human health in space studies conducted
on previous space missions, including Apollo, Skylab, Salyut, and Mir (Thirsk et al., 2009;
Kitmacher, 2002). Its construction proved that a large space vehicle could be constructed inspace by assembling several pre-built modules that could be attached and replaced for future
upgrades (DeLucas, 1996; NASA, 2010a).
Since the 1980s, major funding cut backs were announced and the station was periodically
redesigned, incrementally reaching its current configuration (Kitmacher, 2002). The core of
its initial design consisted of six laboratories owned by the major stakeholders, living
accommodations, three node modules for attachment and docking purposes, balancing and
transportation systems, and power supply and service systems (DeLucas, 1996; Mission
Operations Directorate, 1998). This design was revised in 1996, confirming an orbit
inclination of 51.6 degrees, two robotic arms, four advanced solar arrays, thermal storage
systems, docking stations for the Shuttle and Soyuz vehicles, and featuring a redesign of the
structure's surface area limiting air drag (DeLucas, 1996). A flight deck was also included for
external viewing, providing psychological benefits and direct visuals for maneuvers
(Kitmacher, 2002). The central truss houses solar arrays at each end, and allows modules and
docking stations to be attached in the middle (Kitmacher, 2002). Some adjustments were also
made after the Columbia disaster, among them the necessity to house one permanent
spacecraft at the station for emergency rescue (Kitmacher, 2002).
The station was built in three stages, first being facilitated by Mir and then a two-phase
construction in space, facilitated by the Space Shuttle program prior to its retirement in 2011
(DeLucas, 1996; NASA, 2006). The current design of the ISS sections can be seen in Figure
2.
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Figure 2 - ISS current design and module arrangement (NASA, 2016d)

There are seven critical subsystems: electrical power generation and distribution, data
management, thermal control (interior and exterior independently), communications,
guidance, EVA, and environmental control (Kitmacher, 2002; Thirsk et al., 2009; Mission
Operations Directorate, 1998). To mitigate risks due to long duration missions, physical
external shielding against radiation and space debris, reconfigurability, ease of maintenance,
and comfortable habitability is of vital importance (Thirsk et al., 2009).
Kibo, the Japanese laboratory, was designed to conduct scientific research activities. It can
house four astronauts, with power systems provided by the US section. Columbus is the
European contribution and supports experiments in materials science, fluid physics, and other
life sciences in the form of a multi-functional pressurized unit. The US also has a laboratory
module, Destiny. It houses a wide range of experiments addressing health and safety for
people on Earth (NASA, 2010b). All main modules are connected with three nodes (Unity,
Harmony, and Tranquility) which provide docking modules for external craft and also allow
for power and life support system distribution between modules. There is a two-part airlock
providing life support and maintenance for space suits as well as an exit for EVAs. The
Cupola is a small module designed for two crew members, with six windows designed for
observation of Earth, robotics, EVAs, and rendezvous activities. It is here that the robotic arm
control station is located. The window array can be shuttered for use in emergencies against
contamination and debris collisions.
Several small ISS modules are now mostly used for storage, for example the Functional
Cargo Block and Permanent Multipurpose Module. The former was primarily used during the
construction phase as a self-contained unit with power, communications, and attitude control.
It was reassigned after construction was completed. The Russian segment is made up of Pirs,
Poisk, Rassvet, Zarya and Zvezda modules. Pirs is a docking port for Soyuz and provides
facilities for Russian EVAs. Poisk also provides EVA and docking capabilities, but also has
designated space for science data transmission, five external workstations, and several
windows. Rassvet provides docking and storage as well as temporary facilities for small
experiments. It carries spare parts for the robotic arm and can also facilitate EVAs. Zvezda
houses the Russian living quarters. It contains life support systems, power distribution, data
processing, flight control systems, and a propulsion system for maneuvering. It can be
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controlled from the ground and is considered the structural and functional center of the
Russian segment, providing further research stations as well as habitability (NASA, 2010a).
2.3.3 Operations of the ISS:
ISS mission objectives correspond directly to the Vision of Science Exploration objectives:
research, development, test, and evaluation of biomedical protocols for human health and
performance and systems readiness, as well as validation of operational practices and
procedures, all for long duration space missions (NASA, 2006).
With the capabilities of the ISS, the future of robotics on ISS looks promising (NASA, 2015).
Dextre, a human-assisted robot, was flown to the ISS in 2008 to perform external
maintenance and assembly, and to support EVAs (Coleshill et al., 2009). Raven is a next
generation robotic platform for the ISS that aims to achieve the next steps for robots on the
ISS (Strube et al., 2015).
Another important concept is the development of current and future mission planning
methods. While ESA uses the Manufacturing and Operations Information Systems to manage
mission planning tasks (Heinen, Reid and Pearson, 2013), NASA is currently experimenting
with its Autonomous Mission Project on the ISS (Frank et al., 2015). Ames Research Center
and Johnson Space Center are developing operational planning tools for the 21st century of
spaceflight (Smith et al., 2014a).
2.3.4 Hazards affecting the ISS:
The main hazards affecting the ISS include micrometeoroid impacts, artificial debris, solar
radiation, on-board fire, collisions with external hardware, and internal contamination. All
have the potential to pose significant threats to the safety of the ISS and its crew (NASA,
2007).
Extremely fine particles, including pieces of debris and solid booster fuel, constantly hit the
ISS without any significant effect. However, it must execute a debris avoidance maneuver to
avoid any larger object with a probability of collision greater than 1 in 100,000, which
happens about once a year (Finkleman, 2014). Hypervelocity impacts from micrometeoroids
and orbital debris, whether artificial or natural in origin, have the ability to damage mirrors,
surfaces, and detectors (Drolshagen, 2008).
Another high risk threat in crewed pressurized systems is the possibility of fire. As with
collision avoidance, prevention is the primary means of control (NASA, 2007). Materials
used in the design of the ISS were carefully selected and placed for prevention. Smoke
detectors are placed throughout the station, supplemented by automated extinguishing
technology used in the inhabited Russian modules (Bolodian, Melikhov and Tanklevskiy,
2017). Procedures for detection, isolation, and containment are also well established and crew
are trained in response techniques (NASA, 2007).
Both highly ionized radiation and constant low dose radiation may cause an increased risk of
circulatory disease and certain cancers, especially in astronauts with over 18 months of
exposure (Cucinotta, 2014). To mitigate radiation exposure, astronauts are limited to an
exposure induced death risk of 3% over their career. This value is exceeded for both genders
after 18-24 months using aluminum based shielding (Cucinotta, 2014).
The Russian segments of the ISS use a polyethylene shielding system to shield from the
radiation generated by galactic cosmic rays and solar particle events that occur in LEO. As
shielding thickness varies throughout the Russian segment, radiation inside those modules
varies. The polyethylene shield seems to be more effective under thinner shielding conditions
in LEO. This can be explained by the creation of secondary particles cascades (called
showers) inside the thick walls of the module when high energy cosmic rays interact with the
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material. Showers are less likely to be created in thinner walls, explaining the increase in
efficiency (Nagamatsu et al., 2015).
2.3.5 Hum anities w ith Respect to the ISS
Space technologies offer benefits in several disciplines, including education and healthcare.
Efforts should be made to include more developing countries in the space industry to provide
access to these benefits to a larger part of the world (Kasturirangan, 2007). To expand global
outreach, public awareness, and space applications, the ISS needs to have a completely
international cooperation structure (Riess, 2005).
One way the ISS continues to inspire is through educational opportunities carried out by the
different partnered space agencies. NASA, ESA, CSA, and Roscosmos organize studentdeveloped experiments on the ISS, direct communication with the crew through amateur
radio frequencies (Roscosmos), and Earth-based robotics competitions (NASA). This
approach interests many industries and many are investing money in students to develop
scientific experiments. Both Russia and the US have initiatives to continue this trend
(Alleyne, Mayo and Robinson, 2012; Mayorova et al., 2014; Saenz-Otero et al., 2010).
Identified astronaut and ground team stressors include tensions between ground and crew as
well as differences in work ethics and approaches from different cultures leading to increased
stress levels (Kanas et al., 2007; Ritsher, 2005). If the crew were to travel farther away from
Earth and thus experience a communication delay with the ground team, it would greatly
impact the moral of the crew (Kintz et al., 2016). As such, there are three main psychological
requirements of the crew: autonomy, competence, and relatedness (Goemaere, Vansteenkiste
and Petegem, 2016).
Mitigation techniques identified include an improved selection of crew and ground team
members (adaptability, sensitivity to psychological and interpersonal issues, intercultural
skills), as well as psychological education to support astronauts by sensitizing both crew and
ground teams to the stressors in each other’s jobs and making sure problems are solved by
simple actions (Kanas et al., 2007; Stuster, 2016).
2.3.6 Applications and Futures of the ISS
Identified markets for commercialization of a future space station include tourism,
advertisement, space manufacturing, research in microgravity (with a focus on the
pharmaceutical sector), exploration services (refueling, in-orbit assembly, staging post etc.),
and mining support (ESA, 2017).
Commercial acquisition of ISS modules and payload transportation (Space X and Orbital
Sciences) are encouraged, with an emphasis on the vision of second, third, and fourth
generation space stations to be built by the private sector (Gatens, 2016; Lewis, 2014).
International collaboration using ISS component reutilization as well as integrating private
industries in the post ISS era is recommended (García et al., 2016). Another proposed
possibility is to designate the ISS as a dedicated international laboratory to create new
possibilities for the participation of commercial industry in the experimental and operational
fields (Space Foundation, 2009). Finally, the (MOBIUS) concept architecture presents the
idea of using the ISS for lunar tourism missions, employing the ISS beyond its current
retirement date of 2024 (Lali and Thangavelu, 2016).
Proposed solutions for the development of the ISS to help future cislunar and deep space
exploration missions were very diverse. Ideas ranged from disconnecting modules of the ISS
after its end of life, and using them for the construction of a new space station (Weppler,
2014), to using it for testing technology and technical systems before incorporating them into
long duration flight technologies or higher orbital stations (Raftery and Hoffman, 2013).
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Construction of a new ISS Platform for Exploration (ISS-EP) would be supported by the
current ISS and EVAs. The completed system testing would be done in space before being
launched to its final destination, decreasing the risk associated with a direct launch to distant
destinations and identifying rectifiable issues within more accessible parameters (Weppler,
2014). Control of ISS-EP and logistical support would be done using existing ISS mission
control centers and systems (García et al., 2016).

2.4 Brainstorming Process and Idea Generation
The literature review enabled us to collect current ideas regarding the future of the ISS, and
helped to achieve a broader understanding of the topic. Afterwards, the team used six
different methods of idea generation and development, detailed in the following paragraphs.
This process produced many new ideas, with some session building on concepts generated in
previous ones.
To familiarize ourselves with the project, we created a mind map of the future of the ISS, as
envisioned by each member of the team. Some themes emerged from this exercise, such as
global cooperation, benefits for humanity, technological achievements and progress,
collaboration, and a stepping stone for the future.
At the beginning of the Space Studies Program, we spoke with astronauts who were visiting
the program, about their views and experiences on-board the ISS. This helped define a
context for the project and gave a direction to our ideas. We identified technical aspects of the
ISS that could be improved: tidiness of modules, internal volume, markings for ease of
orientation, environmental control, and life support systems. We also realized that we should
consider political, economic, and social aspects when designing for the future.
We collected our thoughts using Venn diagrams. Team members wrote down ideas for the
ISS in circles, then we collected and combined to create a logical flow. Finally, we voted,
using three different angles of thought, to collect the team’s opinions on the Venn diagram
outcomes. Each team member voted based on the topics: best for humanity, best economic
benefit, and personal favorite. This enabled a clear and direct interaction between the team
members, and provided a complete overview of the most popular ideas within the team and
the reasons for their popularity.
To refine the generation of our ideas and concepts, each team member sketched mission
patches to identify what aspects were important. Recurring themes were then used to develop
new ideas. The drawings were also used as a basis for the final creation of the mission
graphics used for the logo.
During the final workshop, we used two strategies: Singularity card idea generation and hat
idea development. For the singularity card idea generator, we drew cards from a deck
picturing a concept, like nanotechnology or robotics, and spent two minutes sketching this
concept in relation to the ISS before drawing a new card and starting again. The goal of this
session was to produce as many new ideas as possible, and to identify recurring themes and
concepts. This method enabled us to generate over a hundred ideas in only one hour. Most
ideas were basic and needed further refinement, and some were clearly unfeasible. Others
were promising and we proceeded to develop them.
For the hat idea development, we looked at the above generated ideas from different points of
view. Each participant had a hat with a specific name or function on it, defining what point of
view they should take. In groups of four, we pitched these ideas to each other. Each group
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then created a complete scenario, and presented it to the whole team. We broke down these
scenarios into four categories again, and added them to the pool of ideas.
From the idea generation process outlined above, the team compiled a long list of future ISS
visions covering a vast range of scenarios. This list required refinement through various
methods discussed in Chapter 3 of the report. The brainstorming process was incredibly
useful and a key part of our work, as these ideas were what were evaluated and used as a basis
for the rest of the project.
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3 DEFINING OPTIONS
This chapter describes the methodology we used for studying several possible options for the
future of the ISS and presents the case study we chose. Several options are listed, along with
challenges and evaluations of important decision factors. The list of options and related
challenges are valuable tools for decision makers, and one of the main contributions of this
work. Finally, this chapter presents four themes for a case study representing a possible future
for the ISS.

3.1 Selection Process
In the design process, we followed the Double Diamond Method (Design Council, 2015)
(Figure 1). This method includes four key stages: Discover, Define, Develop and Deliver,
with an alternation between a divergent phase, where we generate many ideas and scenarios,
and a convergent phase, where we collapse them into one.
DISCOVER:
The Discover phase is divergent. We focused on reviewing literature, performing research,
conducting interviews with astronauts, engineers, and designers of the ISS, and understanding
the perspectives and legal framework of all partner agencies. We conducted workshops to
generate ideas, to determine the areas of impact for the project. We developed a mission
statement, tagline, logo, and mission patch.
Defining Areas of Impact:
As a brainstorming activity, we generated Venn diagrams of areas of impact identified during
the literature review and interviews. We used a voting system based on three categories:
economic impact, innovation impact, and impact for humanity. The impact areas selected
included deep space exploration, lunar exploration, commercial manufacturing, assembly
hub, permanent habitability of space, outreach, and education.

Figure 3 - Areas of potential project direction, shown with a Venn diagram
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This workshop also focused on creating a project logo and a vision statement tagline. The
visuals, sketches, and words generated were grouped into four key messages to be portrayed
by the logo and mission patch: journey, innovation, exploration, and collaboration. From
these messages, we created the project tagline: “A journey to the future beyond 2024”.
Our logo consists of four parts: a stylized ISS, a light blue curved line, one small grey disk,
and one large red disk. It keeps the most distinguishable features of the station, while not
making any detailed description of the current or future design. The “painted” nature of the
ISS logo gives a human touch to the design. The light blue line represents both the journey to
the future, and the limb of Earth’s atmosphere. The disks represent both malleable goals of
space exploration, and concrete targets like the Moon and Mars.

Figure 4 - Team Project logo for “A New Vision - The Future of the ISS”

Tagline: “A Journey to the Future Beyond 2024”. Our vision for this project is to propose a
way for the ISS to continue its journey to the future. We foresee that it will remain a platform
for cooperation and innovation, as well as use new tools to reach its full potential.
DEFINE:
The Define phase is convergent. We generated, specified, grouped, and selected ideas and
themes within our areas of interest (Figure 3). We conducted workshops to help us focus on
four themes.
Singularity Cards and Paper Hats:
The Singularity cards, developed by Singularity University, help designers generate
imaginative and innovative ideas. The paper hats workshop developed these ideas by
considering them from different angles, enabling us to generate and discuss several
imaginative ideas. After the first iteration, we selected and further refined 16 ideas. We
grouped them into themes before going through another iteration in the next phase of the
creative method.
A few professionals who worked on the ISS program participated in the workshop, giving us
valuable guidance during our idea generation process. They gave us more information on the
original design phase of the ISS, and an overview of the field of space architecture, and space
habitats designs.
We divided the participants in pairs using the Singularity Cards to generate ideas. Each pair
generated content for three minutes, then switched partners. Each participant generated ideas
using different paper hats, representing a specific aspect of the problem. The aspects used to
generate content were technology, innovation, science, and policy, economics and law.
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We generated hundreds of early stage concepts in this workshop, which we narrowed down to
16 concepts to develop in more detail. These were presented to the whole team, and added to
the pre-existing list. All options are described in section 3.1.2.
3.1.1 Discussions w ith Experts
The ISS team consulted, both in person and via teleconference, several people with varying
levels of expertise int the ISS program to discuss specific issues related to the space station
and provide their opinion and guidance about its potential for the future. A complete list of
these experts and their affiliations is provided below:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Jeffrey Hoffman – Former Astronaut who serviced the Hubble Space Telescope
Nicole Stott – Former Astronaut and crew member of the ISS
Robert Thirsk – Former Astronaut and crew member of the ISS
Soyeon Yi – Former Astronaut and crew member of the ISS
Eric Dahlstorm – Former NASA engineer, participated in ISS design
John Connolly – Head of NASA’s Human Spaceflight Mission to Mars
François Spiero – CNES former representative for the ISS
Michael Sufredini – Former NASA ISS Director
Deana Smith – Robotic Arm Operator, CSA
Josephine Burnett – Director of Exploration Research and Tech. Program, KSC
Tracy Gill – NASA Strategic Manager
Ted Ro – Chief Counsel, JSC, NASA
James Dator – Futurist
John Logsdon – Founder of the Space Policy Institute, George Washington
University
Jacques Arnould – CNES Ethics specialist
Antonio Fortunato – Head of Crew Office, DLR

These discussions answered many practical questions that we could not trace in public
literature, opening up new perspectives and providing insight into several issues that we
needed to consider. They also improved our overall understanding of the ISS, including its
design and operations, geopolitical and economic perspectives, and the challenges involved in
envisioning and proposing future solutions. The most important takeaways from all these
discussions are summarized in the following three sections.
Science, Human Performance and Technology Aspects:
Currently, the ISS is re-boosted about once every six months for station keeping. In the
absence of station keeping, the ISS would perform an uncontrolled re-entry within two to
three years because of atmospheric drag. To avoid this risk, we would need to put the station
into a direct re-entry path with a propulsive module. Some of the larger structures would
probably survive the re-entry, so a safer option would be to split the station in smaller
sections and de-orbit each part separately. This would require additional work to disassemble
the station, and propulsive modules to control the de-orbiting of each segment.
To make a case against decommissioning, we need to look at the status of the station and its
subsystems. The ISS can operate up to 2028, then the structural integrity is at risk. The life of
the ISS can be extended post 2028, but the cost may be substantial. The most expensive
components to maintain on the ISS are the external components, like the ammonia pumps that
already failed once. The battery charge and discharge units and the wires are showing signs of
aging and would need to be replaced. We would also need to replace solar panels, and a
cheaper option may be to put new solar arrays in front of the existing ones instead of
replacing them completely. The astronauts we consulted feel that the ECLSS needs to be
modified, especially if we are considering to use the station as a deep space mission analog or
a stopover for crew going to Mars.
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The ISS has a lot of potential for manufacturing in space if we can find an affordable way to
bring raw materials there. It could even serve as a recycling point for space debris. The 3D
printers currently on-board can manufacture smaller objects, but perhaps by 2024 the
technology will be mature enough to support large-scale manufacturing. With the right
facilities, the ISS could become able to manufacturing in orbit new modules or even an entire
new space station.
While the ISS is far from being a spaceport, it already has an airlock that is capable of
deploying small spacecraft. Nanoracks LLC made a demonstration, sending CubeSats parts to
the ISS, integrating them onsite, and releasing them into orbit using the station’s robotic arm.
This was a small-scale activity that demonstrated a principle that could be applied for the
integration anything larger.
Another issue related to using the ISS as a spaceport is its current orbit. The ISS was launched
into an orbit with 51.6 degree inclination to make it accessible by Russian launchers. The ISS
cannot act as spaceport in its current inclination because it is too far from the ecliptic plane. A
change of orbital plane would be difficult and expensive. However, a NASA study envisions
the creation of a lunar gateway by moving pieces of the ISS to the Earth-Moon Lagrange
point L2. An outpost in this location would allow a spacecraft to reach Mars from the Moon
using less energy than if it was starting its journey from Earth.
Finding a way to use the ISS as a launching pad for interplanetary spacecraft could build a
strong case to extend the life of the space station. The ISS was not designed for that purpose
and would therefore require major structural changes that, although challenging, would not be
impossible.
Economic Aspects:
The current operating cost of the space station is around US$5b annually. NASA currently
cover a major share of this cost. The bulk of this funds covers salaries of personnel involved
in the ground control centers, so the most effective way to reduce the maintenance cost is to
wind ways to streamline operation, reducing the workforce and the number of control centers
needed to run the space station program.
A cost reduction strategy that has been tried in the past was to gradually shift government
funding to the private sector. This approach has been unsuccessful because private companies
need a short-term return on investment that the ISS cannot provide. We believe that Public
Private Partnerships (PPPs) are not a good approach because of the huge discrepancy between
the scale of investment in the ISS and what is necessary to maintain it. The high inclination of
the ISS reduce the payload capacity for crew, cargo, and servicing missions, further
increasing the operational costs. Changing the inclination could mitigate this cost.
Axiom Space is planning to launch and operate private space stations. Their plan is to connect
the first module of their space station to the ISS, and incrementally assemble the station until
it would be self-sufficient. Axiom’s Module 1 will use an oxygen regeneration system much
smaller and more cost effective than current ISS system thanks to advancement in technology
over the years. It will use oxygen and methane for the propulsion system. According to Mike
Suffredini, former ISS manager and current president of Axiom, his company is interested in
acquiring the Leonardo Permanent Multipurpose Module and the Cupola from the ISS and
integrate them into their planned private space station.
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Geopolitical and Legal Aspects:
The real geopolitical challenge is to reach an agreement between all of the ISS partners on a
future option. In a disassembly scenario, Russia will likely be interested in retaining and
repurposing their existing modules.
Russia has been running a successful spaece station program since the early seventies, and
they intend to retain that expertise. NASA on the other hand intends to move beyond LEO, so
they plan to decommission the ISS and channel funds towards human space exploration by
sending crewed missions to the Moon and Mars. With the current agreement, the ISS could
not be used as a deep space mission analog because the crew is required to perform
microgravity experiments and maintenance, so it is necessary to identify a solution to this
problem. NASA will ultimately decide the fate of the ISS because they are the largest
contributor.
Our proposal envisions the involvement of the Chinese Space Agency, which is currently
pursuing a national space station program. They have already launched and operated
successfully two space stations, Tiangong 1 and 2, and they are moving towards a modular
space station. The current relationship between US and China prevent cooperation between
the two governments. However, the Apollo-Soyuz mission of 1975 demonstrated that even
two openly hostile countries like the US and the Soviet Union were at the time could reach an
agreement for collaboration in space. We hope that by 2024, the international relations
between the two countries could improve enough to make this scenario possible.
3.1.2 Options List and Evaluation
The Options section presents the list of 21 ideas generated during the brainstorming and idea
generation process. Table 2 summarizes these options and gives a breakdown of their
feasibility.
1. Direct Controlled Re-entry:
Direct controlled re-entry involves implementing an orbital change leading to
the disintegration of the ISS over the Pacific Ocean, far from populated areas.
This scenario would present a finite and well defined cost to end the life of the
ISS. A space tug would be required to provide the thrust to achieve the desired
trajectory. There are possible variations on de-orbiting methods such as deorbiting the station as a whole unit, or disassembling parts and de-orbiting them
separately. The full process from re-entry trajectory set-up, to disintegration in the
atmosphere has an open time scale depending on the mass of the structure, the amount of
thrust and angle of descent. A benefit of de-orbiting is to eliminate liability for the partner
nations. A main goal of our project is to avoid this option. There are concerns over the risk of
burning material up in the atmosphere, pollution, and potentially causing damage at the
landing site in case of failure of the decommissioning maneuver. The re-entry option does not
comply with our mission statement to continue the use of the ISS and will not be further
considered in this report.
2. Continuing Current ISS Program:
Use of the current ISS infrastructure could be extended past 2024.
Preserving the ISS in its current state would continue to produce scientific
returns while maintaining a permanent human presence in LEO.
Continuing operation would require re-certifying the entire station,
possibly leading to reconfiguration, but would have the advantage of preserving existing
resupply and control facilities. As the station ages, increases in maintenance and repair costs
must be considered, with possible requirements to replace and de-orbit older sections.
Without new ways to mitigate expenses, the current ISS partners are unlikely to be willing to
continue funding beyond 2024 reference?, although there may be a chance to bring in new
partners such as China and India to help offset their costs. There are other considerations for
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the aging station, including increased safety concerns for crew and payloads as the risk of
catastrophic failure in a critical component increases. This scenario does not satisfactorily
comply with the project goals of proposing a new use for the ISS, and will not be considered
further in this report.
3. World Heritage Site in LEO:
After decommissioning in 2024, the ISS could be left in LEO as a monument
to human collaboration in space. By declaring it as the first United Nations
Educational Scientific and Cultural Organization (UNESCO) World Heritage
Site in outer space, it would be protected from modification or damage by
humans and other space activity. The structure would require little
maintenance, apart from station keeping to periodically boost its orbit. By placing the station
into a higher, more stable, orbit, we could limit or eliminate the need of periodic re-boost.
This option may seem a low cost repurposing of the station, however, there will be other costs
associated with long-term maintenance to prevent collision in space and the production of
debris. This idea complies with our goals to promote global cooperation and awareness of
space, but we will not consider it further as it does not further human progress in space.
4. ISS as a Dedicated Research Center:
The ISS would be repurposed to focus on dedicated areas of research. This
scenario would involve partnering with industry to provide funding and enable
long-term detailed research within a high radiation and microgravity
environment. Possible areas of research include: fluid physics, combustion,
crystal growth, plant biology, cancer research, and other areas of medicine. To support the
research and attract commercial partners, new state of the art infrastructure would be
required. Minimizing environmental perturbations and vibrations should also be taken into
consideration to enable more precise research. The cost of the new set-up would depend on
the scope of the upgrade. This option would provide higher impact scientific results and
commercial integration generating extra return. Drawbacks may include a reduction of public
outreach because of dedication to private research. We have chosen to keep investigating this
idea because it complies with our mission statement to further humanity’s progress.
5. ISS Module Separation:
Another option is to separate the ISS into its individual modules and give
each nation jurisdiction over the use of its own sections. Enabling modules
to function individually would require each nation to provide a service
module handling services such as life support system, propulsion, power
generation, thermal control, and communication facilities. One byproduct of
this scenario would be the termination of the international collaboration
surrounding the ISS. This dissolution is in conflict with our project goals and we have chosen
not to consider it further.
6. Parking into Retirement Orbit:
Putting the ISS in a higher orbit, just outside of LEO, would preserve the station
for later recycling. Reaching a stable higher orbit would only require small
modification to the station, and storing it outside LEO would ensure its integrity
until further missions were ready to use the raw materials. We estimate that the
cost associated with turning the ISS into a derelict space station in a higher orbit
would be relatively low. The downside of this solution is that permanent human
presence in LEO would be interrupted. The space station would also be out of reach for
maintenance, and new space debris could be generated from accidental collisions. We decided
not to explore this option further, because it does not comply with our mission statement.
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7. Continue Operations in a Higher Orbit:
The ISS could be moved into a higher orbit, in Medium Earth Orbit
(MEO) for example, to study biological interaction and infrastructure
aging in a higher radiation environment. Continuing in a higher orbit
while keeping the ISS functions intact would require taking significant
human risks due to the elevated radiation levels. This environment,
however, presents attractive opportunities to study the effect of prolonged exposure to
radiation on biological and inorganic matter, a research that would support long duration
interplanetary missions. The technical costs associated with this new design are difficult to
quantify. The bulk of the costs would be dedicated to resupplying the ISS in a higher orbit,
requiring bigger launchers or more frequent launches. We did not consider this option further,
as this option represents a very specific improvement over the current use of the station while
posing major risks.
8. ISS for Rent:
This option considers involving the private sector in the funding of the ISS by
renting facilities for long duration experiments in microgravity. To attract the
private sector, heavy upgrades would be required on the station. Creating state
of the art infrastructure in orbit would represent the bulk of the initial cost of this
option, and this cost should later be amortized by renting the infrastructure.
Other countries could be invited to to join the ISS partners for increased funding and access to
its laboratories. We envision that international policies and liability issues will be the main
challenges in the implementation of this option. Involving the private sector to help reduce
maintenance and operation costs is in agreement with our mission statement. We decided to
study this option further in this report because it aligns with the goals included in our mission
objectives.
9. Space Refueling Depot:
Enabling space exploration and commercial application is a good motive for
technological advancement. Transforming the ISS into a refueling depot would
enable lighter spacecraft, or heavier payloads to reach deep space. The station
would need large fuel tanks, storage modules, docking ports, and thrust
capabilities. For the refueling station to be useful, it will need to be moved into a lower
inclination orbit enabling the use of the station during planetary exploration missions. This
change of orbital inclination will be the most expensive part of the process, because orbital
plane changes are by far the most fuel-demanding maneuvers. The biggest benefits of this
new design of the station is that it would make interplanetary missions more accessible.
Unfortunately, storing large quantities of fuel in orbit might pose policy problems, and
present risks for both the station’s crew, infrastructure, and spacecraft visiting it. We chose to
study this option further, even though this option is expensive, because it represents a real
challenge and opportunities for future space exploration.
10. International Spaceport:
Turning the ISS into an international spaceport with servicing capabilities
would also enable deep space exploration. The long-term vision of this option
is to use the ISS robotic and human capabilities as an assembly facility for
deep space missions. Printing structures, components, and spare parts would
highly reduce costs of interplanetary missions. An international spaceport
would require extra docking ports, fuel storage modules, unpressurized
manufacturing capabilities, and equipment and habitat upgrades. A spaceport would require
recurring resupply missions, so using a lower inclination orbit while remaining in LEO would
enable heavier payloads to be sent. The overall cost of this new design is estimated to be very
high, but the return on investment would be significant in starting and supporting human and
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robotic space exploration. Converting the ISS into a proven safe haven would create an ideal
stepping stone for exploratory missions. Our team decided to study this option further, after
confirming its potential benefits.
11. Large Structure Manufacturing Facility:
This option provides the capability to manufacture large scale structures in
space, with the ultimate goal of supporting the construction and assembly
of next generation space stations and deep space crewed spacecrafts. The
technology is already available (Made In Space, 2017) but it would require significant scaling
up to support a sustained manufacturing process. The station would need a new cargo loading
bay module, and additional robotic capabilities. Spacecraft produced in orbit would be lighter
because they do not have to be designed to withstand the large acceleration and vibration
loads exerted during launch. This will reduce manufacturing costs. These lighter spacecraft
will be easier to both maneuver and accelerate. A drawback of this option is that it requires a
large number of deep space missions, whether coming from the private or the public sector, to
make sense from a financial point of view. We decided that this option requires further study,
because of the high potential of manufacturing spacecraft in orbit and its natural synergy with
asteroid mining.
12. LEO Space Museum:
The ISS is a great human achievement, so it could be turned into a museum in
space. This option would require some modifications to the station to make it
safe for untrained civilians, and some changes to current policies and legal
framework. A crew would still be needed to attend to and maintain the station,
and take care of the civilians. Long duration stays would be impossible for
civilians, requiring frequent launches to and from the station, increasing costs. Repurposing
the ISS into a museum could potentially have a high educational value, but it would require
the availability of cheap and reliable access to space for civilians, a scenario that may not be
available by 2024. In the end we consider that it does not directly support the progress of
humanity in space exploration, and we decided not to investigate this option further.
13. International Space Hotel:
It would be possible to repurpose the ISS as a platform to support space
tourism. Several modifications would be required to support guest and
provide them with living space, life support, and entertainment. This
structure should clearly separate the space dedicated to civilian tourists
from that hosting the supporting crew to mitigate risks associated with
untrained personnel on station. While this option is technically feasible
using technologies like inflatable habitats, the logistic issues associated with tourism on-board
the station outweighs the benefits of increased outreach opportunities and awareness. The
costs associated with running an international space hotel, both in the space and ground
segments would be very high. We decided not to further our research into this option, since its
returns on human progress in space exploration are marginal.
14. LEO Training Center for Deep Space:
The ISS is the only large scale station in orbit around the Earth. While it is
relatively close to the ground —only 400 km above the surface— it is still in
space, so it would be an ideal training environment in preparation of deep space
crewed missions. Turning the station into a deep space training center would
require isolating the crew from the ground to study their behavior and develop
new operations. Training modules and new infrastructure would probably need to be
designed, to properly simulate missions. By artificially adding a delay in communication with
Earth, we could gain insight on how to organize operations during an interplanetary journey,
while preserving the ability to rapidly respond to accidents or dangers. The drawback of this
configuration is that it would compromise the production of science during the training
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phases because most of, if not all, the resources, would be dedicated to training. If science
remains a major goal of the ISS, then we would need to provide a physical separation
between the segment dedicated to science and the one dedicated to the analog crew,
effectively doubling all systems for the training crew to be able to function properly during
training. Costs would rise tremendously by doubling all the subsystems on a project that
would already be very expensive. As this aligns exactly with our mission statement of
furthering Human progress in space exploration, we decided to study this option further.
15. Asteroid Mining Processing Station:
As a way to align the ISS to new asteroid mining trends, we thought of
turning it into a space resources processing facility. The goal would be to
reduce or avoid space to ground transportation of resources and combine the
processing of raw resources with an in-orbit manufacturing facility. The
station would need new modules and a general redesign. The technology to
refine and process raw resources is already available at large scale, but has
never been done in space. The costs of implementing this option would likely be high,
requiring additional research to quantify associated risks, such as proper air recycling and
high temperature melting processes. Benefits include access to in-orbit refined space
resources, and the possibility to use them without having to ferry them from Earth. Issues
associated with this option are legal and political because there is still no well defined
framework to deal with appropriation and exploitation of space resources. Even though this
option complies with our mission statement, and would help further human progress in space,
we decided not to consider it in this report.
Unworkable Options:
Our workshop produced a number of ideas that would be very difficult to implement and/or
extremely expensive. We decided to report a few of them to give a sense of how far we have
gone with our imagination during the earlier phases of our research.
16. Crashing onto the Lunar Surface:
By crashing the ISS onto the lunar surface we would avoid spending additional
resources on operations and maintenance. The purpose of this operation would
be to leave metal and other resources there for use in later construction of
habitats and research equipment. The value of having scrap metal resources
available on the Moon could be substantial, but the cost and risks of getting it
there would be tremendous. The space station was not designed for being moved beyond
LEO, and there is substantial risk of structural failure caused by high accelerations. The
amount of fuel needed would be somewhere around one thousand metric tons. The benefit
compared to the cost is limited, and the option was found not to be in line with the mission
statement of the project, as this would lead to the end of human activities in LEO.
17. Create a Basecamp in Lunar Orbit:
By moving all or part of the ISS into a lunar orbit, it could become a
basecamp for lunar exploration. The maneuver would require massive
modification of the station’s structure, improved radiation shielding, and
enhanced thermal control. The station was never designed to leave LEO and it
has a very specific operating environment, so the costs associated with
redesigning and putting it into lunar orbit is difficult to estimate. Having a lunar base camp
would enable crewed lunar missions and improve Earth-Moon transfers. While aligned with
our mission statement, we would prefer to keep human presence in LEO and chose not to
investigate this option further.
18. Turn into Cislunar Cycler:
The ISS could be transformed into a cislunar cycler, becoming a transport
vehicle from Earth orbit to Lunar orbit and back. This option would
provide infrastructure for the journey to the Moon, and would enable, for
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example, the assembly of mission elements during transfer. While the idea might seem
intriguing in view of future missions to the Moon, the value of it would be limited. As the
other suggestions of major movement of the ISS, a change to this kind of orbit would require
a significant amount of fuel, and would be risky due to the fragility of its current state. This
option was not chosen for further analysis.
19. Lunar Surface Base:
The ISS could be used as the foundation of a lunar base by landing parts of it on
the lunar surface. This operation would require massive changes to the station’s
structure, subsystems, and would require additional landing modules and thrust
capability. Once on the surface of the Moon, modules and habitats would need
radiation shielding, power generation, thermal control, and life support systems.
This option is unfeasible, even with significant investment. For this reason, our
team decided not to investigate this option further.
20. ISS 2.0:
For completeness, we also thought about replacing the current station with
state of the art modules and technologies resulting in a complete redesign.
The robotic capabilities of the current ISS could be used to incrementally
assemble the new station, and the older modules would be
decommissioned once replaced. At the end of the replacement process,
only the state of the art station would remain. Exploitation of the station
would remain the same as in the current configuration, with focus on
scientific research and public awareness. Convincing the current ISS partners to invest more
resources in a project that does not bring anything new to space exploration would be a major
challenge. We decided not to select this option, because of its lack of impact on space
exploration.
21. Debris Removal:
Using high intensity lasers or catching mechanisms, the ISS could be used
as a debris removal station. The amount of debris orbiting in a 400 km, 51.6
degrees orbit is small, so the impact of turning the ISS into a debris
removal station would be minimal. Costs associated with this option are
high, covering both the new hardware and a possible inclination change of
the station. This option will also require many policy changes, since the
OST prevents the use of weapon in space (UNCOPUOS, 1966), and high
output lasers could be considered as such. The physical principles used to de-orbit debris
using lasers is based on the creation of thrust by vaporizing the surface of the debris,
effectively changing its orbit. Controlled ballistic re-entry of the debris could be achieved this
way. We decided not to consider this option further because of the legal difficulties that this
option would create, and the minimal impact this option would have.
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Table 2 - Breakdown of generated ideas with our associated feasibility evaluation. It is arranged from 1-21 in increasing difficulty of implementation according to
our estimates. Light grey highlights options in line with our mission statement, blue highlights options in line with our mission statement and selected for further
investigation, and yellow highlights options not in line with our mission statement.

#

Option

Description

1

Direct
Controlled
Re-entry

De-Orbit ISS

2

3
4

5

6

7

Cost Description

Thrust, modified
structure, use
existing control
facilities and
personnel
Continuing Continue current Re-supply, station
Current
mission
keeping, use existing
Process
control facilities and
personnel
World
Left as an orbiting Station keeping
Heritage Site monument
in LEO
ISS as a
Research more
New state of the art
Dedicated
focused on
research module,
Research
specific areas,
focussed training of
Center
biology, physics, dedicated scientists
medicine

Cost
Estimate

Cost
Impact

$200 Million Low

$5 Billion
Annually

Technical
Feasibility

Benefits

Risks

Minor
modification
needed

Eliminates
Danger to populated
liability after re- areas, pollution, no
entry
human activities in
LEO

Medium Already exists Delays disposal Catastrophic failure of
decisions,
structure due to age,
scientific return orbital debris
generation potential
$300 Million Low
Feasible
Raising public Adds to space debris
annually
awareness /
issue
approval
$5 Billion
Medium Very feasible Allow for
Reduction of public
annually
as it will be an higher impact
outreach due to
upgrade of
results and
concentration on
current
allow for
specific long-term
process
commercial
experiments
integration
ISS Module Separating
Upgrading modules, $1 Billion
Medium Not
Enables
Disintegration of
Separation modules, for
separation logistics,
recommended, individual
current ISS partnership,
continued LEO
maintenance by
but technically nations own
disables international
presence of
individual nations
feasible
jurisdiction in
cooperation
individual nations
LEO activities
Thrust to
Put ISS into
Thrust, use existing $200 Million Low
Minor
Avoids re-entry Orbital debris potential,
Retirement higher orbit for
control facilities and
modification risks, provides no human activities in
Orbit
retirement
personnel
needed
recyclable
LEO
resources in
space
Continue
Similar to current Boost costs to reach Unknown
Medium Technically
Science research Higher exposure to

Customers
Current ISS
partners

Current ISS
partners
General public
Space
agencies,
Pharmaceutical
industry
Individual ISS
partners

Current ISS
partners

Current and
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ISS in
operation but
higher orbit within a higher
radiation
environment

higher orbit, station
keeping, interior
minimal redesign,
resupply

feasible, will
need
propulsion
capabilities

enabled in
higher radiation
environment,
for future
missions
8 ISS for Rent Enabling hire of Upgrade current
Unknown,
Medium Using existing Increase
ISS facilities by
systems, private
depends on -High
technology,
commercial
commercial
commercial funding individual
although
funding, could
entities
companies
complex it can incorporate nonbe done
partner
countries for
more funding
9 Space
Service station for Integration of new
~$10 Billion High
Feasible, but Maintainable
Refueling
refueling
storage tanks, ports
complete
deep space
Depot
spacecraft
for spacecraft,
redesign
exploration
inclination change,
required
without craft rethrust
launch
10 International 3D printing and
New module launch ~$10 Billion High
Technically
Deep space
Spaceport
manufacturing
and construction,
feasible but
gateway
facility, extra
robotic arms,
challenging
docking ports,
ECLSS, equipment
refuelling and
and habitat upgrade,
maintenance
inclination change,
thrust
11 Large
Raw material
Two new functional $10 Billion High
Technology
Reduces launch
Structure
processing,
modules required,
available on
necessity / costs,
Manufacture material
cargo loading bay,
small scale,
designs need not
Facility
production, 3D
automated
needs
withstand
printing
mechanism design
expanding
launch forces
12 LEO Space Space museum in Untrained civilian
$5 Billion
Medium Technically
Raising public
Museum
LEO
access, station
feasible
awareness /
keeping
approval
13 International Platform for space Research and
~$10 Billion High
Technically
Raise public
Space Hotel tourism
complete re-design,
feasible
approval for
re-supply,
space budgets

solar events, radiation
risk for crew and
infrastructure

potential ISS
partners

International political
issues, liability issues,
may disable
international
cooperation

Commercial /
private
industry

Large fuel storage in
LEO may cause
political issues,
flammable payload
during launch
Regular re-supply
required, scenario never
been attempted before

Space
agencies,
private
industry

Finding clients relies on
rapid increase in deep
space missions
internationally

Spacefaring
nations and
commercial
entities

Transport of civilians
with insufficient
training
Finding customers for
return on investment,
transport of civilians

General public

Miners,
Explorers,
Tourists

High end
Tourists
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ground/space support
crew, logistics
14 LEO
Training
Center for
Deep Space
15 Asteroid
Mining
Processing
Station
16 Crashing
onto Lunar
Surface

International
astronaut training
and research
center, simulating
deep space
missions
Processing facility
for outer space
resources

Research,
Unknown
High
development of
training modules,
design of
infrastructure and
ground stations
Mineral handling
~$10 Billion High
upgrade, furnace and
processing
integration, research,
infrastructure
Providing scrap
Transport costs,
$1 Billion
Medium
metal resource on thrust
moon

17 Create a
Transfer ISS to a
Basecamp in lunar orbit to
Lunar Orbit serve as a
basecamp for
future lunar
missions
18 Change to
Transfer all or
Cislunar
part of ISS into
cycler
Earth/Moon orbit
19 Base on the
Lunar
Surface

with insufficient
training

Upgrade of structural $5 Billion
integrity, radiation
protection, thermal
insulation, thrust
Transportation costs $1 Billion
and re-supply, thrust

Landing all or part Complete redesign,
of ISS on the
landing module,
moon to initiate a thrust
lunar habitat

Unknown

Technically
feasible

Prepare
astronauts for
deeper space
missions, longduration
research
Feasible,
Valuable
technology is processed
available, but resources
never been
done
Feasible
Availability of
raw materials
for future moon
base
Medium Feasible but
Enables lunar
restructuring missions
needed

Might not be currently
viable as our vision is
for 2024

Space
agencies,
private
industry

Medium Feasible but
complex,
restructuring
needed
Very
Feasible using
High
multiple
construction
methods

Infrastructure
for lunar
missions

Structural failure during Commercial /
relocation, not designed National space
to leave LEO
industry

Lunar research
and
exploitation,
training for
future deep
space missions

Harsh environment,
technologies must be
tested

International political
issues

Mining
corporations,
private
industry,
governments
Structural failure during Major Space
re-thrusting, no human powers, BRIC,
activities in LEO
N11
Structural failure during Agencies with
relocation, insufficient lunar
thermal insulation,
ambitions
higher resupply costs

Major Space
powers, BRIC,
N11
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20 ISS 2.0

Entirely new ISS, Entirely new
state of the art
construction,
facilities
redesign, launching
materials

21 Debris
removal

Laser / catching
mechanism

$50 - $100
Billion

Research,
$1 Billion
construction, launch
and high power
consumption

Very
High

Feasible,
technology is
available, but
never been
done
Medium Feasible,
untested new
application

Continued
science
research,
increased public
approval
Mitigation of
debris issues in
LEO

Convincing the ISS
partners to continue
cooperating on a new
venture in LEO

Current and
potential ISS
partners

Failure could create
more debris, lasers
considered weapons,
policy issues

Commercial /
National space
industry
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3.2 Selected Themes
The summary and evaluation of the options discussed in section 3.1 led to four concepts:
• Spaceport
• Manufacturing
• Research
• Training
This selection concluded the first part of the Double Diamond, so we moved to the second divergent
phase (Develop) by exploring them further to eventually turn them into a comprehensive case study in
the final convergent phase (Deliver).
3.2.1 Spaceport
The spaceport is our primary scenario. The core concept is to keep providing benefit to humanity by
increasing international cooperation and enabling human and robotic deep space missions. We
envision a spaceport that will be able to assemble, maintain, and refuel other spacecraft. This idea
would require a change in the operational orbit from the current inclination of 51.6 degrees to an
inclination closer to the lunar orbital plane. We recommend an inclination of 28.5 degrees for a
number of reasons that we will further detail in Chapter 5. From this position, it would be more cost
effective to carry out lunar missions and other deep space missions on the ecliptic plane.
The Spaceport would need additional facilities, like new docking ports, cargo bays, modules with a
large external working space equipped with an airlock, an external payload bay, and a robotic arm.
The central truss may need upgrading to improve structural integrity. Some segments may need to be
disassembled or removed entirely, depending on political or technical issues that will be discussed in
Chapter 5. More robotic installments may be required to assist with docking, maintenance, reconfiguration, and manufacturing process.
The existing ECLSS will need to be replaced to support increased crew capacity and improve the
recycling efficiency of oxygen, water and waste.
The spaceport could be made available to all nations and commercial entities. Docking or berthing
could either be purchased directly, or through agreements that would be mutually beneficial for all
parties involved. An example of a mutually beneficial agreement would be the return of ice from a
lunar mission that could resupply the station’s water reserve and be used to produce fuel.
Having a spaceport in LEO would provide a checkpoint for lunar and deep space missions, enabling
resupply, refueling, maintenance, and the opportunity to rotate the crew to alleviate health and
physiological issues like space motion sickness. Depending on its design, it could also serve as shelter
from space weather events like solar winds and coronal mass ejections.
A spaceport needs to address a number of legal aspects. The LC may require amendment to allow for
commercial entities to be liable for their own spacecraft. The Res Communis ISPL may also require
updating to allow removal of material from the Moon and other planetary bodies.
3.2.2 M anufacturing
All space missions require one or more rocket launches to move fully integrated spacecraft or module
from Earth to orbit. Everything that has gone, or is going to space in the immediate future has been
designed to survive the acceleration and vibration of a rocket launch, a phase that occupies less than
twenty minutes of a payload’s life. Existing launch vehicles affect payload design by limiting the
volume of the payload to what can fit into the payload fairing, and requiring complex deployment
mechanism to change from the launch to the operational configuration. A space vehicle must observe
very strict mass distribution to keep the launcher stable and within its operational envelope. To
overcome these obstacles we propose to establish an in-space manufacturing hub that will be able to
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support the needs of future deep space exploration missions. These needs include four categories of
space manufacturing: objects made in space for use in space, from tools and parts that are already
manufactured up to large hardware and habitats; symbolic items meant to be flown and returned to
Earth, like the 3D printed patches, pins, and flags; objects that can only be manufactured in space
because of their geometric and design constraints that could not survive launch but could survive a
return to Earth; and items that have far superior quality when manufactured in space, but need to be
returned to Earth to be useful, like fiber optics.
Setting up a manufacturing unit on the ISS would require dedicated modules for processing and
manufacturing, assembly platforms, robotic arms for assembly, and storage space for the raw or
manufactured materials. Modules like Kibo with the Exposed Facility (EF) and Japanese Experiment
Module Remote Manipulation System (JEMRMS) can be useful in setting up the manufacturing unit
and the assembly platform.
Manufacturing technologies like 3D printing and the Electrostatic Levitation Furnace (Spaceflight
101a, 2017; JAXA, 2015) have already been demonstrated on the ISS. Having the ability to recycle
materials and other polymers to make feedstock that can then be inserted into an on-board 3D printer
could drastically decrease launch mass and make further use of consumables. The ISS is a perfect
setting to initiate and utilize a manufacturing operation. Government and private industries are looking
forward to expanding the scale and scope of these technologies to allow PPP for in space
manufacturing. Examples of this type of PPP include the NASA Centennial Challenge for 3D Printed
Habitats on Mars is pushing additive manufacturing technology for in-situ resource utilization, and
companies like Red Destiny, which is developing scaled technology to make that vision a reality.
A long-term goal will be to establish an in-space processing and manufacturing unit for the materials
coming in from asteroid or lunar mining activities. As the infrastructure is developed and the cost of
assembly drops, some of the manufacturing capacity can be directed toward the development of
expanded facilities in space, including large scale manufacturing plants. These will likely require the
use of lunar and asteroid materials and follow the development of mining bases.
3.2.3 Research
The team decided that the current state of scientific research on the ISS is not the most effective in
relation to the impact of its output. The research performed in the ISS facility could be more defined to
produce more effective scientific results and increase return on investment. It is also beneficial for
commercial industry, for example the pharmaceutical industry, to carry out and maintain experiments
on-board.
The topics chosen for study in this research center would be primarily biological research, applied
physics, and crystallization studies. Focusing on dedicated research areas would give a better return on
investment in these areas of research, while allowing for more potential for commercial activities
further down the line.
3.2.4 Training
Our team found the analog facility scenario appealing because it would enable crew to prepare for
future deep space missions to the Moon and Mars. These are currently being envisioned by major
global space agencies such as ESA and NASA. Our vision begins in 2024 and so this option will
concentrate primarily on lunar missions although the facility would also be very beneficial towards
future missions to Mars.
The ISS analog would provide simulations of communication delays proportional to Mars mission
duration, zenith facing windows providing views away from Earth, mission failure prevention and
recovery, spacecraft maintenance, and rapid decision-making. The crew in the analog section would
be isolated from the rest of the ISS for the duration of the mission. Major utilities and control stations
that serve these modules will be located within the training modules so that the crew time of non-
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trainee astronauts will not be affected by minor issues relating to any maintenance to be carried out
within the analog.
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4 SCENARIO DEVELOPMENT AND OPTIONS
4.1 Setting Up Future Vision Context for 2024
To help further develop our ideas, a subgroup of the team was tasked with creating an image of the
future in the year 2025. They forecasted how this future would affect the space industry and the ISS.
The path the future can take can be categorized into one of four generic images, according to futurist
Jim Dator (Dator, 2012): Collapse, in which catastrophic decline occurs; Discipline, in which a
moderate steady state is achieved; Transform, in which exists a significant change of how humankind
use the technology; and Growth, in which exponential improvement ensues. We created a scenario for
the ISS and for the world in general for each of these futures, and then we chose which future we
would base our plans for the ISS on.
4.1.1 Collapse
The most pessimistic future is the collapse. A collapse future could be caused by several different
events or situations. Natural disasters like a major volcanic eruption, a major meteor collision with
Earth, or an extreme pandemic, or a human event like world war or global economic depression could
cause such a global collapse. All space programs with a focus on research and exploration would
suffer under a collapsing future, as money would be allocated to handle these problems rather than on
visionary space programs. Space programs with a military purpose could thrive, but we see no place
for ISS in this case.
The international cooperation could also be under threat depending on what kind of crisis caused the
collapse. It is likely that the ISS would be de-orbited as soon as possible under a collapse, so that no
more money has to be spent on it, and as a result of that there would be no more human presence in
space in 2025 and the following years. There is a possibility that there could be a collapse within the
future of the ISS itself, without a collapse of the society on Earth. This could be initiated by any tragic
accident happening on the ISS, especially if it leads to someone dying on the station, or it becomes too
risky to continue the operations as they are today.
4.1.2 Discipline
A more conservative approach is to assume that development would cease and technology would
remain similar to that of today. No major changes would have affected the state of the ISS, and the
operations would continue in the same direction. The lifetime of the ISS would probably have been
extended to 2030, with a consensus of de-orbiting it shortly after that. The technology in a discipline
image of the future develops very slowly; it takes a long time from idea to prototype development to
technology application. New inventions are regarded as too unreliable and too difficult to implement.
This would also be the case for the research and technology on the ISS. Part of the explanation for this
could be that the member states of the ISS don’t want to spend any more money on upgrading it before
it all would end up in a ball of fire in the atmosphere.
Budgets would stay approximately constant in the discipline scenario, with only minor adjustments for
inflation and general changes in the focus of the respective space agencies. A bigger part of the budget
each year would be spent on maintenance with the goal of keeping it operational and safe enough until
the extended de-orbiting date of 2030.
4.1.3 Transform
In the Transform future, we would be living in a world that has no limitations in technology
development. We imagined that there would be a power shift from West to East, where China would
be leading in technology development and implementation. Technologies such as driverless cars and
drone deliveries would be commonplace, while having new digital currencies in place like Bitcoin and
Ethereum. There would be a more automated workforce. With regards to space exploration, there
would be the technology to start implementing the first facilities for habitats on the Moon. Space
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research has also escalated, with advancements in stem cell and cancer research in microgravity
experiments on the new ISS, and artificial gravity. Many new resources will come into play, like
asteroid mining, which has been fully developed, and play a critical role in the development of the
commercialized space industry.
It is envisioned that the ISS would have a biolab where research would be conducted in genetic
engineering, exploring how DNA could be modified with different proteins. Another scenario includes
the ISS located closer to the Moon as a spaceport, where it will be used for re-supply of resources to
the lunar habitats. In this orbit, the spaceport will also be furthering deep space exploration, sustaining
the colony on Mars and other planets. New spacesuits will be implemented such as the Biosuit
designed at Massachusetts Institute of Technology; a skin-like spacesuit allowing the mobility to
explore and work on different planetary surfaces.
It was also suggested that there may be artificial gravity on the ISS, to better the health of the
astronauts. Capabilities are established to fully 3D print and sustain the ISS through resources
acquired through asteroid mining, allowing the ISS to be self-sufficient.
4.1.4 Growth
Technology is well on its way in the future of Growth. Mining technologies are being used on the
Moon to further research the regolith and explore potential uses for manufacturing using in-situ
resource utilization (ISRU) techniques. With regards to Mars, a fleet of robots have been sent to study
the environment to better prepare for the arrival of humans. Robert Bigelow’s company Bigelow
Aerospace has launched its space hotel, leading many more wealthy individuals to invest in space
exploration, decreasing the reliance on government budgets. The space sector continues to grow,
gaining more international collaborations between current ISS stakeholders and newly interested
governments such as China and India. Research is continuing and advancing with regards to human
performance in space, finding solutions for telemedicine, nutrition, and radiation exposure.
With the addition of new countries as stakeholders, and the increase in interest from the commercial
sector, the cost for each nation to upkeep the ISS has significantly decreased. The involvement and
investments from many parties are providing greater opportunities to reconfigure old modules of the
ISS and update them with new hardware, such an upgraded Environmental Control and Life Support
System (ECLSS) system, including improved water and air regeneration systems. A portion of the ISS
has been upgraded to become a spaceport providing refuelling capabilities with more docking stations
to help with resupply and shipping cargo to the Moon, and one day Mars. A manufacturing facility is
added, to help manufacturing and assembly of spacecraft to be launched in LEO, and to maintain the
ISS itself. Robotic arms have been added to facilitate manufacturing and assembly, allowing for
autonomous procedures under the supervision of astronauts. The recycling of metal from space debris
is being used as raw material for the manufacturing, as well as regolith from the moon, which is
further being studied on the ISS. A habitat module has been implemented in the spaceport, and it can
accommodate a maximum of 12 people. An enhanced research facility has been added to further
microgravity experiments, and make advancements that can benefit human performance for deep
space exploration. Altogether, providing an ISS that has the potential to grow in the space sector
through collaboration and implementation of new technologies.

4.2 Case Study Selection
For this project, we chose to base our decisions and plans on the assumption that the world will be in a
growth scenario in the coming decades. There are interesting aspects to consider and valuable
information to be gained from looking into the other futures as well. It is, however, not possible to
investigate all futures in this report. There are no specific reasons to believe that growth is the future
that is most likely to happen. Examples of the other futures can be found by studying the last century,
such as the Great Depression during the 1930s as an example of economic collapse. From the 1960s
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onwards a transformation occurred, driven by development of new technology and the exponential
growth of computer processing power, and a new economic strategy with credit expansion and the end
of the gold standard in 1971.
We believe that a future of growth is a future where the ISS still will be an important part of activities
in space. There will be room in the budgets for maintenance, upgrades, and continued operations. A
transform scenario could possibly also be a scenario where the ISS lives on, in whole or in part,
depending on what the transformation would consist of, but it is more difficult to foresee precisely.

4.3 Requirements
The selection process culminated in defining four themes for the growth future of the ISS. These are:
• Spaceport
• Manufacturing Facility
• Research Facility
• Astronaut Training Facility
In this section, the functional requirements for each of these themes are explained, and are the basis
for the design of the future of the ISS as addressed in the subsequent sections.
4.3.1 Functional Requirem ents
Spaceport:
The space station can be converted into a spaceport to support the launching and return of spaceships
for deep space missions, like the Moon, Mars, and destinations in our solar system. This infrastructure
would enable spaceships to commute between the spaceport and interplanetary destinations, docking
onto the spaceport on their return.
The spaceport would also serve as an orbital assembly hub for large spaceships and spacecrafts . This
kind of vehicles are currently limited by accommodation constraints within the payload fairing of
launch vehicles, lift-off mass limitations, and launch vibration loads. A spaceport would also have the
infrastructure to provide maintenance and repair service to spaceships.
The spaceport should have provisions for storage of fuel for spaceships and spacecrafts, a refueling
facility, and potentially a fuel generation facility. The last item is futuristic because it hinges on a
scenario when the harvests from deep space mining will be reprocessed in the spaceport to generate
fuel for spaceships. From the commercial perspective, the spaceport could also relese cubesats and
nanosats into LEO utilizing minimum resource and incurring minimal cost.
Manufacturing Facility:
The manufacturing facility would probably start simply by using the 3D printing facility already
available on-board the ISS to produce some of the components as a small step toward selfsustainability. This faciltiy could also be used to print CubeSats. The long-term goal is to build and
assemble a full-fledged manufacturing facility in orbit to produce components and structures of
spacecrafts, space ships, and modules of the ISS.
A bottleneck in the path of a self-maintaining scenario is the requirement to replenish the supplies of
raw materials from Earth. To address this issue even in a small way, our vision is to set up facilities
for processing and recycling materials mined from solar system bodies returned by future deep space
missions. We assume that deep space mining will be an established activity beyond 2024 and deep
space harvesting will be a potential source of raw materials for manufacturing in space.
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Research Facility:
We plan to establish a advanced research facility with more specialized equipment than what is
currently aboard ISS. This approach will increase the number of experiments that can be conducted
simultaneously. At the same time, individual laboratories will be focused towards a specific branch of
experimentation or science, with distinct environmental conditions and infrastructure. We also
envision global participation involving more international partners, academic institutions, and
commercial companies is also envisioned. To reduce the process time, increase the productivity, and
lower the cost we recommend to to deploy dedicated scientists on-board to conduct experiments,
perform observations, judge the results, and decide autonomously how to set up new or additional
experiments. We propose setting up four research laboratories:
• A Bio-science research laboratory
• A Fluid Science laboratory
• A Material Science Research laboratory
• Astronomical observatory
Astronaut Training Facility:
Another new concept that is aligned with the ambitions of spacefaring nations (Klesman, 2017) is to
establish a deep space mission analog site on the ISS - a facility to train and prepare astronauts for
long-duration deep space missions to the Moon, Mars, and beyond.
The ISS analog should provide the possibility to induce communication delays similar to what a Mars
mission crew would experience, zenith facing windows to out of Earth’s view, mission failure
prevention and recovery protocols, spacecraft maintenance procedures, and autonomous decision
making procesess. The crew in the analog section would be isolated from the rest of the ISS for the
duration of the mission.
4.3.2 System Design Requirem ents
Considering the similarities of functional requirements for the solutions discussed above, we now
propose to group the system design requirements into two categories:
• A spaceport and manufacturing facility
• A research and astronaut training facility
This separation of functional and design requirements is justified by the fact that these two segments
have a very different and mutually exclusive nature, to the point that the characteristics of one may
compromise the other. As an example, the spaceport and manufacturing facility is expected to
generate vibrations that would affect fluid physics and other experiments in a microgravity
environment. Moreover, the spaceport segment would require to be moved into an orbital plane with a
lower inclination to enable cost-effective transfer trajectories to the Moon and beyond. To reach this
goal, we propose to split the ISS into two segments and turn them respectively into a spaceport, to be
moved into a lower inclination orbit, and a research and training facility, to leave in the current high
inclination orbit. The following section lays out the requirements for these two categories.
The system requirements of the Spaceport and Manufacturing Facility are:
• Low inclination orbit: The Spaceport shall be in an ecliptic plane so that the spacecraft can be
deployed directly towards Moon
• Multiple docking ports: For spacecraft coming to or from Earth or the Moon
• Multiple cargo ship docking ports: For incoming (resupply from Earth) and outgoing (towards
the Moon or Asteroids) cargo vehicles
• A spaceship assembly module, which ultimately shall be expanded to 2 or 3 modules to
incorporate larger assembly and testing facilities. Some of these modules may be located on
the exposed areas on the truss
• A fuel depot with storage and refueling facility for spaceships: Using external fuel tanks and
the robotic refueling missions to refuel the spacecraft and cargo vehicles
• Robotic arms and structures facilitating assembly and testing of modules (both intra- and
extravehicular robotics)
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•
•
•
•
•

Manufacturing Infrastructure (e.g. 3D printers and furnaces)
A crew habitat to support resident and visiting crew members. The number of modules may
have to more depending upon crew size
A module having a propulsion system and orbit-attitude control mechanism
A Mechanical support structure such as a truss
Power generation modules (e.g. solar panels and batteries)

The system requirements of the Research and Training Facility are:
• An orbit accessible by all partner agencies, like the current orbital inclination of 51.6 degrees
• A docking port for crew vehicles
• Multiple cargo docking ports
• Dedicated research modules with integrated crew habitats.
• A deep space training analog module
• Robotic arms and structures to support automatic experimentation
• A propulsion and attitude control system
• A Mechanical support structure like a truss
• Power generation infrastructures, like solar panels and batteries
• A life support system
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5 CASE STUDY
5.1 Introduction
The ISS is a political and technological feat that was achieved by combining a daring vision with the
commitment of international partners. The common goal of space exploration is to overcome political
barriers between participating nations, conquer technical challenges, and improve on economic
constraints. In the decades following a deadly confrontation between the US and the former Soviet
Union, the ISS project brought the two rivals together, setting a new precedent for international
cooperation. The opportunity to repurpose the ISS in 2024 brings new challenges. This chapter
presents some considerations to take into account during the transition of the ISS from the current
configuration to the International Spaceport and International Research Facility.
This recommendation addresses some high-level decisions, detailing critical steps towards the
implementation of both facilities. As with the ISS, the first step is to reach a political agreement before
moving forward with the reassembly. We would take into account lessons learned from the ISS to
ensure that current partner agencies would continue to cooperate, building upon the existing
international relationships.
To reduce the financial load for agencies we explored a way to spread costs between the commercial
space industry, current space agencies, and potential future partners who may play a new role. We
assessed options for financing and overall feasibility to ensure that this recommendation is as
achievable as we can make it.
An in-depth dive into the technical execution of transitioning one station into two would demonstrate
feasibility of performing the separation, spaceport operations, and the operational design of each
facility. We suggest a rationale for the optimal orbital inclination of the Spaceport along with an
analysis for performing the inclination change. The current ISS would be reassembled to maximize the
function of each module as a part of the Spaceport or Research Facility. We will present engineering,
political, economic, and human factor related considerations in the allocation of all modules.
An alternative solution for the ISS provides nations with an exciting opportunity to expand upon the
benefits that humanity has gained so far from its operations. Through the presentation of this case
study, we hope to impress upon the reader and stakeholders a feasible use for the ISS in the years to
come. Our intention is to expand upon the potential of the ISS and to continue to inspire future
generations with the Spaceport and Space Research Station. The purpose of this case study is to
present an alternative growth future solution that would preserve the station while significantly
reducing the financial contribution from the agencies.

5.2 Mission Architecture
5.2.1 Purpose of Case Study
Since the launch of the first module in 1998, space agencies have collectively contributed US$150b to
the construction and operations of the ISS. This figure accounted for an end of life date of 2020. In
2014, NASA led the effort to extend the life of the station out to 2024 to maximize the scientific
return. After 2024, the five governmental agencies involved would no longer provide the US$5b per
year of resources needed to continue operations (United States Congress, 2017b). The ISS partner
agencies, which must agree on a course of action, are considering decommissioning the station to
eliminate the associated financial responsibilities.
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According to Bill Gerstenmaier, NASA’s Associate Administrator for Human Exploration and
Operations, the ISS represents “humanity’s future in space” (United States Congress, 2017b). We are
nearing a plateau in the technical and scientific output resulting from continued use of the ISS in its
current state. A space station should not be the end goal; rather it should be a platform to accomplish
greater objectives (McCurdy, 1990). Our proposal covers travel beyond LEO, supported by a
spaceport and manufacturing facility, and improved research capabilities in LEO to advance scientific
research in microgravity.
5.2.2 Recom m endation
We have analyzed the potential uses of the ISS and mapped them to national space strategies,
primarily considering goals consistent with the Global Exploration Roadmap created by the
International Space Exploration Coordination Group (ISECG, 2013). We then considered other key
stakeholders, like the commercial space industry, for their role in support of national space strategies.
We also identified interplanetary travel, both crewed and uncrewed, and continued research in LEO as
interests of agencies involved. With these factors in mind, we are recommending to split the ISS into
two independent space stations that would be turned respectively into the International Spaceport and
a International Research Facility. This transition would support the common goals of the agencies
involved, providing an effective and meaningful extension of the life of the ISS.
To implement this transition, we must examine several factors and perform a cost-benefit analysis to
reduce the cost for all participating agencies. To achieve this result on both the initial investment and
long-term operations, we need to continue supporting the involvement of commercial entities. We
should also consider the involvement of other countries to provide financial and technological
capabilities that commercial operators don’t possess. This goal can be accomplished by:
•
•

Enabling commercial support through the expansion of current legal framework
Expanding international partnerships to include countries that can absorb operational costs and
provide critical technology and hardware where needed

The policy changes supporting these two concepts would legally enable the transition from the current
configuration of the ISS into the recommended International Spaceport and International Research
Facility. Technical advancement and modifications are necessary to satisfy all the requirements of
both facilities. The modules and supporting structures will be separated into two distinct structures,
which will be further expanded upon with additional modules. Finally, we would move the Spaceport
facility into an orbit with an inclination of 28.5 degrees, establishing an outpost for planetary
exploration.
5.2.3 Splitting the ISS
The ISS is in an orbit with an inclination of 51.6 degrees, a design choice justified by the need to make
it accessible from launch sites at different latitudes (Kennedy Space Center and Baikonur
Cosmodrome). This inclination limits the possible applications, and prevents the use of the space
station for missions to the Moon and other planets. If we could reposition the ISS to an orbital plane
that intersects that of the Moon, we could explore new uses for the station. An ideal inclination for
these missions would be 28.5 degrees for two reasons. First, this inclination is similar to the Moon’s
orbital plane normal to the Earth (23.44 degrees ± 5.145 degrees), offering windows during which the
two are perfectly aligned, creating opportunities for efficient transfer orbits between the two points.
Second, it is an ideal orbit for the launch sites of NASA and some of the most significant commercial
launch operators, like SpaceX, Orbital, and RocketLab, with Blue Origin set to be launching from
Cape Canaveral as soon as 2020 (Bergin and Munson, 2017). Moon missions launched from these
sites could leverage a space station located in a 28.5 degrees inclination, reducing the costs and
allowing an increase in the payload mass.
The cost and complexity of relocating the entire station makes it unfeasible, so we investigated ways
to reduce the mass to be moved. It must also be noted that some of the requirements of a research
facility are incompatible with those of a spaceport. A research facility requires as little vibrational and
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static disturbance as possible to avoid any interference in the results of the experiments, while a
spaceport would have frequent thruster firings, which generate vibrations, static loads, and shocks
(Nelson, 1994). We concluded that it would be a suitable idea to physically separate the two uses of
the station, and optimize each segment for its intended use.
While there is a good reason to set up a spaceport in a 28.5 degree orbit, there is no compelling reason
to move a research facility away from the 51.6 degree plane. The current orbit is accessible by all
current partners, and would be accessible by new nations and the private sector.
Commercial space companies like Bigelow and Axiom both are planning to use the ISS as a stepping
stone to set up their own operations. Bigelow’s strategy consists of testing their inflatable habitat on
the ISS, then building an independent space station, and eventually using it as a cislunar habitat
(Bigelow Aerospace, 2017). A split ISS could play a larger role in their plans, providing an
infrastructure for the first step with the research facility, and a starting point for their lunar ambitions
with the spaceport. Revenues from companies like Bigelow and Axiom would reduce the operating
costs for government agencies.
The split would also produce two smaller stations, so it would be easier to decommission them at the
end of their lives. To identify how the space station should be split, it was important to consider the
capabilities of each module and what it contributed to the overall operation of the space station
(Tables 3 and 4). We allocated modules with overlapping functions to separate stations and ensure
each was capable of functioning independently. This also helped us to identify the need for new
modules to fit the requirements of each station.
Table 3 - Evaluation of current ISS modules for use in the International Spaceport Black represents the
current ISS; orange represents the future Spaceport.

X

New Kibo 2.0 A

X

Structural

Docking

Attitude Control

Propulsion

X

X

X

XX

X

X

X

Canadarm 2
(Canada)
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Experiment
Mod (JEM)

Manufacturing

Destiny
Laboratory
Module (USA)

Assembly

X

Habitability

Harmony Node
2
(USA)

Storage

Modules
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International Spaceport
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X
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XX
X
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New Kibo 2.0 B

X

X

New Module A

X

X

New Module B

X

X

Table 4 - Evaluation of current ISS modules for use in the Research Facility. Black represents the current
ISS; blue represents the future Research Facility

Columbus Laboratory
(ESA)
Tranquility Node 3
(ESA)

X
X

X

X

X

Unity Node 1

X

Upgraded or New FGB/ Zarya

X

X

X

X

X

Cupola (ESA)

X

X

Zvezda

X

X

Quest

Research
capabilities

Habitability

Structural

Docking

Attitude
Control

Propulsion

Storage

Modules

ECLSS

International Research Facility

X

Russian Mini Research
Module 1

X

Russian Mini Research
Module 2

X

PIRS

X

Leonardo

X

Truss

X

New Truss (TBD)

X

New BA330 (TBD)

X

New Bigelow Expandable
Activity Module BEAM-like
Habitat (TBD)

X

New BEAM-like Research
(TBD)

X

X
X
X

X

X
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5.2.4 Roadm ap
Figure 5 - Roadmap of the transition from the current ISS to a Spaceport and International Research Facility. The timing of this operation depends on the
establishment of an updated political and legal framework. The technical design can start once this legal framework is approved by all participating nations.
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5.3 Technical Design
5.3.1 Technical Design for Spaceport O perations
Inclination Change Considerations and Orbital Mechanics:
The current inclination of the ISS is 51.6 degrees, an orbital plane that is not suitable for future lunar
activities because the lunar orbit plane is 23.4 degrees ± 5.15 degrees. Section 5.2.3 describes the
rationale for choosing 28.5 degrees as the preferred inclination. Although the Moon’s inclination is a
major factor, the coverage of existing launch sites is also important. In the future envisioned by our
team, we expect increased international cooperation, hopefully with new partners like India and China.
NASA, ESA, the Indian Space Research Organisation (ISRO) and the Chinese National Space
Administration (CNSA) all have launch sites that can access the Spaceport and Manufacturing section
of ISS at 28.5 degrees. Commercial operators like SpaceX, Orbital ATK, and Blue Origin are also
launching from 28.5 degrees.
One way to alter the orbit of the ISS would be to use the propulsion system on the SpaceX Dragon
capsule. There are 18 Draco thrusters on the Dragon. We are using a value of 300 seconds for the
specific impulse (Isp) for each of the thrusters. Another approach we will consider is to take advantage
of the high Isp (5000 s) of the electromagnetic thruster Variable Specific Impulse Magnetoplasma
Rocket (VASIMR) currently under development. To find the most feasible approach we must account
for the propellant and the power consumption of each propulsion system.
STK Simulation:
To simulate an inclination change of the ISS we used Systems Tool Kit (STK), a software from AGI
that models sophisticated orbital scenarios and perform any number of simulations. We started by
running a simulation to calculate the total delta-v required to achieve an inclination change of 22.9
degrees in a single maneuver. To move a spacecraft to a new inclination, a specific change in velocity,
or delta-v, is required. This will determine the amount of fuel needed to perform the maneuver, and
help to determine the forces exerted upon the spacecraft. The initial results showed a change in
velocity of 3112 m/s. This change generates forces that the ISS was not designed to withstand, so we
investigated another option to achieve inclination change with multiple burns.
For our next simulation, we selected a change in velocity of about 2 m/s, the same magnitude used for
current station keeping maneuvers (Bergin and Harding, 2012). This simulation showed that we could
achieve an inclination change to 28.5 degrees within 101 days by performing a 2 m/s burn for one
minute every time the ISS crossed the ascending node. To achieve this delta-v using a SpaceX Dragon
capsule, we would need 216 metric tons of propellant. Supplying the ISS with this amount of
propellant is not efficiently feasible with current launch capabilities. The NASA Space Launch System
(SLS), currently under development, will eventually have an estimated payload capacity of 130 metric
tons when launched to LEO from 28.5 degrees latitude, so two resupplies could provide the fuel
needed (NASA, 2016a). However, the payload capability decreases when launching to higher
inclination, so a more accurate calculation that takes into account a 15-20% margin dry mass to
propellant mass ratio (Bergin and Harding, 2012) for tank, engine, and structure suggest that we would
need three SLS launches. This scenario would consider an overall margin for uncertainties of 10%.
Splitting refueling into several launches would ensure that only a fraction of the fuel would be onboard throughout the maneuvers, while each consecutive launch would have to reach an orbit with a
lower inclination, increasing the amount of fuel carried.
To validate the calculations of STK we performed analytical calculations of the required delta-v. We
first determined the delta-v needed to perform a maneuver as a function of the inclination change. We
then used the rocket equation to determine the delta-v as a function of the exhaust velocity, burnout
mass and inertial mass (Larson and Wetz, 2005). Figure 6 shows a comparison of different structural
masses of the ISS with different propellant masses and the resulting delta-v that can be achieved using
traditional chemical propulsion methods.
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Figure 6 - ISS Structural Mass vs Delta-V using Dragon Capsule

Our team also researched the feasibility of using a VASIMR engine, an electromagnetic thruster
currently being developed by Ad Astra. This thruster can theoretically deliver the required delta-v of
3112 m/s with as little as 9.1 metric tons of propellant as shown in Figure 7. This maneuver would
consist of a constant burn lasting 835 days. The main drawback of using the VASIMR system is the
power requirement of 200 kW compared to the power consumption of approximately 135 kW for the
entire ISS (Ad Astra Rocket Company, 2015). To satisfy this requirement independently from the
station’s power system, we would need to deliver to the station pre-charged battery modules along
with the fuel. A first order calculation of the pure battery mass needed shows a mass of approximately
150 metric tons, which exceeds the overall mass of the International Spaceport.

Figure 7 - ISS Structural Mass vs Delta-V using VASIMR

Conclusion:
The conclusion of the inclination change study is that the VASIMR engine is not a viable option
because it would require more power than the entire ISS currently consumes. The additional mass
(min. 150 metric tons) required by the additional battery system would increase the overall mass
significantly. The VASIMR has not yet been flight-proven, which adds to the risk.
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In contrast the SpaceX Dragon capsule has been flown several times, although it has never been used
to re-boost the ISS. With a maneuver of 2 m/s for 1 minute every 90 minutes, the inclination change
would take 101 days. This is limiting the change to other orbital parameters while reducing the overall
mechanical load on the existing structure. Nevertheless, the case study showed that further
investigations are necessary because the current maneuver only takes into accounts for a burn in the
axis where the current station keeping maneuver is applied, so we would need to address and consider
the loads of the firing in the other axes. The 216 metric tons of propellant needed for the maneuver
could be provided with three consecutive refills using the SLS. The scenario using the SpaceX Dragon
capsule has technical challenges, but was used to further investigate an inclination change.
EVA, Module Attachment and Docking Considerations:
EVA Considerations:
Astronaut time is a prime commodity on ISS, making EVA a critical driver for the feasibility of this
case study. To minimize EVA time, we did not consider reconfiguration of individual modules.
Instead, we planned to leave large sections of the ISS interconnected, splitting the ISS at the junction
connecting Destiny and Tranquility. EVAs would be required to detach and terminate cooling, power,
and other auxiliary systems, and to separate segments of the Truss to distribute solar power arrays
between the spaceport and the research facility.
Thruster Attachment:
To perform the inclination change we would need to attach a Pressurized Mating Adapter (PMA) to
the Destiny module as a docking port for Dragon. This module would then be used for station keeping
and to re-supply the Spaceport. The PMAs include an international standard docking port. Since the
fuel for the inclination change would be provided with the thruster system there is no need for
additional fuel tanks to be permanently attached to the spaceport at this docking section. The spaceport
docking section would also need a fuel depot. We would also need a new node with two additional
PMAs to attach two more thrusters for the inclination change maneuvers in the other two directions.
We need to consider a similar thruster system when designing the new Attitude and Orbital Control
System (AOCS) of the spaceport.
Spacecraft Docking Ports:
The Spaceport would initially consist of two docking ports for human access and two specifically for
cargo and raw materials. The cargo ports would be placed adjacent to the manufacturing facility
modules to allow easy transfer of raw materials and consumables between the two sections.
These docking ports would be designed to the international docking standard specification (ISS-MCB,
2016). The external fuel storage tanks are attached to the New Module A and B (Table 3). Robotic
refueling missions with the help of Canadarm2 and Dextre robotic assembly would be used for the
refueling of the spacecraft. The final design is illustrated in Figure 8.

Figure 8 - Overview of the new Spaceport design
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5.3.2 Technical Design for In-Orbit M anufacturing Capabilities
Current Technology that can be implemented for Manufacturing hub.
Manufacturing and Assembly Area:
The current Kibo module can be repurposed to serve as a processing and manufacturing facility.
Table 5 - Kibo module system specifications installed on the different section of the Module

TCS

ECLSS

ESS

X

X

X

X

X

X

Exposed
Facility (EF)

X

X

X

3

Experiment
Logistics
ModulePressurized
Section
(ELM-PS)

X

X

X

4

Experiment
Logistics
ModuleExposed
Section
(ELM-ES)

X

X

X

1

Pressurized
Module (PM)

2

CSS

C&T

Mechanical System

EPS

Components

C&DH

Sr. no.

1.Common Berthing
Mechanism (CBM)
2. JEM Airlock

X

1. Kibo’s Exposed Facility
Berthing Mechanism (EFBM)
2. Kibo’s Exposed Facility
Equipment Exchange Unit (EFEEU)
3. Exposed Facility’s Orbital
Replacement Units (ORUs)
4. Extravehicular Activity ORU
(E-ORU)
5. Robot Essential ORU (RORU)
X

ELM-PS Exposed Facility Unit
(EFU)

X

Payload Attachment
Mechanism (PAM)
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Figure 9 - The Japanese Experiment Module (JEM). The Exposed Facility (EF) as it looks from inside
Kibo (Courtesy of NASA)

Robotic Assembly:
The JEMRMS consists of the following components: main arm, small fine arm (SFA), JEMRMS
console, SFA stowage equipment, and Hold and Release Mechanism.
The arm has been used for the assistance of maintenance and experiments that Kibo does it are on the
(EF). These arms allow the crew to switch EF payloads or Orbital Replacement Unit (ORU) on EF
and Experiment Logistics Module-Exposed Section (ELM-EF) (JAXA, 2007).
The Kibo module has the capabilities to be repurposed as a manufacturing unit. The EF can be used as
an assembly platform and eventually as a platform for the production of large structures. JEMRMS
can be used for payload transfer, servicing and assembly. The pressurized module (PM) can be used as
the processing and manufacturing facility and the ELM-PS as a storage bay and also as an airlock to
transfer the manufactured parts to the assembly area or different parts with the help of mobile
servicing system.
Mobile Servicing System:
The space station is equipped with Canadarm2, a robotic arm that has the capability to grab large
payloads, move them around, and perform berthing operations. The arm can reposition itself along the
truss, thanks to the Mobile Base System, making it an extremely versatile tool. The Canadarm2 can
grapple the Special Purpose Dexterous Manipulator (SPDM), also known as Dextre, a two-armed
robot that can install and remove small payloads likes computers, batteries, and power supplies. It is
used for maintenance and servicing and to manipulate, remove, and inspect scientific payloads. It
automatically compensates forces and moments on the payload, and compensates automatically in
response to smoothly handled payloads (NASA, 2001).
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Figure 10 - View of the SpaceX Dragon cargo ship docked to the nadir port of the Harmony node as the
station's Canadarm2 and the Special Purpose Dexterous Manipulator prepare to remove external cargo
from Dragon (Courtesy of NASA)

Processing and Manufacturing Technology:
The ISS has been helpful in demonstrating the capabilities of in-space manufacturing using additive
manufacturing. Now the goal should be to expand the capabilities of the current technology to setup an
in-situ resource utilization unit which would be capable of producing different kinds of equipment,
tools, and eventually large structures on demand and with rapid iteration. This would drastically
decrease the demand of reliability of launches from Earth and would also help in deep space missions.
Advantages of Manufacturing in Microgravity:
• Very low gravity
• Low convection, shear, turbulence
• Unique melting and combustion properties
• Unique alloying and glass manufacture opportunities
• Unique biological responses
• Containerless processing
• Precision control of biological and material processing
Advantages of Manufacturing in Space:
• Abundant power
• Extreme vacuum
• Extreme hot and cold temperatures
• Plenty of room
• Extraterrestrial minerals and material
• Unique environments
Manufacturing Technology Under Research:
The Additive Manufacturing Facility (AMF) is currently a permanent hardware facility on the ISS
AMF has the ability for on demand repairs, allows immediate repairs of essential components, and
upgrades on the existing hardware.
Technology already demonstrated in Space includes welding aluminum, stainless steel,
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titanium, crystal growth, processing of non-homogenous alloys, brazing of stainless steel tubes,
electron beam welding, molten metal spheres (NASA, 2017), ZBLAN fiber (Optic fibers) (Harper,
2017), and usable tools from acrylonitrile butadiene styrene filaments demonstrated by Made in Space.
Technology Currently Under Research:
• Printed Electronics: In-space manufacturing electronics plasma jet printable electronics
(Werkheiser, 2015)
• Printable satellites: Combining additive manufacturing with printable electronics to create ondemand satellites (Werkheiser, 2015)
• Multi material 3D Printing: Creating high-strength components for large structures
(Werkheiser, 2015)
• External Structures and Repair: Additive manufacturing technologies can be used to repair
tools, components, and structures (Werkheiser, 2015)
• Plastic material: Plastic additive manufacturing technologies (NASA, 2016b)
• Stereo-lithography
• Fused Deposition Modeling
• Food Materials: Usage of 3D extrusion of food material in Space provides a quicker and more
reliable option for the crew dietary needs (Terfansky and Thangavelu, 2013)
Additive manufacturing technology for metals includes Selective Laser Melting (Direct Metal Laser
Sintering), Electron Beam Melting. Marshall’s capabilities for 3D printing metals includes titanium,
aluminum, Inconel and other nickel alloys widely used in aerospace manufacturing.
Tethers Unlimited uses a recycling system and 3D printer to perform demonstrations of closed-cycle
in-space manufacturing on the ISS. It would process plastic feedstock through multiple printing and
recycling cycles to evaluate how many times the plastic materials can be re-used in the microgravity
environment before their polymers degrade to unacceptable levels.
Archinaut is a technology currently under developmentn, which enables autonomous manufacture and
assembly for spacecraft systems on orbit.
Future plans for Made In Space include exploring the possibilities of creating objects, such as
nanosatellites, in space and then launching them into LEO directly from the ISS. Nanosatellites are
small shells that can carry any number of technologies or experiments. Printing these at the ISS could
drastically alter the entire realm of nanosatellites. No longer having to wait for a scheduled launch
from Earth, and securing the space to transport the secondary payload would save immensely in both
time and resources.
Raw materials can be procured first from the resupply missions from Earth and the recycled parts from
the station by using them as feedstock. Later when the Asteroid/Lunar mining market is setup, raw
materials from these activities can be used as feedstock. Also, space debris can be used for
repurposing, recycling, and as raw materials.
The Electrostatic Levitation Furnace (ELF) is a facility on the ISS for material science that melts
levitating materials with a very high melting point, measures their properties, and then solidifies them
from a supercooled phase by taking advantage of the microgravity environment. Many scientific
results have already been obtained ahead of the world from ground-based research conducted prior to
the space experiment on the ISS (JAXA, 2015).
The solar furnace at the Deutsches Zentrum für Luft- und Raumfahrt (DLR) German Aerospace
Center facility in Cologne has two working setups. As a baseline, 147 curved mirrors focus sunlight
into a high-temperature beam to melt the soil grains together. The resulting bricks have the equivalent
strength of gypsum, and are set to undergo detailed mechanical testing.
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The high flux solar furnace at the DLR concentrates sunlight and irradiances up to 5 MW/m2 and
temperatures above 2500 °C are possible. These procedures are aimed at the chemical storage of solar
energy and its application in technical, chemical, and metallurgical high-temperature processes.
Testing is done under irradiation of various materials under extreme conditions such as high vacuum
down to 10-6 mbar. It can also be used with especially manufactured components for the experiments,
like beam guidance systems, tilted mirrors, various aperture shapes, or different vacuum chambers for
tests in space related conditions (DLR, 2010).
Proposal for Expansion:

Figure 11 - Proposal for expansion of the manufacturing facility.

The addition of another module based on Kibo’s design with the Experiment Logistic ModulePressurized Section, and without the Exposed Facility can be used for the expansion of the storage and
processing unit. As the cislunar economy is established there would be raw material coming initially
from lunar mining and eventually from asteroid mining. Inspection and qualification of the product
from the manufacturing facility would be required using advanced technology and robotic assembly to
make it qualified for assembly. Also setting up new assembly areas is necessary for large structures,
satellites, spacecraft components, and for servicing purposes.
5.3.3 Technical Design for Research Facility
The main ISS research facilities are housed in three laboratories: Destiny, Kibo, and Columbus. These
facilities are equipped with the International Standard Payload Rack (ISPR) to host large experiments,
and a rack framework to host smaller payloads. The Active Rack Isolation System (ARIS) isolates
payload racks from vibration thanks to an active electromechanical damping system that compensates
vibrations.
The International Research Facility would include the Columbus module as its primary research
support module. The generic interior research facilities in the Columbus module feature one
EXPRESS rack, one Multipurpose Small Payload Rack, and the European Drawer Rack, which, like
the EXPRESS racks, provides subrack-sized experiments with standard utilities such as power, data,
and cooling. Specialized facilities within Columbus support material studies using one KOBAIRO
heating furnace, fluid physics research (Fluid Science Laboratory), space biology experiments on
microorganisms, cells, tissue cultures, small plants, and small invertebrates (Biological Experiment
Laboratory). The effects of short and long-duration space flight on musculoskeletal, biomechanical,
and neuromuscular human physiology and behavior are also conducted using the Muscle Atrophy
Research and Exercise System, two Human Research Facilities, and the European Physiology Module.
The Rassvet Mini-Research Module would also be included. It provides cargo volume and eight
internal workstations that are used as a mini-research laboratory for biological and biotechnological
investigations, and for experiments in material sciences and fluid physics. It would continue to
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function in this way and while providing storage for additional research equipment relocated from the
repurposed modules Destiny and Kibo, as they would become a part of the International Spaceport.
Multiple segments of the truss, including the S3 and P3 Truss segments, would be included in the
International Research Facility. Four EXPRESS Logistics Carriers are located at several locations on
the S3 and P3 Truss segments, and provide interfaces for power and data. These would also be
available on the International Research Facility, though they would remain inactive until a later
installation of a new Dextre-like robotic arm for mounting and operating these and additional exterior
EXPRESS Logistics Carriers.
This core research infrastructure provides substantial research capabilities in the unique fields of
current LEO space research, including substantial support for biological research. Space biological
and pharmaceutical research is playing an increasing role in public and commercial interests and it is
important for the International Research Facility to emphasize these fields of study, as well as support
the growth of additional pharmaceutical and biomedical research in the future.
Additional research equipment would be relocated to the International Research Facility from the Kibo
and Destiny modules, which would be repurposed to the International Spaceport as habitat and storage
areas and for manufacturing and assembly. Research components would be initially relocated into
available storage volume within the Zarya FGB module and the Rassvet Mini-Research Module, and
eventually spread into new storage volume in the new BA330 proposed module (Table 4). This
relocated equipment includes: the Microgravity Science Glovebox from the Destiny module, which
supports small sized experiments in a sealed environment; the three Minus Eighty-Degree Laboratory
Freezers from the Destiny and Kibo modules, which are refrigerators/freezers for biological and life
science samples; the Saibo Experiment Rack from the Kibo module, which is a multipurpose payload
rack system that sustains life science experiment units; and the Multipurpose Small Payload Rack-1
from the Kibo module, which is a versatile unit accommodating small experiments from various
science disciplines.
The truss would provide additional exterior storage space to allow for the retention of additional
equipment from the repurposed Destiny and Kibo modules prior to their separation, such as the six
available EXPRESS racks. This additional exterior storage would be disconnected from power and
data, so it will not be capable of supporting experimental operations, unlike the four EXPRESS
Logistics Carriers on the S3 and P3 truss segments, but it would allow for retention of additional
EXPRESS racks for later use.
The International Research Facility would need new truss segments to replace the ones whose lifetime
is expiring. They would be required to feature functional EXPRESS Logistics Carriers, like the ones
on the S3 and P3 trusses, to accommodate four of the six externally stored EXPRESS racks. The
remaining two EXPRESS racks would eventually be positioned inside a new inflatable module that
would be transported to the International Research Facility.
The BEAM-like Habitat module (Table 4), the BEAM-like Research module (Table 4), the upgraded
truss, and the new BA330 life support and habitat module would sustain the growth of the
International Research Facility and support increased activity in research as well as in human
astronaut experience and on the job training.
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Figure 12 - Overview of the new Research Facility design

5.4 Social Design
5.4.1 Overview
With the repurposing of the ISS, it is important to keep the educational programs that have already
been implemented and have a plan to continue the growth of humankind. Within this chapter, the
furthering of benefits to the general public and younger generation will be discussed, as well as ethical
considerations that must be further investigated.
5.4.2 Im pact on Hum anity
This report is meant to address how space can bring benefits to humankind as outlined by the United
Nations Office for Outer Space Affair by connecting space activities with the achievement of the
Sustainable Development Goals (SDGs). In this perspective, the socio-economic impact of the
identified solutions, namely the International Spaceport and the International Research Facility, can be
identified by analyzing the humanitarian benefits resulting from space society, space economy, space
accessibility, and space diplomacy.
Space Society:
The proposed solution aims to the best use of space technologies and space-based services and
applications with impact in particular on human health, global education, research and international
cooperation thus fostering of peace.
Space Economy:
The identified solution addresses the space economy through the active inclusion of the private sector
and the fostering of innovative spin-in and spin-off technologies which would benefit also the nonspace sector.
Space Accessibility:
Based on the assumption that more countries, including developing countries, should participate in
space activities (Kasturirangan, 2007), the policy framework aims to reduce the gap between countries
who have access to space and those who have the capability to conduct space science and applications
by being open to all spacefaring countries thus overcoming the limitations in current international
cooperation scheme.
Space Diplomacy:
Space activities have been a characterized by an enormous amount of international cooperation.
Though, international space cooperation has a mixed history and remains hostage to broader political
dynamics. By identifying policy solutions which include all spacefaring countries, namely China, the
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goal is to promote a truly international cooperation in space and thus international peace and security
on Earth.
5.4.3 Com m unication Strategy
The ISS is the most costly space asset ever constructed and, regardless the proven benefits to
humankind, can be perceived by citizens as a waste of public funds. It is ambitious in terms of
engineering solutions, namely with the creation of a separate spaceport having a different inclination.
It is also brings policy implications with the addition of new collaborators, from spacefaring countries
to private actors. The new proposal for the ISS should therefore provide strong arguments for the
creation of the Spaceport and the International Research Facility while highlighting the immediate and
future socio-economic benefits back to Earth and the growth vision of the future (Dator, 2012).
The main targets of the recommended communication strategy are the general public, the political
decision-makers, and the younger generations. The public opinion is of utmost relevance for the
ethical considerations this project takes into account. Specific cooperative programs with academia,
further explained in section 5.7.4, particularly address the younger population.
An interactive communication approach that involves media, scientists, politicians, academia, and the
citizens is pursued. The message has to be credible, objective, and sufficiently accessible to be
understood by the public. The content should thus derive from balancing the rational scientific side
with the emotional aspect of media experts. Similarly, the communication channels include both
traditional media, including scientific publications and teachers in academia, and the more popular
social media.
5.4.4 Outreach Potential
With the expansion of the space sector, what is often forgotten are the roles of youth and the impact
they have on shaping the future. Engaging youth in Science, Technology, Engineering, Arts, and
Mathematics (STEAM) is an integral part to the future of the space industry and would help define the
direction of future space exploration and activities. Youth outreach as well as student engagement
have long been facets of the ISS mission. From completing experiments designed by students to
communicating with youth through the amateur radio network and posting question and answer videos
online, the ISS has been diligently worked to build an interest in space among the youth. Reports have
shown that this contact with crew members in space “inspires [the] students, and has launched many
into space-related careers – including neuroscience, chemistry, physics, astronomy and engineering”
(Gaskill, 2016). This line of communication and engagement is integral to keeping the generations
engaged and interested in further space exploration. As such, amateur radio would continue to be
implemented in the new research facility of the ISS along with an expanding network of ways to
contact astronauts in space, thus offering more youth the opportunity to connect.
Another option to engage students in the classroom is through the implementation the Columbus Eye
project (Figure 13). The Columbus Eye is a project funded by the German Space Agency, DLR, and is
comprised of a series of high definition cameras providing live imagery of the Earth from the ISS. It is
a free-to-use live stream that is easily incorporated in the classroom setting, allowing students to be
exposed to EO at a young age in a setting that is conducive to learning. The Columbus Eye provides a
large variety of learning opportunities for a range of educational levels. Computer based learning
modules suitable for young students are built such that students can access and use the program
without the aid of a teacher. The modules are interactive, exposing the student to remote sensing
techniques and other space imagery scenarios. At the end of each module, a series of questions
highlighting the key concepts is to be answered in the final quiz section. Although the Columbus Eye
is designed as a one-on-one tool for students, a teachers’ guide is also available to ease integration into
the lessons (Ortwein et al., 2017). The Columbus Eye project initiative is one of several functions of
the present ISS that would be carried over after the repurposing. Additionally, the project would be
expanded to allow it to capture EO data from the International Spaceport as well as the Research
Facility, through the use of high definition cameras on both stations capturing live images of the Earth
in the different inclinations.
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Figure 13 - Photograph taken from the Columbus Eye

Launch Opportunities:
Several universities around the world are currently involved in designing, manufacturing and testing
their own satellites with the intent launching and furthering space research. At present, support for
launching student projects is not readily available and the cost to launch independently without
support is prohibitively high and can cost upwards of US$40,000 (Antunes, 2014). New opportunities
are arising in the space community to further student involvement in the space sector, and better
integrate their efforts. For example, the Canadian Space Agency (CSA) would be awarding 13 grants
amounting to CAD$200,000 to Canadian postsecondary associations as part of the Cubesat project.
This initiative would accept proposals from each province and territory, and the winning team would
go through the process of designing, building, launching and operating their satellite on a real space
mission.
Once the satellite is tested and ready to be launched into space, it is planned that the satellite would be
deployed from the ISS, allowing the teams to operate and conduct experiments according to their
proposed missions, which can last up to 12 months (Newswire, 2017). This plan is an effective
outreach approach as youth are given the opportunity to develop their skills and experiences in a wide
range of technical skills (such as engineering, math and physics) and soft skills (such as team work,
communication and creativity). Overall, it is the intention to continue these types of programs and
develop them around the world, allowing student satellite projects to be launched from the Research
Facility ISS into orbit, would help youth to develop their knowledge and passion as they move into the
workforce and continue to contribute to the space sector (Newswire, 2017).
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Figure 14 - Testing of CubeSat at the David Florida Laboratory from participants of Concordia
University, Montreal, QC

Student Research Opportunity:
Using the ISS as an innovative platform in the system of space education is an approach that has
piqued the interest of many industries. Governments, corporations, and private citizens are investing
money in students to help develop scientific experiments, the best of which are to be conducted onboard the ISS. This approach to engage students would continue once the ISS is repurposed. With
programs like Kids in Micro-G in place, it provides a challenge focused on students from fifth to
eighth grade to design experiments to be both tested in the classroom as well as in the microgravity
environment on the space station (Trotta and Maddix, 2010). As a new and improved Research
Facility, it is important to follow through with student-based projects so as to expose students as early
as possible to space to better train them to solve complex problems whilst having fun and keeping
them engaged in math, sciences, and engineering (Saenz-Otero et al., 2010). In the end, investing in
educational outreach using the ISS as a platform has increased the motivation of high school and
university students to connect with space research, increased the level of scientific knowledge of
teachers, improved the quality of teaching of natural sciences, and popularized the achievements of
world space exploration and space activities (Mayorova et al., 2014).
Partnership with Academia:
A cooperative scheme with academia should be developed to promote space education and to foster a
generation of innovative ideas and technologies from the students. The existing networks each space
agency has built with universities, should be coordinated in an effort to create an international research
platform devoted to the future development of the ISS, including its final de-orbit phase. The new ISS
consortium shall provide to academia experts and proposed topics for research while the academic
partners produce scientific research. The cooperative scheme shall be regulated by MOUs and
includes the accreditation process. The ISU could act as a first partner. In particular, the ISU Master of
Space Studies (MSS) and the SSP should envisage studies devoted to the ISS’s spin-in and spin-off
technologies.
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5.4.5 Ethical Considerations
The motto of the ISU is based on the vision of a peaceful, prosperous, and boundless future through
the study, exploration, and development of space for the benefit of all humanity. It is an institution
where students and faculty from all backgrounds are welcomed and where diversity is honoured and
nurtured. The ethical reflection is therefore a key element in the team project decision-making and
final outcome. The opinions and ideas of the team members arising from different culture and
experience are respected and encouraged while the final report reflects the best agreed consensus on
the preferable space solution for the future of humankind.
The work of the team project has focused on the reasons and motivations for the proposed solution,
keeping in mind that “we explore to reach goals, not destinations” as outlined by the Augustine report
(Human Space Flight Committee, 2009). The mission statement and the objectives have been
questioned to take into account the ethical aspects related to space exploration, crew health, and
international cooperation framework among others.

5.5 Politics and Law
5.5.1 Overview
Politics have played a fundamental role in the motivation of national space programs since the
beginning of human exploration of space. Space and politics go together, as we saw during the Space
Race between the United States and the Union of Soviet Socialist Republics. While involvement in
space has traditionally reflected the ideologies of participating countries, some aspects of international
politics have also been shaped by advancements in space (Sheehan, 2007). The ISS can be seen as an
example of these kinds of top-down political changes, setting a precedent with regards to the ability of
governments to overcome political barriers through cooperation in space. According to Michael
Sheehan (Sheehan, 2007), “The space age is the age of global politics.” As countries continue to strive
to operate on an international basis, the considerations of all nations may begin to be reflected in
national space programs. The revitalization of the ISS could be seen as one such effort.
5.5.2 Stakeholders
As we present one possible future for the ISS after 2024, we shall keep its main stakeholders and their
interests in mind. This group first incudes the five governments who have ratified the Agreement
Between the US and Other Governments, an Intergovernmental Agreement (IGA) that provides the
basis for the legal framework of the ISS. This IGA specifies that the ISS is a cooperation between the
governments of Canada, 10 Member States of ESA, Japan, the Russian Federation, and the US. The
needs of the ISS partners had the priority in the process for the future of ISS.
In addition to the IGA, the legal framework for the ISS is also based on Memoranda of Understanding
(MOUs) that detail the responsibilities of the national agencies of each partner country. Because of
their direct involvement, the interests of national agencies would also have a high priority. Future
stakeholders could include in the future commercial industries whose efforts are directly related to
space-related activities. The commercial space industry is currently involved in activities in LEO, and
as a result is already invested in an alternate solution to de-orbiting the ISS. We foresee that they
would have a more pivotal role in the proposed International Spaceport and Space Research Facility.
We have also considered the interests of other potential partners, and we have recognized their
possible investments.
We took into account the populations of the countries whose governments have ratified the IGA
because their financial investment played a major role in both the development and operations of the
ISS. Finally, we considered the needs of future generations who would benefit from the advancement
of human presence in LEO because they would be the leaders of the next generation in space.

56

A NEW VISION: THE FUTURE OF THE ISS

5.5.3 M ain issues
The main objective of providing an alternate solution to de-orbiting the ISS is to reduce the financial
burden on space agencies. This objective includes technical and economical initiatives that bring with
them underlying political and legal perspectives. The decision to split the ISS into two separate
stations must first include the proper legal framework, predicated on mutual agreements between all
partners, keeping their national interests in mind.
Agreement Between partners:
The IGA is considered the main governing structural agreement that sets the framework for
construction and operations of the ISS. It sets forth its collaborative nature and specifies that it must be
used for peaceful purposes while upholding international law. While the government of the United
States has a lead role in management and coordination, all parties must agree to any changes.
To ensure the success of this plan to take effect, it is crucial that representatives of all partners begin
conversations to address three high-level, time-sensitive issues: the split into an International
Spaceport and Space Research Facility; the increased incorporation of the commercial space industry;
and the solicitation to other governments to further lessen the financial impact on the partners.
Split into Two Facilities:
Separating the ISS into two facilities highlights the need for continued partnership, specifically with
respect to maintaining the international nature of both facilities. Both segments would need to be selfsustaining, international units, composed of modules and parts from more than one agency. Regardless
of the final configuration of modules, all partners would support an international effort for both
facilities.
The International Research Facility would contain mostly Russian-provided modules and would
remain in its 51.6 degree inclination. This is favorable for Russian launches due to the high inclination
required for the Baikonur launch site. Access to the Spaceport segment would require Russia to
employ other means of launch services. A barter agreement guaranteeing resupply of the International
Research Facility from Russian launch sites in exchange for access and use of the Spaceport using
other countries’ transportation systems may be a solution. All other partners would be able to reach the
International Research Facility with no major changes to their launch capabilities.
All partners would partake in the International Spaceport, which would be moved to a 28.5 degree
inclination to better support interplanetary access. The Global Exploration Roadmap (ISECG, 2013)
identified commonalities between agencies, while also supporting national interests. All partners have
a vested interest in expanding space exploration beyond LEO, reaching cislunar space, the Moon, and
Mars. The Global Exploration Roadmap includes a mission scenario where both planned and
conceptual missions are mapped out in the transition from the ISS to interplanetary exploration. The
International Spaceport enhances the objectives of this scenario, enabling both robotic and human
missions for all partners to expand beyond LEO.
Request for Proposals:
To spread the costs of the new ISS over more agencies, all partners could explore the benefits of
including countries that are not currently a part of the IGA. China and India have the infrastructure
and autonomy needed to launch components to either facility. China has evolved to be an autonomous
spacefaring nation, and in joining the repurposed ISS, they would likely wish to take on enough
capabilities to become an equal partner (Handberg and Li, 2007). While there are many political
challenges in this scenario, China has proven itself a space power so its inclusion would be extremely
beneficial, and provide the financial means to partially sustain the cost of operations. We recommend
initiating conversations between the partners immediately because China is currently developing its
own space station program.
If the partners wish to further the international responsibilities of the station, they should solicit a
request for proposals to support multinational bipartisan participation. Brazil, India, and China (the
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BRIC countries, shown in (Figure 15) may wish to become involved. The Next 11 (N-11) countries,
identified by Goldman-Sachs for their potential future economic growth, are also likely candidates.
The partners may wish to first agree on which countries they would invite, then solicit a request for
proposals from each nation. This would ensure that the interests of all partners are considered first
while building upon the evolutionary nature of the cooperation.

Figure 15 - Map showing BRIC and N-11 countries ( Goldman-Sachs Research Division, 2007)

The transition to an International Spaceport and Space Research Facility would require resources to
fund the missions to the split the ISS, move selected modules to the lower inclination, build new
modules and facilities, and cover operational costs over its lifetime. It is crucial to continue the
involvement of the commercial space industry and seek out for new opportunities in transportation
services, resupply missions, technology contributions, and hardware development. Companies aiming
to develop tourism units, space stations, space hotels, lunar missions, asteroid mining, and more would
have a chance to work on the new facilities, while improving their technological readiness.
The current IGA allows the participation of commercial entities. In the future, partner nations could
strive to individually encourage the expansion of this market. National laws in the United States have
evolved to support private growth. This type of support could be encouraged from all partners who
wish to lessen their financial contribution.
5.5.4 Building on Existing Policies
If all partners agree to the transition from the ISS to two facilities, the current IGA could be referenced
for provisions concerning modifications to the existing legal framework. When ratified, the IGA
specified the evolutionary character of the ISS and therefore ensured that it would be able to adapt to
changes, given mutual agreement from all partners. However, the IGA was written for one station, so
it would not be possible to modify it to account for a split into two distinct facilities. We would
recommend using the existing IGA as a basis for two new intergovernmental agreements to be signed
by all partners, plus any new governments that would be accepted, pending the request for proposals.
By building upon the commonalities from the existing IGA, having one agreement to address the
International Spaceport and one to address the International Research Facility would address concerns
and intentions specific for each facility individually.
After the ratification of all existing and future partners, we recommend using MOUs to address
specific contributions from each agency. These agreements would detail the responsibilities for
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existing and potential future space agencies, which is crucial in this transition. As with the ISS, these
MOUs should be agreed upon and signed before starting the construction of the new facilities.
With the implementation of two agreements and Memoranda of Understanding, the transition of one
ISS into two orbiting facilities would need to address major issues like ownership of modules and
hardware, liability concerning space objects and components, intellectual property, indemnification,
and jurisdiction principles. Possible end of life scenarios could also be considered, with room for
flexibility for the anticipated age of both facilities. NASA has considered different strategies and
methods of implementation for the controlled re-entry of the ISS. While these studies may be
referenced to set up a high-level strategy, they would need to be modified significantly to take into
account the new configuration. Among the decisions to consider early on are liability challenges
concerning possible re-entry and possible re-registration of hardware to the appropriate partner. While
any country can agree to address issues like these through distinct contractual agreements, we would
recommend a single agreement between all countries over one consistent method.
The existing IGA was implemented to anticipate and even encourage changes in obligations and
responsibilities to adapt to the evolution of the ISS as agency goals shift over time. We recommend
adopting these same principles in the new framework to ensure the success of any future changes that
are desired.
5.5.5 Lessons Learned
International relations and policy changes for the future of the ISS would greatly benefit from
incorporating lessons from the initial construction of the station. Space exploration objectives should
be representative of the highest benefits for and interests of humanity, and should not be affected by
broader political differences. Lead roles should adapt with changing agency priorities and all partners
should continue to come to agreements with both their individual and broader international interests in
mind. The existing legal framework could be modeled for any future changes because this is what has
made international collaboration in space politically possible. Top-level management, representing
key technical perspectives, should take a lead role in making major decisions concerning changes and
operations. This is current practice, and in the future it would ensure that the technical capabilities and
common goals between agencies would be prioritized over differences in national interests.
As noted in a review of the political challenges of the ISS (McCurdy, 1990), long-term goals have the
potential to delay complex decisions. Policymakers should therefore set incremental goals in the
development of new framework, keeping in mind agency commonalities from the Global Exploration
Roadmap. This process would enable progress to be made with regard to policy independently of total
commitment to long-term goals. To reiterate McCurdy (McCurdy, 1990), the station is not an end in
itself. It is a platform that nations could use to explore space beyond LEO. This idea could serve as the
basis for political and legal discussions that may lie ahead.

5.6 Economics
To investigate the feasibility of our proposal, a cost analysis is presented. Budgets within individual
space agencies are currently allocated to the continued use of the ISS. We seek to identify alternate
sources of funding for major reconstruction and operational costs in efforts to free agency resources
from current financial ties.
Based on the 2014 NASA Audit Report, Extending the Operational Life of the ISS Until 2024, NASA
contributes a yearly budget of US$3-4b, which is approximately 75% of total operational costs. To
produce multi-billion dollar cost savings for all agencies in the funding of this effort, we suggest:
• Inclusion of autonomous spacefaring nations capable of providing reassembly costs
comparable to investments made by current partners
• Continued enabling of the commercial space industry to support initial crew and cargo support
with sustained presence post-assembly
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•

Implementation of a new space lottery model along with crowdfunding campaigns aimed at
raising funds on a continuous basis through public engagement

We make the above suggestions in addition to several assumptions. The 2014 NASA Audit Report
was successful in identifying areas of cost reduction through 2024. Opportunities for lowering
operational costs which currently account for 43% of NASA’s ISS budget were found and have
resulted in a US$445m reduction between fiscal years 2015 and 2020. Potential savings previously
identified include but are not limited to hardware refurbishment by cargo return through SpaceX,
continued use of commercial off-the-shelf hardware, and maximization of research capabilities.
It is our hope that the recommendations made in the Audit Report continue to be considered by
NASA. This and the adaptation of the above three points have the potential to result in multi-billion
dollar revenue to be used for assembly and operational costs of the proposed Spaceport and Space
Research Facility.
5.6.1 Identification of Costs by Technical M ilestone
The following is a characterization of the major technical design changes that will require revenue
generation.
Separation of current ISS and assembly of Spaceport and Space Research Facility:
• Crew and cargo supply to perform separation
• Reassembly of modules
• Addition of new modules to maintain functionality of both stations
• Propellant to lower the inclination of the Spaceport
• Modification and/or addition of system hardware (ie. ECLSS, external shielding from debris,
etc.)
• New hardware to support the in-orbit manufacturing facility (including 3D printers and
associated materials)
Sources of Operational Support for Spaceport and Space Research Facility:
• Involvement from commercial industry and space agencies to carry out research
• Spaceport support from commercial industry and space agencies
• Guaranteed volumes for sustained Russian launches
• Use of existing launch sites for optimal access to Spaceport, including addition of potential
sites from future international partners
To support supply to both stations, launch sites should be selected based on optimal location with
respect to the targed orbital inclination. One way to ensure reduced launch costs is to ensure high
volumes from the Baikonur launch site in support of the Space Research Station. This will result in
similar or reduced costs compared to the current costs of resupply. The International Spaceport,
located in an orbit with a 28.5 degree inclination, would be resupplied mainly by NASA, ESA and
JAXA, and other commercial launch operators. The change in incination would enable a significant
saving in launch costs. The latitudes of the Kennedy, Guiana, and Tanegashima Space Centers are
28.57 degrees North, 5.20 degrees North, and 30.37 degrees North, respectively. If we apply the
rocket equation and consider the tangential velocity of Earth a any given latitude, we can see that
launching to 28.5 degrees inclination, as opposed to 51.6 degrees, produces a 30% improvement in
payload mass, or an equivalent reduction in launch cost when launching from from Kennedy Space
Center, Guiana Space Center, and Tanegashima Space Center. Extended partnerships could open up
the use of Chinese, Indian, and other potential launch sites and not only serve to independently launch
cargo, but also to partner with Russia and Russian commercial companies to guarantee full
international operations of both stations.
With the potential savings from launch sites in mind, the following is a review of the benefits
associated with the incorporation of additional partners and global methods of public engagement.
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5.6.2 Expanded International Partnerhips
In keeping with the foundations of the current ISS program, the highest interest for the future of the
ISS is improving international relationships. For this reason we should look forward to establishing
partnership with countries not included in the current partnership. China and India, with their
advanced and ambitious space programs, should be the first in line because they would provide the
biggest gain from a technological, political, and financial. Additional countries could be invited, if all
current partners agree about their inclusion. The following sections highlight the main costs and
benefits of potential relations with China and India.
Chinese Partnership:
In February 2017, United States Gross Domestic Product (GDP) was US$18.03t, China's GDP was
US$11.00t and ranked second in the world (the third was Japan with US$4.38t, and the fourth was
Germany US$3.36t).China's economy is dominated by public ownership, and the government has
huge fiscal revenue to invest. China has the world's largest foreign exchange reserves, more than
US$3t (Trading Economics, 2017; TheDev, 2017; Statistics Times, 2016).
The Chinese government invests a lot of resources each year to carry out research on their human
space program, providing the ground for a strong financial support of a future space station if China
was included. China has independently developed the Long March carrier rocket (Indo-Asian News
Service, 2017), which can lift payloads to LEO, MEO, and Geostationary Orbit (GEO). On top of that,
Chinese design, manufacturing, testing, control, and launch capabilities are among of the best in the
world.
The Shenzhou spacecraft and the Long March-2F carrier rocket are China’s human transportation
system, while the Long March-7 carrier rocket and the Tianzhou cargo spacecraft are cargo
transportation system for the Tiangong space station (Spaceflight 101, 2016). China also boasts four
launching sites: Jiuquan, Xichang, Taiyuan, and Wenchang. They are in different latitude from north
to south, so they could provide launch services for both the International Research Facility and the
International Spaceport (Krebs, 2017; China Internet Information Center, 2004). A large number of
ground facilities could provide test, management, and other services to future missions (Global
Security, 2016).
In recent years, China has carried out space science and technology tests, space research, space
exploration, medicine research, Earth observation, and scientific experiments in space and ground
technology. This research provided significant results, so they would be a great foundation for
perspective collaboration in a space station program (Clark, 2016).
China currently has more than 20 taikonauts, all pilots, including two female astronauts. They are well
trained, with very extensive knowledge of space systems and science. In the future, China will likely
recruit engineers working on research and development of human spaceflight systems, and medical
doctors and psychologists from their existing pool of medical experts. A taikonaut corp with this kind
of qualifications would provide a great contribution to our proposed space program (Dillow, 2017;
Koren, 2017).
According to statistics, 150,000 people in China work in space-related research. More than 100,000 of
them were born in the 1980s, with an average age of 32. The immense potential of these human
resources is unprecedented, and is a virtually unlimited source of innovation, and research and
development capabilities (WMD Resources, 2000).
Another very important aspect of Chinese human spaceflight is that it has been developed
independently from those of the United States, Russia and the European Union (EU). Their
experience, ideas, and management methods go hand in hand with their unique oriental thinking
mindset. A partnership with China, and the integration with their space station program, would
provide an opportunity for sharing technologies, ideologies, and management styles with clear benefits
for space exploration and policy.
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Indian Partnership:
The Indian space program started in the 1960s when India was still recovering from the postindependence economic and investment in the space sector was a questionable proposition. The
narrative of the Indian space odyssey has been focused, since its inception, in the socioeconomic
perspective of a developing nation. Dr. Vikram Sarabhai, the founder of the Indian space program,
summed up the Indian rationale to space:
We are convinced that if we are to play a meaningful role nationally, and in the
community of nations, we must be second to none in the application of advanced
technologies to the real problems of man and society.
In the sixties and seventies, while the US, Europe, and Russia were sending humans to the Moon and
automatic spacecraft to explore the solar system, ISRO was conducting a large sociological
experiment called SITE (Satellite Instructional Television Experiment) to demonstrate the benefits of
satellite communication technology to remote villages in India (Sankalp India Foundation, 2007;
Kamat, 2012; Aravamudan and Aravamudan, 2017). During the eighties, ISRO was quietly laying the
foundation to achieve end-to-end self-reliance in three fields: satellites for communication and remote
sensing, the space transportation systems, and space applications. In the operational phase of the
nineties, ISRO established a domestic launch capability by rolling out their PSLV and the GSLV
rocket, and a satellite program with the IRS and INSAT series of satellites dedicated respectively to
remote sensing and telecommunications (Sankalp India Foundation, 2007; ISRO, 2017a).
At the turn of the century, while the Indian economy was growing at fast rate, so was the Indian space
program. Having achieved its vision of self-reliance and societal applications, ISRO set its vision
towards space exploration and launched Chandrayaan-1 a lunar probe.
The last decade has seen a manifold expansion of ISRO activities, improving launch capability,
increasing launch frequency, involving industries for commercial production of satellite and launch
vehicle elements, initiating direct application of space technologies to several governmental activities,
and laying the roadmap of a steady space exploration program. Some of the conspicuous ISRO
missions of this decade are the Mars Orbiter Mission, famous for its extremely tight budget (US$70m)
and its success at first attempt, the RISAT mission, the world’s first hybrid polarimetric spotlight
SAR, Astrosat, India's first space-borne telescope, NavIC, India’s regional navigation satellite
constellation, the Space Capsule Recovery experiment, and the GSLV MKIII rocket. ISRO is planning
to launch a Moon lander and orbiter in 2018, and scientific missions to Mars and Venus at the turn of
the next decade. The renewed vision of ISRO is to "Harness space technology for national
development while pursuing space science research and planetary exploration." (ISRO, 2017a;
Narasimhan, 2015).
India is currently one of the fastest growing economies in the world, and the Indian government fully
supports the space program. Being an entirely public-funded governmental space agency, ISRO
continues to have a healthy budget allocation that has been growing year over year. The current annual
budget is US$2.5b, which is 0.1% of the country’s GDP. ISRO is role model to the whole world in
terms of cost-effectiveness (Jayaraman, 2015; Press Trust of India, 2014).
The Indian spaceport is located in the island of Sriharikota, at 13.7 degree North latitudes, making it a
suitable location for launching spacecraft to low inclination orbits. Currently there are two launch pads
and a third one is coming up. With the successful development and demonstration of the indigenous
cryogenic engine and flight of GSLV MK II and MK III rockets, ISRO has now the capability to lift
10 metric tons to LEO and 4 metric tons to Geostationary Transfer Orbit (GTO) (SDSC-SHAR, 2017;
ISRO, 2017b).
ISRO has had collaborations with NASA, ESA, CNES, DLR, EUMETSAT, JAXA and other
spacefaring nations. It has also been commercially launching satellites for space agencies and private
companies across the world (ISRO, 2017c; Bagla, 2016).
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With this level of development, it would be a good time to invite ISRO to participate in the ISS
partnership. ISRO may be expected to participate in launching missions to the International Spaceport
from Sriharikota. ISRO could also contribute to spaceport by developing new modules, solar arrays,
truss structures, in the development, manufacturing and assembly of spaceships. ISRO may also
contribute with astronomical experiments for the research facility. It is not clear at the moment India’s
potential involvement in the human component of the ISS. However, with the development of the
Indian human spaceflight program underway, it is possible that beyond 2024 ISRO may be able to
contribute with crew and ECLSS subsystems.
5.6.3 Partnerships with Com m ercial Industry
The past decade has seen a boost in involvement from the commercial space industry, with continual
movement towards autonomy. There are many potential areas between the Spaceport and Space
Research Facility to build on existing partnerships as well as to involve commercial companies who
can demonstrate significant financial support. Commercial investments can lie in crew cargo services
as currently provided, crew transport, and the potential space tourism market for sustained revenue
generation. In a report by the Space Policy Institute of George Washington University (Hester, 2017),
the continual involvement of commercial sectors through PPPs have demonstrated success, however
must continue to be enabled by governmental institutions to see full long-term benefits.
In 2006, NASA initiated the Commercial Orbital Transportation Services program on the basis that
free market support will eventually allow for more efficient transport services, thus freeing agency
resources from activities which can be streamlined (COTS 2014). This enabled the private sector to
gain traction and create private partnerships where they had not been before. SpaceX and Orbital
Sciences Corporation have been successful due to the this program and should both be heavily
considered for future changes to the ISS. It is possible that by 2024, both companies will be able to
provide a significant number of launches to support the reconstruction into two stations, including
crew.
The manufacturing facility at the new Spaceport will provide opportunities for commercial companies
wishing to both perform in-orbit manufacturing and travel out of LEO. Again, SpaceX may wish to
maximize its investments in this facility in support of its goals of soon reaching Mars. Companies
aiming to mine asteroids, extract in-situ resources, or provide technological resources for deep space
travel may also choose to partake in the Spaceport.
Within the arena of commercial space also lies the space tourism market, which though is not yet
established, has the potential to both share the benefits of space with the public and demonstrate a
quick return on investment once established. Blue Origin and Axiom may benefit from space tourism
in relation to the International Research Facility, as they may use this to incrementally achieve
autonomous facilities of their own. Research must continue to enable the safe use of LEO for space
tourists and this can be done in this facility. This station will also draw investments from
pharmaceutical companies wishing to utilize the benefits of microgravity for research and
development.
The commercial industry has a large potential to support the development and sustained use of the two
proposed stations after 2024. If countries continue to enable this market, the benefits to the Spaceport
and International Research Facility will be financially significant.
5.6.4 Space Lottery and Crowdfunding
A lottery and crowdfunding are two innovative financial approaches that we have considered during
our project to support the transition of the ISS into the International Spaceport and the International
Research Facility, and to maintain its operations.
The first approach envisions the creation of a democratic International Space Lottery (ISL) open to
every healthy adult citizen in the world. The second envisions a series of crowdfunding campaigns led
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by the ISS partner nations. The money raised through ticket sales and donations would be used to fund
specific missions, new modules, and activities on the new stations.
The lottery would be coordinated by the United Nations Offices of Outer Space Affairs (UNOOSA) in
compliance with International law and UN space treaties, and would be implemented locally by
domestic space agencies. Itery would be open to every citizen of a UN country, and not just to to
citizens of governments in ISS partnership. The goal would be to promote diversity, education and
equal access to space. This event would be organized seasonally. The highest prize would consist of a
week-long stay on the ISS, in a package that would include the necessary training. We also envision
an opportunity to involve people not medically fit for spaceflight by giving the opportunity to compete
for prizes like parabolic flights, a ten year all-access pass to International Space Conferences, an
international tour of space agencies facilities worldwide, and memorabilia like space suits and spaceflown objects. Other ways to engage the public would be to include prizes of US$10-US$100 and
small rewards like 'I helped the ISS' stickers and t-shirts.
The revenues would be collected by UNOOSA, to be used to fund the assembly and operations of the
two space stations.
The ISL and a global space engagement crowdfunding campaign could contribute an amout of
US$700m-US$1b per year towards future operating expenses, while coordinating philanthropic
opportunities, attracting business angels, venture capitalists, and wealthy space enthusiasts.
To develop a possible economic model for the ISL, we need to start with a few assumptions. Based on
precedence of space tourism flights to the ISS, a week-long journeyto the ISS could be valued at
US$20m. This estimate may be a conservative, considering that past space tourists have paid up to
US$40m per flight, but in a growth future scenario we are assuming that space travel will become
more affordable (Tyler, 2001; Morrison, 2008; Clark, 2010).
In lotteries like the Powerball, a winner is not guaranteed because many of the ticket combinations are
not winning combinations. However, the proposed ISL, which would aim at democratically engaging
citizens of the world in space exploration, a winner would always be guaranteed, and the selection
would be random and uniform. Assuming a volume of 10 million tickets sold, the chance of geting a
winning ticket would be one in ten million. In comparison, the chance of winning the Powerball grand
prize is approximately one in 300 million (Multi-State Lottery Association, 2017). An effective
marketing campaign would be able to leverage this factor.
To identify a price point, we evaluated two scenarios, one based on data about the worldwide
population of gamblers (Lottoland, 2016; Jones 2008), and the other based on lottery average revenues
and costs (Texas Lotto Report, 2017). In the first scenario, we estimate a ticket price of US$10, in the
second a price of US$100. To achieve sales amounting to the US$1b goal, the first scenario would
require 100 million ticket sales; the second would require 10 million ticket sales. The first model
would keep a low barrier to engagement, but would require important marketing efforts to reach the
aimed level of engagement. The other model would require a lower engagement, but the higher cost
would limit the sales potential. On the other hand, the first model would offer a much lower chance to
win the fist prize compared to the second one.
The ticket pricing could include variations to enable people to compete to different prizes. Along the
full-price ticket, we could sell half-priced tickets that are exluded from the first prize. The availability
of lower-priced tickets could be compensated by a larger volume of ticket sold.
For both models we envision a profit of 5000%, with US$1b revenue for each lottery. The running
cost and the prizes would cost between US$20m and US$25m. This is indeed a very high margin that
would keep costs to a minimum.
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Our recommendation is to chose the second scenario (US$100 per ticket, 10,000 tickets per lottery).
We would imagine that space enthusiasts would be ready to pay US$100 to for a potential ticket to
space for themselves or to give as a gift, especially with a well-devised marketing campaign.
Space philanthropy, has had long history in the space sector and crowdfunding campaigns have grown
in popularity in the past decade and are expected to keep on growing. A crowdfunding campaign could
engage participants across the spectrum, rewarding important donors with smaller reward packages,
and serve as a platform to centralize and coordinate opportunities for supporting the ISS.
5.6.5 Conclusion
Our vision for the future of the ISS presents technological challenges that must be sustained with
financial support outside of agency budgets. For this reason, we have suggested the inclusion of
additional international partners who can operate independent of current agency support. This has
significant financial implications because these nations may provide support in terms of assembly and
operational collaboration or through direct financial means.
We have also suggested the continued inclusion of PPPs to enable the commercial space industry to
reduce the cost of reassembly and partnership with agencies in the utilization of both stations. The
current successes of private companies have demonstrated that with continued governmental support,
the long-term benefits of their success can significantly support the lifetime of the new stations.
As an additional tier of sourced financing, we have also suggested the implementation of a space
lottery model, along with crowdfunding campaigns, to procure direct financial support through public
engagement. These initiatives have the potential to generate significant revenue on a yearly basis. We
would also like to highlight the importance of philanthropists, space enthusiasts, and business angels
in space ventures. Cost contributions associated with individuals have shown previous success in the
space industry and with the suggested inclusion of additional countries, this may attract more potential
investors.
With deep space and Moon access provided by the inclination and capabilities of the Spaceport, it is
our vision to include all agencies wishing to travel outside of LEO in the path forward. The adaptation
of these suggestions along with partial support from all currently involved agencies could significantly
reduce the financial impact of the future of the ISS on its current partners.

5.7 Human Performance in Space
5.7.1 Overview
The physiological effects of short-duration space flight, lasting less than three months, have been well
documented (Williams et al., 2009). While research on long-duration missions between three and six
months have begun to provide more answers on the long-term effects of microgravity on the human
body, it has failed to provide answers on how the human body responds to even longer durations in
space (Williams et al., 2009). Preliminary results from NASA’s year-long twin study involving
astronaut Scott Kelly are expected to be published in early 2018, providing a more detailed look at
how the microgravity environment affects the systems of the human body as well as answers on how
radiation can change our DNA (NASA, 2017).
The addition of an astronaut training center would allow us to continue to study the physiological
effects of long-term microgravity exposure. This research would be focused on how the body adapts to
LEO and would build on research already established from over 40 years of manned LEO spaceflight.
Radiation in LEO is lower than in higher orbits so this must be considered when using data to
establish basis for deeper space missions. However, it would give us brand new insights into how
being isolated in a confined space over a long duration of time can affect not only an individual’s
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mindset, but small group dynamics as well, something that has never been done in a microgravity
environment before.
Having a research module that is well-designed to support a wide variety of life science experiments
would allow us to continue to make advances in science that is crucial for the future of not only
humanity on earth, but also for the continued exploration of deep space. The new ISS would present a
unique opportunity for commercialization, including the possibility of new commercial astronauts.
This may lead to insights of how we can take untrained space tourists and bring them into space while
remaining healthy and safe. This information would be important as we look forward to the future of
space hotels and planet colonization.
We recommend that astronaut crews of both the International Spaceport and International Research
Facility still go through all the basic astronaut training (2 years) while on the ground. In addition,
upskilling would be needed for crews working with the manufacturing equipment. To reduce time
spent training and to reduce the risks posed by the current gaps in telemedicine, it is also
recommended that at least one medical doctor is assigned to the crew at any given time.
5.7.2 Space Environm ent Effects
Cardiovascular Considerations:
There have only been two cardiac events recorded in LEO, making the risk for a catastrophic cardiac
event very low. However, it is known that the cardiovascular system starts to remodel itself the instant
there is exposure to microgravity (Hargens and Richardson, 2009) which can lead to cardiovascular
irregularities such as in-orbit arrhythmias, decreased aerobic capacity leading to decreased
performance, as well as post-mission orthostatic intolerance (Nicogossian et al., 1991). The headward
fluid shift that occurs in microgravity leads to an observed decrease in the amount of erythropoietin
secreted from the bone marrow leading to an overall reduction in blood volume of approximately 10%
(Williams et al., 2009). This reduced blood volume results in a decreased physical load on the heart
leading to cardiac muscle atrophy of 8-10% effecting mainly the left ventricle (Summers et al., 2005).
Increased left ventricle stiffening and decreased compliance experienced in microgravity also
increases the risk for cardiac events in astronauts (Summers et al., 2012). It is also known that the
blood vessels lose muscle tone reducing compliance therefore making it harder to push blood
throughout the body which increases risk for orthostatic intolerance (Summers et al., 2005). Heart rate
and blood pressure both decrease in microgravity, leading to a decrease in aerobic capacity which can
lead to lower levels of physical performance in astronauts (Ade, Broxterman, and Barstow, 2015). The
current countermeasure in place on the ISS to combat cardiac decline is scheduled daily resistive and
cardiovascular exercise (Petersen et al., 2016). It would be recommended that astronauts involved in
either the International Spaceport or the International Research Facility would continue to be
scheduled for at least two hours of daily exercise to reduce risk of cardiac failures.
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Figure 16 - Visualization of human hypothesized fluid distribution during pre-flight, microgravity and
post-flight along with mean-arterial pressure (Hargens and Richardson, 2009)

Muscoskeletal Considerations:
Microgravity conditions eliminate the need for astronauts to strain their muscles. Therefore, it has
been well documented that microgravity results in an average bone mineral loss of 1-2% as well as a
7-8% decrease in muscle mass per month of microgravity exposure (LeBlanc et al., 2000). Increased
bone mineral loss results in an increase of calcium within the bloodstream, and when filtered through
the kidneys, puts astronauts at an increased risk for kidney stones (Smith et al., 2014b). This decrease
in bone mineral density also results in an increased risk of osteoporosis (Camirand et al., 2016).
Muscle atrophy experienced by astronauts poses a problem once they are returned to a gravity
environment as the extreme muscle wasting makes it difficult to complete any weight baring activities,
such as walking for an extended period of time (Vandenburgh et al., 1999). It is theorized that muscle
loss and bone loss are interdependent of each other in the microgravity environment, meaning that
effective countermeasures must seek to reduce the loss of both (Lloyd et al., 2014). Current
countermeasures on ISS utilize a combination of daily resistive and cardiovascular exercise as well as
using pharmaceutical class Bisphosphates to slow the breakdown of bone (Grimm et al., 2016).
Nutritional countermeasures, such as ensuring daily intake of Vitamin D and protein, can also reduce
the loss of bone and muscle mass (Smith et al., 2012). However, these countermeasures are not 100%
effective, so it would be recommended that in addition to the current countermeasures, research on
new and improved countermeasures are also studied on both International Spaceport and International
Research stations.
Radiation:
Radiation exposure has been identified by NASA as one of the main barriers to deep space exploration
by humans. Radiation exposure from one or more missions on the ISS cause an increased risk of
mortality and morbidity to the astronaut (Cucinotta, 2014). While radiation that is produced from
galactic cosmic rays and solar particle events are in relatively low levels in LEO, too much exposure
can still cause serious damage to the systems of the body through the mutation of DNA (Townsend et
al., 2016). To reduce risk, government space agencies enforce a maximum amount of radiation a
single astronaut can accumulate over a single lifetime. This limit is correlated to the amount of
radiation that would increase any person’s risk of cancer by 3% (Cucinotta, 2014). However, in
astronauts that have exceeded 18 months of radiation exposure, an increased risk in cardiovascular
disease has also been found (Cucinotta et al., 2014). Current countermeasures include the radiation
shielding on the station itself, however that shielding has been shown to be failing in some places,
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particularly on the Russian segments (Nagamatsu et al., 2015). Currently, research is being done to
develop better shielding for deeper space missions where radiation would be more of a problem.
However, it is recommended that once this shielding is developed that it be implemented on both the
International Spaceport and International Research Facility to decrease the risk of radiation exposure.
Other Considerations:
Vestibular disturbance leading to space motion sickness affects approximately 50% of all astronauts
who are exposed to microgravity, resulting in dizziness, loss of hand-eye coordination, nausea, and
vomiting (Thornton and Bonato, 2013). While the use of a variety of pharmaceuticals can be used to
reduce symptoms of space motion sickness, the side effects of these medications are sometimes
deemed too risky for the astronauts who are then left to adapt naturally over the first few days of
spaceflight (Thornton and Bonato, 2013). For astronauts working in the International Spaceport, it
would be recommended that before the operation of manufacturing equipment astronauts are given
two to three days to adjust to the microgravity environment.

Figure 17 - Left and right eye posterior globe images, pre- and post-flight. In addition, optic nerve sheath
dilation is measured (Mader et al., 2011).

Circadian Rhythm disturbance occurs due to long work hours as well as inconsistent lighting because
of 16 sunrises and sunsets per day (Mallis and DeRoshia, 2005). Pharmaceutical countermeasures such
as Modafinil for wakefulness and Melatonin for encouraging sleep are often used to help regulate an
astronauts sleep schedule (Goel et al., 2013). It is recommended that the use of these countermeasures
continue, especially for astronaut crew working in the International Spaceport as decreased amounts of
sleep have shown to lead to decreased performance which could be harmful when working with
manufacturing equipment as well as docking procedures. It has been shown that astronauts exposed to
long-durations of microgravity can experience visual disturbances in both their long-distance and
short-distance vison as well as develop stacomas and periods of dysopia (Mader et al., 2011). These
visual disturbances do not always resolve themselves once returned to gravity, causing the astronaut
permanent visual damage (Mader et al., 2011). This visual disturbance has been linked to an increase
in intracranial pressure, which has shown to increase when measurements taken pre-flight are
compared with post-flight (Raykin et al., 2017). This increase in intracranial pressure has shown not to
resolve once returned to gravity for periods as long as 15 months. A prolonged increase in intracranial
pressure can lead to death if not monitored properly (Wall, 2010). For this reason, the recommendtion
is to reguarly perform visual tests on astronaut crews especially those working in International
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Spaceport, to monitor for deteriorating vision that may need to be addressed before return to work. It
is also recommended that intracranial pressure be monitored post-contract to ensure the safety of the
crew.
5.7.3 Hum an Applications of the Bioresearch Lab
Currently the Columbus module conducts research in the field of life sciences, material sciences and
fluid physics. It encompasses the Biolab (Biological Experiment Laboratory) which undertakes
biological research examining the effects of microgravity and radiation on plant and animal cells,
microorganisms, tissue cultures and small invertebrates (NASA, 2015). In terms of human factors,
understanding the effects of the space environment on the body has implications which could progress
space exploration and benefit humanity and thus it is the main rationale behind continuing to develop
the research facility.
Previous research, both on Earth and in space, in biomedical sciences has generated a wealth of
knowledge and discovery that has contributed to a better understanding of how the body works. An
understanding of biological responses to environmental stressors, life support advancements, and
pharmaceutical drugs have led to an overall improvement in health and well-being (Mertz, 2014).
Undoubtedly human advancement would have stalled without conducting such research. Space
provides an additional unique platform due to the microgravity environment, as it removes the
mechanical stimulus triggered by gravity on Earth (NASA, 2016c). Although Earth simulations can
provide some insight it is not possible to replicate an experiment on Earth to the same magnitude as in
space.
It is crucial that stem cell research and protein crystal development is further explored to continue
science progression. Stem cells are responsible for maintaining health throughout adult life by
regenerating, repairing, and remaking cells such as skin, bone, muscle, blood cells etc. Although
mesenchymal stem cells found in bone marrow have been successfully grown on Earth the quantity of
cells produced is small (Ulbrich et al., 2014). Yet, therapeutic uses of human stem cells require a vast
amount and currently no way exists to acquire these volumes. Some research suggests that
microgravity may enable this. Stem cells have grown faster in simulated microgravity and growing
these cells within a short time could lead to new treatments for various health issues (Yuge et al.,
2006; Gaskill, 2017; NASA, 2017). Such a study provides the opportunity to look not only at the
biology of cells and how they grow but also how this could help treat people. Stem cell research in
space provides an innovative connection to possibly solving health problems on Earth and this is
currently being investigated on-board the ISS. The demand for stem cells use in biological therapy is
increasing as well as its use in tissue and organ engineering (ISS Program Science Forum, 2015).
According to Gaskill (Gaskill, 2017) and the ISS Program Science Forum (ISS Program Science
Forum, 2015), it is believed that with the growing commercialization of space transportation,
transporting stem cells to and from ISS and the use of cell bioreactors for stem cell expansion and
tissue engineering would be highly cost effective.
On the other hand, other studies on-board the ISS have already shown that stem cell regeneration is
partially inhibited in space and this has big consequences for long duration flight. It highlights the
importance of gravity on Earth to maintain bone health and that health processes depend on exercise.
Despite these results, it enables the development of strategies and countermeasures to reduce these
issues that can be applied to future mission to keep astronauts healthy in space and people healthy on
Earth (Blaber et al., 2015; Ulbrich et al., 2014).
Microgravity facilitates optimal growth of protein crystals due to the lack of sedimentation and
convection interfering with the liquid solution (ISS Program Science Forum, 2015). Many crystals of
proteins have been created in space, e.g. a protein expressed in muscle fibers of people with Duchenne
Muscular Dystrophy has been crystallized finding a new inhibitor much stronger than previous ones
developed (Urade, 2016). Determining protein structures and gaining detailed knowledge of the 3D
structure can help design new drugs and treatments. An example of this is Monoclonal Antibody drugs
(MABs) which are engineered proteins that bind to substances that cause disease and can be used to
69

A NEW VISION: THE FUTURE OF THE ISS

treat diseases such as cancer. However, they have to be administered in large quantities and this poses
a challenge. By crystallizing them in microgravity it allows larger, well ordered, and stable crystals,
that can form concentrated suspensions that could be given in a single shot. Promisingly, highly
concentrated forms of the MAB drugs could be viably produced in space and shipped for commercial
use therefore continually generating funds to sustain the research facility (ISS Program Science
Forum, 2015).
The research suggestions highlighted in this report are not limited. They are merely to acknowledge
the importance and necessity of continuing and developing the research facility for human
advancement as well as the potential to discover biological applications in the field of tissue
engineering.
5.7.4 Psychology
Being able to maintain positive outlooks despite being faced with challenging situations and having
good interpersonal relations are necessary for personal wellbeing and successful task completion
(Ritsher et al., 2007). However, ways of further understanding how the stressors of living in space can
impact crew’s health, safety, and productivity are continually emerging (Manzey, 2004; Stuster, 2016;
Vakoch, 2011). These stressors vary from coping with sleep loss, dealing with crew dynamics, living
in confinement, being away from family, and managing physical health changes to handling pressure
to fulfil tasks correctly (NASA, 2009; Stuster, 2016). Due to these challenges, support is crucial for
behavioral health and wellbeing (Stuster, 2016).
Approaches are restricted by the limitations of confinement and accessibility to the ground teams.
There are a number of strategies already in place to support crew, some more documented than others,
such as screening and preparing spaceflight crew prior to their journey, keeping journal entries, and
having regular lines of communication with family, ground control teams, and in-flight crew. Also
ensuring an even distribution of tasks and allowing where possible autonomy when organising their
own schedule (Stuster, 2016).
With the changes being proposed for the ISS, it is unlikely that the alterations with the development of
the Spaceport, and the Research Facility would be significant enough to have any additional impact on
crew’s psychological health and wellbeing. Additionally, the ISS would remain in LEO enabling the
crew to still view Earth, which mitigates isolation (Manzey, 2004). Also, the challenge of working
within the constraints of asynchronous communication and the stressors it could present would be
negligible. With the future ISS in LEO, communication with ground control would still be more
accessible than communicating from deep space (Wu et al., 2015).
Although further adaption for the crew’s psychological welfare would not need to be made, since
everything that is known about the repurposed ISS is similar to the current station, it can be deduced
that psychological pressures would unlikely be different. However, it is still pertinent that spaceflight
crew’s wellbeing is continued to be attended to and understood.

5.8 Summary
We have presented an evaluation from a wide variety of viewpoints for a case study of splitting the
ISS into an International Spaceport and International Research Facility. These views represent the
basis for which conversations may be continued in the strategic planning and design of both facilities.
The technical design focuses on the level of space station modules, which are basic building blocks of
the current ISS. Considerations of mass, volume, specialized functions, lifespan, and position within
the current ISS configuration are taken into account in choosing which modules would go to which
facility. Module reconfiguration was chosen to maximally leverage docking, manufacturing
capabilities, robotics, and storage for the International Spaceport and research accommodations,
research equipment, and storage for the International Research Facility. An orbital inclination change
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is planned for the International Spaceport to align it better for lunar travel, and as a result propulsion
considerations are particularly evaluated and a technical feasibility study of an inclination change
maneuver is described.
The discussions that must initiate agencies and their respective governments to implement this
transition are critical. If an economically beneficial solution is presented, then all national space
agencies currently signed onto the legal framework for the ISS must agree to the new program if they
wish to remain a key player. The recommended addition of new international partners to more evenly
share program costs with is a change that all current governments must agree to. The ability for costs
to be shared with the commercial industry, including potential space tourists, demonstrates to agencies
and governments that the current trend towards commercial involvement has long-term financial
benefits.
Following the addition of new partners, the recommended change to policy is the creation of one
intergovernmental agreement for each the International Spaceport and the International Research
Facility to set the framework for all stakeholders of the new program. Once new Memoranda of
Understanding between agencies are approved and the two agreements are signed, the basic legal
framework could be created to enable all partners to begin construction.
The design of the International Spaceport and International Research Facility encompass the overall
implementation of the program, including social and humanitarian efforts. Outreach programs and
strategic partnerships could engage the public and the proper communication could help to ensure this
new program is accepted internationally by the people.
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6 CONCLUSIONS
In this report we took the challenge to identify a feasible future of the ISS beyond its planned end of
life, currently set for 2024. We looked at different options, and selected four use cases, which we then
merged into a unified case study.
While researching for options, we determined that the inclination of the ISS’ current orbital plane
limits it uses for space exploration missions beyond LEO, and reduces significantly the payload mass
that we can lift to get there. Lowering the inclination would enable the ISS to play a meaningful role
in future commercial and government space plans. Private companies could contribute to use the ISS
well into the future if they could rely on a space infrastructure that fits well within their business plans.
Public institutions and governmental agencies would continue to use the ISS if it was properly aligned
with long-term space exploration goals.
We came up with the idea to split the space station into two independent facilities, the International
Research Facility dedicated to science and research, and the International Spaceport, dedicated to
space exploration. The first would become a state of the art research environment, dedicated to
extensive, specialized microgravity research. The second would become a facility to assemble, repair,
and service space vehicles for future deep space missions.
The International Research Facility will remain at the current inclination of the ISS, at 51.6 degrees, so
it could continue to be serviced by Russian launchers. The International Spaceport would be moved to
28.5 degrees inclination to be closer to the ecliptic plane.
By opening these infrastructures to private partners, we could ensure additional sources of revenues
that would reduce the financial burden of the existing partners. Private companies could use them to
perform advanced research in microgravity, develop new commercial products, test technologies, and
get a foothold for their ventures to the Moon, Mars, and beyond.
We considered the political, legal, and socio-economic aspects connected to this plan. Our
recommendation is to start from the existing intergovernmental agreement, and create a new
agreement between existing and new partners for each station. Agencies can then formulate
Memoranda of Understanding to detail their respective responsibilities.
This initiative could be opened up to include additional partner nations, to add new resources and
reduce the operating costs for current partners. Current partners must evaluate the political and legal
implications, and reach an agreement on what nations invite.
A cost-benefit analysis concluded that funding of these stations could be supplemented by commercial
ventures, and by engaging the public through crowdfunding and a space lottery. Government subsidy
can help further development of the commercial space sector by funding crew and cargo
transportation, and the development of new facilities.
This report also identified a number of factors that would need to be further investigated. To provide a
higher confidence in the feasibility of the project we would need a comprehensive cost breakdown that
would take into account the cost of disassembly, re-assembly, new modules and relative launches, the
orbital setup of the new stations, and an estimate of the operational costs, subdivided between public
and private partners. A detailed assessment of individual subsystems would provide the insight needed
to plan the upgrade and replacement of aging parts and modules. There are additional challenges
associated with this scenario, like the need to envision the social, technological, and political context
where this proposal will take place. We wrote this report assuming a linear development of trends
currently in place, without considering possible obstacles that could compromise the project – like a
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worldwide financial crisis – or disruptive scenarios that could make it suddenly obsolete – like a
technological development that would reduce the cost of launch by one or two order of magnitude.
Another factor to take into account is the interest of commercial partners in extending the operations
of the ISS. Some companies may find that the ISS, even after significant modification, may not be
well suited for their ambitions. We believe that involving commercial partners is essential, and we
invite further research in studying these scenarios. In a moment where companies are proposing
private commercial space stations, the ISS may be perceived as competition. By providing innovative
and unprecedented services, the International Spaceport and the International Research Facility can
preserve a competitive advantage by providing capabilities that are complementary to those offered by
other operators.
There is also a possibility that the ISS could face a catastrophic accident that would make it unsafe or
useless. These scenarios include things like impact with space debris, ammonia leak, ECLSS failure,
loss of cabin pressure following docking or berthing accidents, and fire. Crew must be the highest
priority, and a plan to extend the life of the station must include additional safety measures, especially
during the proposed change of orbital inclination.
While our research was specifically focused in finding an alternative to decommissioning the ISS, the
question of whether de-orbiting is the best solution to the end of life of the ISS still remains and is not
covered in this report. We believe that there are other options, and that preserving a permanent human
presence in Earth orbit is of paramount importance. The loss of permanent human presence in orbit
and the dissolution of such an incredible international partnership would likely represent a major
setback to human space exploration and international collaboration.
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