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ABSTRACT
2

The EC LIPSE (Exploring Climate Change Lagrangian I Point Solutions for Earth) project provides,
from an interdisciplinary perspective, a roadmap for space-based mitigation of the surface
temperature rise associated with climate change. The solution, expected to be in place in 2060, uses
a solar shield built by robots from lunar materials, located near the Sun-Earth first Lagrangian point.
The goal is to reduce the amount of incident solar radiation by approximately 1.8% relative to the
Intergovernmental Panel on Climate Change’s A1B baseline scenario.
A top-level technical design of the shield concept and operation architecture has been performed
incorporating launch strategies, production and assembly techniques, and servicing and maintenance
methods. The implications of such a shield for societal and ecological systems have been evaluated
along with its ethical ramifications. A political construct has been proposed by which nations may be
able to organize such a global project for multilateral study, decision making, institution, and
operation. A cost estimate analysis, based on production, transportation, and maintenance forecasts,
has been presented along with a proposed funding scheme. An assessment of popular opinion and
potential outreach mechanisms has been made including results of an original and wide ranging
global survey.
st

With potential 21 century climate change impacts becoming increasingly apparent, it is necessary for
engineers, scientists, ethicists, politicians, lawyers, economists, and communication professionals to
explore ways in which it is possible to achieve global collaboration and cooperation in order to protect
2
Earth from the most severe climate change fall-outs. The EC LIPSE project illustrates an international
and interdisciplinary mechanism to achieve such collaboration. This mechanism has potential for
2
application beyond EC LIPSE, in the evaluation and development of any global scale international
technical project.
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FACULTY PREFACE
Between September 2011 and the end of August 2012, the International Space University (ISU) 20112012 MSc in Space Studies and MSc in Space Management brought together graduate students and
space professionals from all over the world to form the ISU MSc2012 class. This class was immersed
in an intensive year-long program featuring an interdisciplinary, intercultural, and international (3i)
space curriculum. As well as lectures, workshops, professional visits, an individual project, and an
internship, the MSc2012 students also had to undertake a team project. Lasting six months, the team
project is a key component of the ISU MSc program and aims:
!
!

!

To provide students with experience in interdisciplinary, intercultural, and international (3i)
teamwork.
To develop in students the relevant skills (e.g., research, problem-solving, design,
communication, organizational, and project management) required to perform a significant 3i
project in a 3i team environment.
To allow students to engage with and apply principles learned elsewhere in the course and
apply them in a 3i context.

During MSc12, two different team projects were carried out. This report contains the findings of one of
them, focused on the possibilities for space-based geoengineering, i.e. the remediation of
anthropogenic climate change through large-scale technological intervention using space
technologies.
Executed by a team of twenty-one students from fourteen countries, Exploring Climate Change
2
Lagrangian I Point Solutions for Earth (EC LIPSE) assessed current knowledge of climate change
and geoengineering with an emphasis on areas where space technologies could play a major role,
evaluated the political, societal, environmental, and financial aspects of these and examined the
respective roles of policy, law, and ethics. Focusing on the feasibility of using a large solar shield to
2
reduce terrestrial insolation, so cooling the Earth, EC LIPSE presents an interdisciplinary roadmap to
the potential implementation of such a shield in the next fifty years.
2

Throughout the team project, the EC LIPSE team demonstrated high-levels of professionalism,
discipline, and maturity. On behalf of the whole ISU faculty and staff, we would like to thank the team
members for their dedication and hard work and are pleased to commend both them and the
2
EC LIPSE report to you.

Dr. Chris Welch and Dr. Emmanouil Detsis

International Space University, MSc 2012
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AUTHORS’ PREFACE
The team project is a time-honored tradition at the International Space University, a means of
fostering original, international, and interdisciplinary research in a topical subject matter. The Masters
class of 2012 was offered a choice of two topics: “Space and Africa” or “Space-based solutions for
geoengineering.” The authors of this report selected the project entitled “Space-based solutions for
geoengineering.” The framing of this topic imposes certain restrictions. Solutions considered must
primarily utilize space infrastructure. This excludes many of the more common proposals for
geoengineering such as planetary albedo enhancement and CO2 removal techniques. The solution
must also constitute a geoengineering effort, meaning that solutions that reduce the production of
greenhouse gases by capture at source or by providing a carbon neutral energy source are also
excluded. In addition to this brief statement of the topic, the project was framed by a quote from The
Royal Society’s 2009 report on geoengineering:
“Most nations now recognize the need to shift to a low-carbon economy, and nothing should
divert us from the main priority of reducing global greenhouse gas emissions. But if such
reductions achieve too little, too late, there will surely be pressure to consider a ‘plan B’ - to
seek ways to counteract the climatic effects of greenhouse gas emissions by
‘geoengineering’.”
The purpose of this report is to address such a “Plan B.” The 2012 team, while cognizant of the
challenges and constraints of such a proposal, as well as the lack of serious regard for such concepts
in both the public and scientific arenas, determined to explore use of a space-based solar shield in
order to reduce global average temperatures to pre-industrial levels.
Addressing the presumed need for a solar shield to reduce the effects of climate change, we adopted
2
the following mission statement for the EC LIPSE project:
To develop from an interdisciplinary perspective a comprehensive, feasible, and sustainable
roadmap for solar radiation management in the Sun-Earth first Lagrangian point in order to
mitigate the effects of anthropogenic climate change.
Before reaching this statement, our team embarked upon a wide-ranging literature review, covering
topics as diverse as remote sensing of arctic ice and landfill reclamation. Previous ISU projects were
perused for inspiration. These included the 2009 report Climate LINKS that comprehensively
addresses terrestrial complements to remote sensing monitoring in support of climate change and the
2003 report Ecosphere that addressed remote sensing needs with specific regard to abrupt climate
changes. Our team also explored works relating to extraterrestrial planetary engineering, such as the
2005 report Visysphere Mars that tackled the reverse problem – how to use space resources to
instigate a runaway greenhouse effect, and the 1992 report Space Solar Power Program that
explored the engineering feats required to produce inexhaustible non-fossil fuel based power from
space installations.
Review of these reports not only informed our concept of the possible, but also of what ground has
2
already been tread. With a large existing body of work that focuses on climate change, the EC LIPSE
team was committed to providing a meaningful study of a relatively novel field and in doing so make a
tangible contribution to the accumulated knowledge in this area.
The selected solution, a solar shield located between the Sun and Earth, met these criteria. Although
the concept of solar shields is traceable through decades of literature and receives mention in many
major climate change reports, we were unable to locate a truly comprehensive study of such
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installations, encompassing technical design, legal frameworks, and evaluation of its likely effects on
societies and ecosystems.
It is not the intention of this report to convince the reader that geoengineering is necessary, or even
that a solar shield is the best geoengineering solution available. Instead, what we hope to present is a
comprehensive investigation of the technical, political, scientific, legal, and ethical challenges of such
a project. Without this comprehensive study, judgment of the feasibility of a solar shield cannot be
fairly assessed. In presenting the results of the investigation we also offer a case study in global and
space project planning that has wider applicability to other large collaborative missions.
The pages that follow may contain some surprises. Anticipated changes in technological prowess,
economic power distribution, and energy production sometimes defy expectation. The reader will see
2
that while the engineering challenges are great, economic constraints are minimal. The EC LIPSE
survey of public opinion shows that while people may think use of such a solar shield is a crazy idea,
they still support research into it. Such discoveries are precisely the reason for conducting studies of
this kind.
We invite you to read our report with an open mind – not open just to the idea of an engineering
approach to solving climate change, but more importantly, open to the idea of using the
interdisciplinary, programmatic approach to large scale project conceptualization that this idea serves
to illustrate.

International Space University, MSc 2012
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1. INTRODUCTION

A

solar shield placed in the Sun-Earth first Lagrangian point (L1) holds promise as a mitigator of
the surface temperature increase expected to result from climate change in the coming years.
Such a shield would provide rapid surface temperature relief without disrupting near-Earth
space activities. Earth’s natural processes have historically shown that radiation reduction lowers
temperatures, lending credence to the concept that solar shielding could be an effective mitigation
strategy. It is the intent of this report to provide a case study for how such a complex project can be
planned and implemented.
Global concerns about anthropogenic climate change are rising. At the same time, the likelihood is
decreasing that humanity will substantially reduce root cause emissions before negative climate
change effects manifest. Some in the scientific community have begun proposing technological
solutions that could potentially tide the planet over while behavioral changes are made and allowed
time to take effect. These solutions are called “geoengineering,” a term first used in 1977 to mean
modification of the Earth in order to mitigate the effects of anthropogenic climate change (Schneider,
1996). One category of geoengineering is Solar Radiation Management (SRM) which can take the
form of either radiation reduction, as with an L1 solar shield, or Earth albedo increase. Albedo is
defined as the amount of radiation reflected back into space from Earth’s surface or atmosphere
rather than absorbed and converted to heat (The Royal Society, 2009).
The concept of SRM is to mitigate climate change effects by reducing or stabilizing the Earth’s rising
surface temperature. The scientific basis for this concept stems from observations of natural Earth
processes that follow similar mechanisms. Variations in particulate matter in the atmosphere due to
volcanic activity, asteroid impact events, and human industrial activity have increased or decreased
the level of solar radiation intensity on the ground at various points in Earth’s history, resulting in
significant changes to the prevailing climatic conditions at the time, as seen in Figure 1-1.
The expansion and contraction of polar ice sheets and the periodic glaciation of the Earth’s surface
have changed the albedo of the planet. It is postulated that evidence of glaciation at tropical latitudes
implies that the entire planet was once covered by ice (Warren, 2002). Global ice coverage could
o
have produced mean surface temperatures of -50 C due to the increased albedo, according to
modern models. By comparison, current albedo levels indicate that Earth enjoys a relatively
o
temperate mean surface air temperature of around 17 C (Romanova et al., 2006). It has been
postulated that a 1.8% reduction in insolation would be sufficient to return Earth’s climate to preindustrial levels (Bala Govindasamy & Caldeira, 2000).
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35.5 Million years ago
Late Eocene era impact event
likely resulted in equatorial
planetary rings that led to
subsequent climatic cooling of 2°C
lasting for 100,000 years (Fawcett
& Boslough, 2002).

65 Million years ago
Chicxulub impact event
created stratospheric and
tropospheric aerosols that
caused tens of °C of cooling
for up to 2,000 years after the
event by blocking solar
radiation. Might have led to
extinction of the dinosaurs
(Kring, 2007).

1900's
Rickets, a Vitamin D deficiency
disease, becomes a rising problem
in industrialized northern Europe due
to fossil fuel induced air particles
reducing incumbent solar radiation
(Holick, 2004).

3.5 Thousand years ago
Somma-Vesuvius Avellino
volcanic eruptions created 4km3
of debris enhancing regional
albedo via stratospheric
aerosols. Led to desertification
of the surrounding region and
decline of the Bronze Age (Milia
et al., 2007; Zielinski et al.,
1994).

2001
Grounding airplanes in the 3
days following the September
11 terrorist attacks in the US
resulted in a 1-2°C increase in
daytime temperature due to
lack of contrails in US (Travis
& Carleton, 2002).

Figure 1-1: Natural and unintentional modification of solar radiation as experienced on Earth's surface.
2

EC LIPSE – Exploring Climate Change Lagrangian I Point Solutions for Earth - aims to develop from
an interdisciplinary perspective a comprehensive, feasible, and sustainable roadmap for solar
radiation management in the Sun-Earth first Lagrangian point.
The Sun-Earth first Lagrangian point provides a useful location from which to conduct solar radiation
shielding of the Earth since it maintains a position between the Earth and the Sun at all times. Solar
shielding can reduce incident radiation via absorption, reflection, or deflection. Its goal is to reduce the
net surface temperature of the planet in order to mitigate a primary effect of climate change: global
2
surface temperature rise. Project EC LIPSE focuses on one particular shield architecture, a single
absorptive solar shield located near L1.
The purpose of this report is not to advocate a solar shield over alternative climate change
mitigations. SRM as a response to climate change is of questionable value, since it does not attack
the root cause of the problem, namely anthropocentric greenhouse gas emissions. There may be
better ways to use space in support of climate change efforts, such as the monitoring system
proposed in the 2009 report Climate Links (ISU, 2009).
Nevertheless, the authors’ opinion is that there is value in delineating the steps that would be needed
in the event that the world decided to institute a solar shield. Firstly, the solar shield stands as an
example of a large technological project with global implications. As such, it serves as a model and a
case study. The process utilized to assess, analyze, select, and implement such a shield can be
applied to an entire class of projects with similar scope. Secondly, history has demonstrated that at
certain turning points, humanity has been forced to make decisions on projects with large-scale
consequences without knowing all the effects and implications in advance. It is conceivable that
today’s climate change may become tomorrow’s climate crisis. By laying the groundwork in advance,
world leaders can be better prepared to make decisions relating to geoengineering options in an
2
educated and realistic manner. If that point is reached, the EC LIPSE roadmap could prove a useful
tool, whether in support of or in opposition to utilization of a solar shield.

2
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The research performed for this report was conducted with primary reliance on peer-reviewed
publications and reputable organizational reports. Internet documentation has been used only
supplementally and advisedly. Système International (SI) units have been used throughout except
where otherwise defined. All monetary representations are made in 2010 United States dollar (USD)
equivalents based on an annual inflation rate of 2% and an average Euro to USD conversion factor of
1:1.38.
The disciplines explored in the chapters that follow could each merit their own dedicated report. In the
interest of providing a streamlined presentation however, some depth has had to be sacrificed. Since
questions naturally arise beyond that which can be comfortably accommodated in the main text, an
appendix of frequently asked questions has been provided (see Appendix I) to address such items.

HOW TO READ THIS REPORT
This report is a broad ranging multidisciplinary assessment of one particular mission to shield the
Earth from climate change induced surface temperature shifts. In order to comprehensively review the
various factors that must be considered in such a project, an array of seemingly disconnected topics
is examined and detailed, one chapter at a time. Only by journeying through each chapter and each
subject will it be possible to form an accurate image of the requirements of such a project, as
represented in the roadmap that crystallizes the project’s proposed progression.
The structure is represented in Figure 1-2, starting with the scenario, a picture of the expected world
st
state over the course of the 21 century. This is Chapter 2, which introduces major global trends over
the next 50-100 years, anticipating the state of Earth and civilization over the period of
implementation.

Ch 6: Legal
Infrastructure

Ch 5: Effects
on the
Environment
& Society
Ch 2:
Scenario

Ch 7:
Financial &
Commercial
Ch. 3-4: Shield
& Operations
Concepts

Ch 10:
Roadma
p

Ch 9: Public
Opinion

Ch 8: Ethics

2

Figure 1-2: Progression of EC LIPSE report

Once the backdrop is established, it is possible to proceed to the heart of the matter: the shield itself.
Chapter 3 details the concept of the shield, discussing the various elements and the tradeoffs that
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resulted in this concept. Chapter 4 goes a step further to analyze the operational concept by which
such a shield can be manufactured, assembled, and maintained.
At this juncture, the logic of the report becomes less sequential, as depicted in Figure 1-2. The next
several chapters deal with the framework needed to support the technical aspects of a solar shield
implementation. Such support entails consideration of a multiplicity of disciplines, including legal and
financial concerns, effects and fall-outs, and the public impact and perception from these effects.
Beginning with Chapter 5, the intentional and unintentional effects to be anticipated from solar shield
placement are explored. Chapter 6 assesses the overall global regulatory and public policy framework
and how it could be leveraged and learned from to establish an international body responsible for
2
construction of the EC LIPSE shield. Such a large scale project and the technologies on which it will
rely can be expected to spawn commercial markets, spin offs, and contracting opportunities. Chapter
2
7 addresses these benefits and establishes a cost estimate for the EC LIPSE project. Of course,
international approval will depend not only on what is legally possible, but also on personal and
cultural views regarding whether it is proper to modify Earth’s environment in such an extensive
fashion. These concerns are explored in Chapter 8, which deals with ethical considerations, and in
Chapter 9, which reviews likely public reaction to the shield.
With a complete disciplinary study, all of the facets of a Sun-Earth first Lagrangian point solar shield
are then integrated into a practical roadmap in Chapter 10. This roadmap is designed to delineate the
2
path of the full scale implementation of the EC LIPSE solar shield. It is a chronological proposal for
implementation of the technology and framework and rests on a foundation of each of the disciplines
that precede it.
With this guidance in mind, it should be possible to consider each of these chapters not only in
isolation, but in proper relation to each other, beginning with the foundation of it all, Chapter 2: The
Scenario.

4
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2. SCENARIOS
2.1 INTRODUCTION

T

2

his chapter introduces the scenario in which the EC LIPSE solar shield technology is to be
developed and deployed. The aim is to predict the state of national and international affairs,
st
technology, and environment towards the middle of the 21 century. It will be this setting
against which the proposed solution must be implemented and in which its effectiveness will be
measured. This setting forms the basis for assumptions of climate impacts, technological capabilities,
2
resource availability, and economic and political strata that enable the EC LIPSE assessment. As
such, it forms the foundation of this report.
In 2007, the Intergovernmental Panel on Climate Change (IPCC) published Climate Change 2007, the
Fourth Assessment Report (AR4). The working group contributions to AR4 form the critical body of
2
literature upon which the EC LIPSE scenario is based. The AR4 further relies on future scenario
projections presented in IPCC’s 2000 Special Report “Emissions Scenarios.” These scenarios rest on
aggregate trends grouped by potential branches in global development. These groups form futures
models of likely progression of human development and natural events.
2

EC LIPSE is based on one of these models, known as A1B. The A1B scenario assumes continued
st
economic growth through 2100, a global population peak mid-21 century, rapid development of new
technologies, increased cultural cross-pollination, a convergence in regional per capita income, and a
balanced use of fossil fuel and non-fossil fuel energy sources. It does not assume adoption of any
specific climate change protocol. This broad array of assumptions is required because “the main
driving forces of future greenhouse gas trajectories will continue to be demographic change, social
and economic development, and the rate and direction of technological change” (IPCC, 2000, p.5).
This chapter will review the key components of the A1B scenario as well as fill in some specifics
relating to each field that forms the foundation for the solar shield initiative. Climate related futures
forecasts in this report are heavily reliant upon IPCC sources due to that organization’s unique
position as an accepted, reliable, international research organization. The IPCC’s results are unique
in that they comprehensively incorporate all elements of future life that have reference to climate
impacts and perform assessments based on a multi-model approach. In order to maintain consistency
in the assumptions used to develop climate predictions, IPCC is the primary, if not sole, reference for
most climate related predictions. Non-climate related predictions incorporate additional sources,
although care is taken to ensure consistency with the IPCC A1B assumptions.

2.2 CLIMATE CHANGE SCENARIO
Climate change is a change in the state of the climate, due to natural or anthropogenic factors, that
can be scientifically identified and persist over an extended period of time. The term is commonly
used to refer to a specific climatic phenomenon that has been tracked for over a century and is
attributable to human activities that alter global atmospheric composition (Bernstein et al., 2007,
p.30). One of the major symptoms of climate change is global warming, a net increase of Earth’s
surface temperature. This warming phenomenon has widespread, predominantly negative, effects
including rising sea levels, increasingly severe weather cycles, and shifting of ecosystems.
Increases in emissions of greenhouse gases such as CO2 are widely recognized as the primary
cause of global warming, a result of industrial and post industrial societal dependence on fossil fuels,
cement production, agriculture, and deforestation. In the last 150 years CO2 levels rose from 280 ppm
to 379 ppm (NASA, 2011b; NAS, 2011), accompanied by a 0.75°C temperature increase (Bernstein et
al., 2001).
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Scientists expect a continuing rise of global temperatures for decades to come. Trends from the late
th
20 century are likely to continue or even accelerate. These effects are expected to produce complex
changes in interactions among people and ecosystems impacting water supplies, agriculture,
fisheries, and food production. Severe consequences may result for security, public health,
habitations, supply of resources, and energy availability (NRC, 2010b).

2.2.1 GREENHOUSE GAS LEVELS
st

Considered in this forecast of the 21 century are two of the highest impact consequences of climate
change, and the most relevant for solar shield mitigations: temperature and sea level rise.
Temperature rise, also known as global warming, refers to a net increase in the average planetary
surface temperature, and is principally responsible for sea level rise due to thermal expansion and
glacial melting. The global warming effect may manifest variably by region, but will include impacts
such as severe changes in regional precipitation and an increasing number of areas affected by
drought and cyclone activity.
Within the century, natural climatic perturbations such as orbital and solar cycles (Hayes, 2007;Gray
et al., 2010) and volcanic aerosols (Dickinson, 1995) will have a negligible effect on temperature rise
compared to the emission of CO2 and other greenhouse gases (GHG) due to human activities.
Global greenhouse gas emissions have grown since pre-industrial times, with an increase of 70%
between 1970 and 2004, while CO2 emissions rose about 80% for the same period. There are many
types of GHG, but the highest concentration gases are water vapor (H2O), CO2, methane (CH4), and
nitrous oxide (N2O). In the atmosphere GHG trap infrared radiation on the planet thereby leading to
warming as heat accumulates over time. The estimated agricultural contribution to global
anthropogenic emission of greenhouse gases is 10-12% per year (IPCC, 2007b, p.499). It is projected
that by 2030 due to population rise and change in diet, agricultural emissions will increase by 35-60%.
Predicted CO2 emissions due to deforestation from land-use are expected to reach their highest level
before the middle of the 21st century and then converge to very low emissions by the end of the
century (IPCC, 2007b). Emissions of major GHG can be seen in Table 2-1.
Year
1990
2020
2050
2100

CO2 from
fossil fuels
GtC/yr
6.0
8.7-14.7
12.7-25.7
12.9-18.4

CO2 from
land use
GtC/yr
1.1
0.3-1.6
0.0-1.0
-2.4-2.2

SO2
MtS/yr

CH4
MtCH4/yr

N 2O
MtN/yr

70.9
62-117
47-120
26-71

310
400-444
452-636
289-640

6.7
6.1-9.6
6.3-14.3
5.8-17.2

Table 2-1: Predicted emissions for the 21st century A1B scenario (IPCC, 2000, pp.17-18)

The cumulative atmospheric CO2 from emissions for the period 1900-2100 will be 31-84 gigatons of
carbon (GtC) (IPCC, 2000, pp.17-18), resulting in 2100 atmospheric CO2 levels of 850 ppm up from
today’s 379 ppm (Bernstein et al., 2007, p.45).
Due to the failure of the Kyoto Protocol to produce significant and widespread change in emission
practices of industrial nations (see Section 2.8.2), there is little expectation such change will be
enacted quickly enough to impact atmospheric projections for the next 50 years. Increased public
awareness may serve to improve current mitigation measures such as reforestation.

2.2.2 WARMING FROM GREENHOUSE GAS LEVELS
Adopting the emissions assumptions above, GHG concentration growth of 52% to 580 ppm is
expected by 2060, resulting in a global temperature rise of 1.5-2.25°C as seen in Figure 2-1 (OECD,
2008).

6
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Figure 2-1: The global surface temperature and sea level prediction for the A1B scenario. Crossbars represent
uncertainties. (adapted from IPCC, 2001, p.670; IPCC, 2007b, p.46)

An average global temperature rise of 0.75°C was observed over the last century, and the warming
trend is seen in both daily maximum and minimum temperatures, with minimum temperatures
increasing at a faster rate than maximum temperatures. The A1B scenario also projects a sea level
rise of 0.07-0.15 m for the period 1990-2035, and 0.095-0.325 m for the period 1990-2060 as shown
in Figure 2-1. Sea level rise is principally due to thermal expansion, but will be increasingly
augmented by glacial melting as temperatures increase. The global average sea level rise during the
20th century was in the range 1.0-2.0 mm/yr, an order of magnitude increase over the 0.1-0.2 mm/yr
rise for the prior two millennia (Bernstein et al., 2001).

2.2.3 GLOBAL CLIMATE PATTERNS
Changes in global climate patterns are primarily expected in response to rising temperatures and the
related changes to the hydrological cycle. An increase is expected in extreme weather events
including heat waves, droughts, and floods. More intense cyclones and heavier monsoons are
anticipated. Heat waves will increase globally while frost days will decrease, effectively extending crop
growing seasons. Precipitation will increase globally but will fall in more concentrated, intense events,
spawning longer dry spells and higher evapotranspiration rates that will result in droughts. Soil
currently acts as a carbon sink, but beyond a certain concentration and abetted by warmer, wetter
conditions, soil may become a strong carbon source, respirating back into the atmosphere. This could
occur as early as 2050 (IPCC, 2007b, pp.768-786).
Sea ice cover is expected to become seasonal at both poles, although Antarctica is expected to retain
year-long ice coverage longer than the Arctic. Snow cover will generally decrease except in certain
regions such as Siberia where temperatures will remain below freezing while experiencing increased
precipitation (IPCC, 2007b, p.770-772).
Ocean circulation impacts are somewhat unclear, as different models provide differing trends.
Increased buoyancy of water from increased surface temperature is likely to reduce convection in
some areas such as the North Atlantic. El Niño effects are not expected to change significantly,
despite early model predictions to the contrary. Monsoon precipitation peak intensity will increase as
will cyclone and tropical storm wave height (IPCC, 2007b, pp.773-789).
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A BRUPT CLIMATE CHANGE
Paleoclimatic data shows that climate systems can change quickly within a short period of time if
certain thresholds are passed. Crossing these thresholds, called bifurcation or tipping points, results
in a decoupled response that may respond much more slowly or much more quickly to a given
forcing.
There are several events that are expected to produce an extremely rapid, irreversible climate
response. These include possible shut down of the Gulf Stream, die-back of the Amazon rainforest,
complete melting of Arctic sea ice or the Greenland and West Antarctic ice shields, shifts in
vegetation cover resulting in desertification, and shut down of Meridional Overturning Circulation.
Collapse of the West Antarctic Ice Sheet for instance would result in a 5 m sea level rise that would
flood most of the Earth’s landmass. Tipping point events are extremely difficult to predict but could
result in dramatic and irreversible change in the climate system (IPCC, 2007b, pp.775-777). These
events are not assumed for the purpose of this scenario.

2.2.4 IMPACTS
Climate change will be an increasingly important driver for human migration and social tensions. A
significant factor in many parts of the world will be submerging coastal areas due to rising sea level.
The IPCC foresees up to one meter increases in sea level beyond 2100 if current GHG emissions are
not cut. In Bangladesh, for example, such sea level rise would submerge 17% of the country. One
half of the populated islands of the Republic of Maldives including the capital will be submerged if sea
rise continues up to one and a half meters. Shanghai and Lagos, the largest cities of China and
Nigeria, are less than two meters above sea level, as is 20 percent of the population and farmland of
Egypt (EPA, 2012). Worldwide coastal deltas that are expected to be most vulnerable to flooding are
identified in Figure 2-2. They will be the first to experience the dangers of sea level rise and will likely
be the first populations to require relocation.

Figure 2-2: Relative vulnerability of coastal deltas to population displacement (Parry et al., 2007, p.41)
st

By mid-21 century, sea level rise will affect water resources causing loss of biodiversity, erosion of
coastal areas, monsoon-related drought, and extreme weather. Cities along coastal areas will be
increasingly prone to flooding. By 2050 the number of people exposed to likely flood events will be 90124 million, with more than 60% of those people living in Asia. Worldwide risk to property damage
from these effects will be largely born by China, the United States, and India, who will collectively be
responsible for 68% of asset ownership (Lenton et al., 2009).
Rising temperatures will have health impacts such as prolonged transmission seasons for infectious
diseases which appear in tropical and sub-tropical areas, creating conditions for disease-carrying
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vectors, and increased air quality respiratory illnesses. Temperature increases will also affect
agriculture in terms of crop yields, irrigation demand, and pest management. By 2030, climate change
will be responsible for half a million deaths per year from various contributors (Global Humanitarian
Forum, 2009). Direct heat related deaths are expected to rise as well, but may not exceed the
reduction in cold related deaths resulted from fewer frost days based on limited regional studies(Parry
et al., 2007).
Food and water supplies will become increasingly constrained. One sixth of the world’s population is
reliant on glacier and snow melts for fresh water supplies. These are expected to decline as glaciers
recede and sea level rise will increasingly salinate the world’s fresh water. One to two billion people
are expected to live in stressed river basins by 2050. Various climate change factors are expected to
reduce crop yields, resulting in malnutrition. Globally, climate change only marginally increases the
population at risk of hunger, but that increase is largely concentrated in sub-Saharan Africa (Parry et
al., 2007).
Loss of biodiversity is expected to occur from a combination of temperature rise and ocean acidity
due to increasing concentrations of CO2 in the oceans. A temperature rise above 2-3°C could result in
extinction of 20-30% of known species (Parry et al., 2007).

2.3 DEMOGRAPHICS SCENARIO
Scenario A1B assumes demographic trends aligned to increased economic affluence, which is known
st
to drive low fertility and low mortality rates. Therefore, global population will peak mid-21 century, as
seen in Table 2-2 and mean age will increase later in the century. International mobility will increase
along with cultural cross pollination (IPCC, 2000, p.192). The majority of growth will stem from
developing countries (See Section 2.7). Rural to urban migration will continue to be significant
(Devan, 2009) and urban-to-urban cross border migration will increase.
Year
1990
2020
2050
2100

Global population
(billions)
5.3
7.2-7.6
8.3-8.7
7.0-7.7

Table 2-2: Global population projection for scenario A1B (IPCC, 2000, p.13)

As the number of people on Earth grows stocks of natural resources will shrink. Deforestation is
occurring on an alarming scale, especially in the tropics. Projections of forest cover by 2050 vary
considerably depending on the underlying assumptions, but most studies indicate further overall
decline. According to the United Nations Food and Agriculture Organization (FAO), the demand for
food, feed, and fibers could grow 70% by 2050. A population increase of 27% implies a demand for
agricultural production 50% higher than today’s. Overexploitation of natural resources and associated
land use change ultimately leads to ecosystem degradation and loss of biodiversity. Habitat loss and
species declines are projected to occur in most regions, most notably in the tropics. The history and
projection of this human induced degradation is illustrated in Figure 2-3 (EEA, 2011).
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Figure 2-3: Loss of species diversity in the world biomes (EEA, 2011)

Due to the degradation of the environment from both exploitation and climate change, hundreds of
millions of people might be left without sufficient water or food resources, especially in the developing
countries of Africa and Asia. This accompanied by dangerous floods, severe weather events,
droughts and outburst of infectious diseases might turn between 200 million to 1 billion people into
climate change refugees (Black et al., 2008).

2.4 TECHNOLOGY LANDSCAPE AND CAPABILITIES SCENARIO
Scenario A1B assumes a world of rapidly developing technology (IPCC, 2000, p.5). This section
details what the development could look like.
Leaning strongly on the data-driven approach introduced by Kurzweil (2005), and predictions by
Metzger (2011), scenarios for relevant technologies in 2040 and 2060 were developed. Over many
decades and centuries these technologies have followed a stable and consistent exponential
development path. This makes predictions about raw technological capabilities relatively
straightforward and accurate. It is worth noting that while the capabilities of certain technologies such
as computational performance follow strict exponential laws, the underlying enabling techniques can
change (Kurzweil, 2005).
The most relevant technologies are supercomputers, Artificial Intelligence (AI), computer interfaces,
robotics, and space capabilities. Evaluation of technology levels in Table 2-3 are based on
exponential curve fitting of floating point operations per second (FLOPS) costs and current trends in
technology development.
Technology
Artificial Intelligence
Computer interfaces
Robotics
Super computers
(based on FLOPS)

2012
superior logic within
defined framework
a
(e.g. games)
2D, manual, vocal
specific functions
b
simulate cat’s brain

2040
human level intelligence

2060
self aware

3D, haptic, vocal
semi-autonomous
simulate human brain

3D, haptic, vocal, brain
autonomous
Beyond human brain
level activity

Table 2-3: Technology trends, a (Hsu, 2007; Cai & Wunsch, 2007), b (Ananthanarayanan et al., 2009)

Competitive deep space exploration development will spawn space technologies such as heavy
launchers with LEO lift capacity of 100-200 tons, innovative propulsion (electric or nuclear) and deep
space habitats (ISECG, 2011). Advances in space robotics are expected, including on-orbit
autonomous repair and assembly capabilities (Harland, 2005).
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2.5 ENERGY SCENARIO
Scenario A1B assumes that due to rapid technological development, advances in energy efficiency
will be somewhat limited (IPCC, 2000, p.201). Energy usage will be balanced between fossil fuel and
non-fossil fuel sources, as seen in Table 2-4.
Year
1990
2020
2050
2100

Energy usage
18
10 (J/yr)
351
573-875
968-1611
1002-2683

% coal
sourced
24
8-28
3-42
4-41

% zero carbon
emission sourced
18
9-26
21-40
27-75

Table 2-4: Energy projection for scenario A1B (IPCC, 2000, p.15)

Several studies have tried to estimate the oil peak but due to political constraints there is a lack of
data and poor transparency resulting in estimations full of uncertainties. Most of the projections
predict that the oil production peak has already been reached or it will be reached within the next
decade (Hirsch et al., 2005). Similarly, the peak for coal is predicted to occur around 2025 (Zittel &
Schindler, 2007), and for natural gas around 2020 (Bentley, 2002). These peaks do not mean the end
of fossil fuels, rather they indicate that maximum production capability has been reached and from
that point production will decrease until total depletion. These resources are expected to continue to
meet demand, particularly as advancing technological capabilities improve extraction methods (IPCC,
2000, pp.208-209).
Based on the predictions of the International Energy Agency, the world’s energy supply will increase
by 0.8-1.5% per year in the period 2012-2035. Growth of the energy supply of the Organization for
Economic Co-operation and Development (OECD) countries is expected to slow down to around
0.16-0.48% per year growth. It is expected that more than 50% of the world’s energy supply will
originate from emerging economies such as Brazil, China, India, Russia, and the Middle East by the
year 2035 (IEA, 2011).
In 2035, the world energy market will still be dominated by fossil fuels, which will represent 62-82% of
the total world energy supply (IEA, 2011). The percentages vary with respect to international policies
as is shown in Table 2-5.
Energy Source

Current Policies

Oil
Coal
Natural gas

30%
22%
22%

Post-2012
climate-policy
25%
17%
20%

Table 2-5: Fossil Fuel supplies in 2035 (IEA, 2011)

Meanwhile, the contribution from nuclear power and renewable energy sources will increase. Nuclear
fission will represent 6-11% of the world’s energy supply. Utilization of renewable energy sources will
increase over the coming decades, reaching 12-19% of the energy supply market. Figure 2-4 shows
2035 predictions based on both a continuation of current policies and a plausible post-2012 policy
freeze of GHG levels at 20% increase over today’s levels (IEA, 2011).
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Figure 2-4: Energy supply distribution (IEA, 2011)

The period from 2035 to 2070 will be dominated by the search for alternative energy sources to
replace fossil fuels. An important renewable energy source at this time is going to be solar energy. By
2040 it is predicted that at least 15% of energy production will be solar based and batteries will be
capable of storing thousands of times the energy per volume of those available today. Some of these
battery technologies have already been lab demonstrated. By 2060 33-50% of all energy will be solar
based and it is likely that compact fission and potentially fusion reactors will be available for Earth and
space-based installations alike. The significance of nuclear fusion reactors will continue to increase
over the decades due to improved safety of the self-terminating reaction and reduced waste hazards
compared to fission (IEA, 2011).

2.6 MATERIALS SCENARIO
The past two decades has seen particularly fast paced development in materials science. Efforts of
scientists and technicians have focused on developing materials that are more resistant to
environmental changes, more manageable, and lighter in weight. In short, materials designed on
demand for specific purposes. Some of these materials are inspired by nature in an attempt to
recreate the sophistication, flexibility and miniaturization found in natural materials (Sanchez et al.,
2005). The projected trend is for increasing replacement of metallic materials and alloys with
composites, especially in fields such as aerospace and construction where efficiency, weight, and
strength are major drivers (Mangalgiri, 1999, Galván-Cázares & Gutiérrez, 2009).
By 2050 production processes will have evolved to make increasing use of pure nanomaterials such
as carbon tubes and fullerenes. Their weight to strength ratio will be 100-1000 times better than
currently available materials. By 2060 true nanoengineering will be standard practice and available at
reasonable price points (Kurzweil, 2005).

2.7 ECONOMICS SCENARIO
The balance of economic power is currently shifting from more advanced economies towards
emerging economies. The US and western European economies are still dominant; however the EU
is currently experiencing deceleration or stagnation of economic growth. The position of the US is also
deteriorating, while Asian economies are gaining strength (IMF, 2011).
Given long-term market stability, over the next 50 years currently emerging countries will develop into
the largest and most highly populated economies of the world, without significantly altering domestic
economic distribution. As their economic power grows, so will their weight in international discourse
(Dadush & Stancil, 2010). The crash of 2008 increased the power of BRIC (Brazil, Russia, India,
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China) and N-11 (Next 11: Bangladesh, Egypt, Indonesia, Iran, Korea, Mexico, Nigeria, Pakistan,
Philippines, Turkey, and Vietnam) nations. By 2050 it is anticipated that both BRIC and N-11 will have
major roles in the space sector (Peeters, 2010).
China, India, and the United States will be the three dominant economies in 2060.The G20 nations’
real gross domestic product (GDP), is expected to grow to 161.5 trillion USD in 2050 (Hawksworth &
Cookson, 2006; Hagmann, 2001; Dadush & Stancil, 2010). Nearly 60% of projected growth of the
world economy over the next 50 years will come from Brazil, Russia, India, China, and Mexico
(BRIC+M). China’s economy is predicted to overtake the US economy before 2030. India’s economy
is anticipated to approach the level of the US economy around 2050 (O’Neill & Stupnytska, 2009).
Global GDP projections for scenario A1B are shown in Table 2-6.
Year

World GDP
12
(10 USD)
31
71-91
178-269
505-796

1990
2020
2050
2100

Table 2-6: Global GDP projection for scenario A1B (IPCC, 2000, p.13, converted to 2010 USD)

A1B world GDP values were used to extrapolate from the existing World Bank (2012a) values as
illustrated in Figure 2-5.
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Figure 2-5: Projected world GDP 2010-2100 (IPCC, 2000, p.13, converted to 2010 USD)

Currently global government spending on environmental research and development is negligible.
Space sector spending accounts for approximately 0.4-0.45% of the world GDP and has been
relatively steady for decades (Space Foundation, 2010, 2011). Assuming that space and other related
science and research budgets will be 0.5% of the global GDP over the next fifty years the total
available funds for space spending are shown in Figure 2-6. This analysis yields a total cumulative 44
trillion USD over the 50 years of the project.
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Figure 2-6: Cumulative total funds per decade - space and related funding 2010-2060

Demographic drivers are going to play a major role (see Section 2.3) with the labor force growing
rapidly and nearly exclusively, in emerging countries. The populations of the newly emerged
economic powers will not become the world’s richest, breaking the link between economic size and
per capita income.
The rise of low wage economies will threaten developed nations, who may respond by implementing
protectionist behavior (Dadush & Stancil, 2010). Russia, China, and India will race for military and
commercial power. Poverty will remain a significant problem mainly in Africa.

Figure 2-7: World political and economic power scenario today (adapted from The World Bank, 2012a)

The economic balance of power today and in 2060 is graphically represented in Figure 2-7 and Figure
2-8.The size of the bubbles in the figures represents GDP data and growth rates from The World
Bank (2012a). Dollar figures for GDP were converted from domestic currencies using single year
official exchange rates by OECD National Accounts.
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Figure 2-8: Distribution of global political power in 2060 (adapted from The World Bank, 2012a)

2.8 GEOPOLITICS SCENARIO
Political influence is expected to shift substantially over the next 50 years. Western dominance will
wane and new powers will rise to prominence, with distribution of power closely mimicking economic
distribution (see Section 2.7). This power shift may involve bilateral rivalries between emerging
powers such as Russia and China or China and India, while rural to urban migration, cross-border
migration, and poverty will continue to be political factors (Devan, 2009).

2.8.1 SPACE ACTIVITIES
A large-scale space infrastructure project such as an L1 solar shield technology will require extensive
international collaboration, beyond that seen in construction and operation of the International Space
Station (ISS), the largest international space project currently available for comparison. It is
reasonable to assume that current ISS member states, due to high GDP and space presence, would
also contribute to a future space-based SRM project. These nations can expect to be joined by China
and India who have two of the largest GDPs and who already possess space programs (Dadush &
Stancil, 2010). Large emerging economies, such as Brazil and Mexico are expected to increase in
economic influence (Dadush & Stancil, 2010). Brazil already has an established space program,
making it likely to become a partner in future large international space projects.
World space programs are generally moving forward with few budget cuts as compared to other
activities, for reasons ranging from national pride to support of critical high-tech industries. This
combination of factors is likely to see space exploration continuing at a sustained pace as a long term
trend, despite short term disruptions (Sheehan, 2007). If current trends continue, commercial space
companies will have a major role to play. A dramatic event, such as the loss of a human crew, could
slow the pace of development (Harland & Lorenz, 2005).

2.8.2 CLIMATE TREATIES
Several treaties and conventions contributed to create the current political situation with respect to
climate management. Entered into force in 1992, the United Nations Framework Convention on
Climate Change (UNFCCC) has 194 parties sharing information on greenhouse gas emissions,
introducing national strategies to reduce greenhouse gas emissions, and cooperating with other
states in order to prepare for adaptation to climate change effects. In 1997, the Kyoto Protocol, a
supplemental document of UNFCCC, was concluded and established legally binding obligations to

International Space University, MSc 2012

15

reduce GHG emissions. Only 37 countries committed themselves to a reduction of greenhouse gas
emissions, with key players such as the United States refusing to ratify the document. Even those 37
participants have not been successful in complying with GHG reductions (Lin, 2009). Generally seen
as an important first step towards a global emission reduction regime that will stabilize GHG
emissions, the Kyoto Protocol provides the essential architecture for any future international
agreement on climate change. Currently, the expectation is that there will be no reduction in GHG
emissions resulting from the protocol, but increasing public awareness will improve mitigations and
could pave the way for future agreements (Maccracken, 2009).
Known as the most successful international agreement on climate change to date, the Montreal
Protocol (1989) might be a good example of exceptional international cooperation. As of 2006, the
191 ratifying parties have reduced consumption of atmospheric ozone-depleting substances by 95%.
Even developing countries have managed to achieve a reduction of over 72%, due to monetary
support provided by the Global Environmental Facility. This support was made possible by the
Multilateral Fund, an institution which developed core policies for defining incremental costs, enabling
compliance by technology transfer, and supporting national capacity development (Grabiel, 2007). A
similar fund could be a critical component of future climate agreements.

2.9 CONCLUSION
The projected scenario assumes that financial and commodities markets remain open,
macroeconomic policies remain sound, and large scale catastrophes do not occur. If the current trend
of non-participation with treaties aimed at reducing GHG emissions continues, temperature and sea
levels will continue to rise. Even if effective international agreements are adopted, climate change
manifestations will take decades to respond and would not substantially alter predictions for the next
50 years.
Technology, energy and material advances will open up new opportunities in space activities. The
next 50 years will see a paradigm shift in technologies and materials. By 2060 new players will
emerge as economic powerhouses. With the change in economics will come political change, shifting
from today’s powers to emerging nations.
These general trends will be used as a future scenario for the remainder of this report. They will serve
as a base from which to build environmental, technological, and societal assumptions and a backdrop
2
against which recommendations towards enacting the EC LIPSE roadmap are made. With this
backdrop established, it is possible to proceed to the development of a technical concept for the
2
EC LIPSE shield.
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3. SHIELD CONCEPT
3.1 INTRODUCTION

T

his chapter explores the selection of a preferred solar shield concept. The available options for
consideration will first be reviewed, followed by a discussion of the tradeoff analyses that led to
the selection of a single large shield assembled in situ as the preferred construction. A
2
discussion of the L1 environment and reasons for its selection as the host site of the EC LIPSE solar
shield will follow. The technical concept of the shield is then presented along with its main
characteristics, including size, mass, and orbital location. These characteristics will be developed into
a potential mission architecture in Chapter 4.
The main requirements that defined the shield design and operations are as follows:
!
!
!
!

The shield shall be located between the Sun and the Earth at all times
The shield shall reduce solar insolation reaching Earth by 1.8%
The shield shall be operational by 2060 to forestall dramatic climate change
The shield shall be designed so as to permit reversal of its shielding effect should its impact
on Earth be deemed unacceptable

The shield will be constructed from hexagonal panes of transition electrochromic glass or polymeric
10
silicon connected via a carbon nanotube frame. It will have a radius of 1900 km, a mass of 4.9#10 kg
6
and will be located in an artificial Lagrangian point 2.36#10 km from Earth along the Sun-Earth line. It
will be maintained in a perpendicular orientation to the Sun-Earth line at all times as it travels in an
orbit with dimensions of 12,500 km, as conceptually rendered in Figure 3-1. The shield will reduce
Earth’s incident insolation by 1.8% by absorbing the Sun’s radiation and reemitting it as infrared
radiation. The shield will be serviced by a fleet of autonomous robots. It will maintain its orbit and
orientation by transitioning select panes from their transparent state to a reflective state using voltage
application. In their reflective state, panes will be propelled by incident solar radiation pressure
serving as “thrusters” to reposition the shield as needed. The architecture and specific design of the
shield are developed in this chapter and the operations related to the shield and its mission
architecture will be presented in Chapter 4.

Figure 3-1: Rendition of the solar shield, not to scale

Each aspect of the shield concept was achieved through a high level tradeoff analysis. These
analyses and their results are recounted for the parameters of design concept, placement, size, and
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orbit. It is important to note that this design and the mission architecture that follow have been
conducted on a conceptual level. Many details remain unknown about the technologies discussed
here. Where possible, margins have been adjusted to account for these unknowns to some degree.
However, further study and definition would be required in order to achieve such a technical construct.

3.2 SHIELD PLACEMENT
In this section the nature of Lagrange points will be explored, as well as why the L1 region was
2
selected as the optimal position for the EC LIPSE solar shield. Establishing the location of the shield
is critical to the shield design, as different locations invoke different constraints and capabilities.
Locations for solar shielding have been proposed in Low Earth Orbit, Medium Earth Orbit, Earth-Moon
L4 and L5, or Sun-Earth L1, with most practical focus on Sun-Earth L1 and Low Earth Orbit (LEO).

3.2.1 LOW EARTH ORBIT
Low Earth Orbit comprises the vicinity of space directly surrounding Earth, up to an altitude of
approximately 2000 km. LEO contains the outer reaches of Earth’s atmosphere, resulting in drag
forces on lower altitude craft. This provides a convenient orbit for scientific and communication
satellites for Earth applications and observation. However, due to this convenience it is substantially
occupied and there could be potential for controversy in utilization of the region for a solar shield. At
this close a range to Earth, the shield would need to be of substantial radius and in a crowded orbital
region of Earth in order to provide uniform coverage over the entire planet.

3.2.2 LAGRANGIAN POINTS
Lagrangian or Libration points are five points within a restricted three body problem, as shown in
Figure 3-2. If a small body is placed at rest at one of these points, it follows from the equations of
motion that its acceleration will be zero. Therefore the body will remain relatively at rest forever unless
acted upon by externally applied disturbing forces such as solar pressure (Battin, 1999).

Figure 3-2: Location of Lagrangian points, not to scale (Cornish, 2010)

For each of these Lagrangian points, the three bodies are at rest when viewed in a coordinate system
which rotates at a constant angular velocity about their common center of mass. Such a point is
considered stable if the infinitesimal body being displaced slightly from its equilibrium position and
given a small velocity will remain in the vicinity of the libration point. The two equilateral libration
points called L4 and L5 are usually stable if a certain mass ratio between the two main bodies is

18

International Space University, MSc 2012

achieved as is the case for the Sun and the Earth. The three collinear libration points, L1, L2 and L3
shown in Figure 3-3 are unstable regardless of the mass ratio (Battin, 1999).
L4
L1
Sun-Earth
L1

L2
Moon
Sun-Earth
L2

Earth
L5
L3
1.5 Million km

Moon’s
Orbit
1.5 Million km

Figure 3-3: Location of Lagrangian points in the Sun-Earth-Moon system (adpated from Farquhar et al. 2004)

The L1 point is of particular interest for this work as it is located directly between the Sun and the
Earth. Orbits about the L1 point have been used for solar observation, such as the 1995 SOHO
mission, since such orbits allow for constant observation of the Sun.

3.2.3 LOW EARTH ORBIT VERSUS L1
While reaching LEO is less demanding on propellant when compared to reaching L 1, LEO has several
disadvantages. Given the large number of LEO satellites and the rate by which this number is
increasing every year, it is very unlikely that enterprises and governments would support a solution
that conceivably impedes civil and military applications. A LEO shield would be subject to space
debris damage and run the risk of interfering with signals from other satellites.
After due consideration, the authors settled on a Sun-Earth L1 region solution. This scenario was
chosen because it is less influenced by near Earth space and its placement would not contribute to
congestion in LEO. The report that follows focuses on a solar shield placed in an orbit in the L1 region.

3.2.4 CLASSICAL VERSUS ARTIFICIAL L1
6

The classical L1 is a theoretical point that would be located approximately 1.5#10 km from Earth
inhabited by a zero velocity zero acceleration third body that maintains a constant position with
respect to larger two bodies within a rotational reference frame. This point does not exist in reality due
to perturbations from other gravitational bodies, primarily the Moon and Jupiter, as well as the
elliptical nature of Earth’s orbit, and the influence of solar radiation pressure. However the concept of
L1 can be applied in a non-optimal system by compensating for these perturbing factors. This can be
accomplished via stationkeeping and by shifting the “L1” location closer to the Sun to make use of the
SRP. Figure 3-4 is a simplified conceptual illustration of these factors and their directions.
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Figure 3-4: Factors experienced by the solar shield in the axial direction, not to scale

This shifted L1 position is known as an artificial Lagrangian point and its location is system dependent.
In this report, the notation L1 will refer to a classical first Lagrangian point while L1* will refer to an
artificial first Lagrangian point. This report will limit discussion to a restricted three body problem,
considering the physical interactions among the Sun, Earth, and solar shield. Fourth bodies will be
neglected for the purpose of this preliminary evaluation.

3.3 SHIELD DESIGN
With the region of space identified, it is possible to proceed to the shield concept itself. The concepts
presented here range from designs detailed in the literature to ideas developed for the purpose of this
project.

3.3.1 A SINGLE LARGE SHIELD
An initial design for a single large orbiting solar shield can be found in Early (1989). Early proposes
6
using a 2000 km diameter shield located 1.58#10 km from the Earth. The shield would be 10 µm thick
11
and weigh on the order of 10 kg and would deflect light at a very small angle. This shield would be
made of lunar materials and launched in rolls to its orbital location. This concept continues to play out
through the literature, although launch requirements, placement, and construction present challenges
given existing technology levels.

3.3.2 MULTIPLE SHIELDS
In order to address some of the constraints related to implementation of a single large shield, Angel
(2006) proposed switching from one large solar shield to trillions of smaller shields to improve the
practicality of Early’s work. The trillions of small shields would fly in an ellipsoid formation, having a
10
cross section of 6,200 km x 7,200 km. The entire mass of the proposed system would be 1.8#10 kg.
Angel envisioned terrestrial construction, with the shields being launched in stacks of 800,000 at a
time. This system would call for 20 launch facilities launching every 5 minutes for 10 years. This
proposal clearly continues to present a launch constraint due to the sheer number of launches
needed.

3.3.3 DUST CLOUD
Bewick, Sanchez, & McInnes (2010) proposed a variant on the single shield concept that sidesteps
the launch requirement by using material from a captured asteroid to create a dust cloud at L1. This
solution has a high proposed mass due to the lack of orbital control of the dust, necessitating a certain
amount of margin to accommodate steady losses. The main advantage of this solution is the reduced
processing time needed for implementation. In order to reduce solar radiation by levels comparable to
8
other options, 8.86#10 kg of dust per year must be produced, equivalent to 28 kg/s. Capturing the
10
near Earth asteroid Apophis (2#10 kg), for example, could support 23 years of the mission. The major
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constraint of this proposal is the need for capture technology development as well as the need for
regular replenishment of the cloud.

3.3.4 SELF-REPLICATING SYSTEM
An alternative to classically proposed solutions is an in-situ growth system. Due to progress in
nanorobotics and biological-mimicry technologies, this may be a more viable and cheaper alternative
to other shield configurations in the future. A self-replicating system could be applied to multiple
configuration concepts but be constructed, assembled, and maintained via self-repairing robotics. It
would be possible to build either a system of many small objects or a dust cloud system with these
techniques (Fogg, 1995, p.399; Freitas Jr., 1985). However this technology is not yet at a stage where
its constraints can be evaluated.

3.3.5 SPACE COLONY
It could be possible to use a space colony’s infrastructure itself as a shield. As the shield requires a
substantial diameter in order to block a sufficient portion of the Sun’s radiation, the colony must either
be of this size or be the central structure of an extended shield construct. Such a construct could be
used to harvest energy, for example by focusing the solar energy to generators. It is also possible to
envision several colonies of a more modest size being put in orbits around the L1 point and
collectively covering enough area to have the same effect as a single shield. The complexity of
building a self sustaining human rated system would be a constraint, although human presence could
be useful for the building and maintenance aspects of the shield operation.

3.3.6 SPACE WEB
Webs or fishnet shaped space structures are the subject of several ongoing studies. They are light
orbiting structures composed of strands along which small spacecraft or robots can move such as
spiders (Sabatini et al., 2009). Such structures can be seen as intermediate forms between large onepiece space structures and swarm architectures. Both 2D and 3D architectures could be considered.
The advantage of such a scenario is its flexible setup, which could permit variable configurations and
even variable levels of solar reflectivity.

3.4 SHIELD EVALUATION CRITERIA
A set of evaluation criteria was created to compare the above design concepts. These criteria are
detailed in Table 3-1.
Criteria
Cost
Reversibility
Transport
Complexity
Technology
Readiness
Time to
Completion
Deployment
Complexity
Lifetime
Servicing
Stationkeeping
(AOCS)
Secondary Use
Flexibility

Definition
Overall mission cost including manufacturing, launch, and servicing
Complexity of nondestructive reversal of the implemented shield
Maturity of the transport and propulsion technology required
Technology readiness level in 2012
Duration of time needed from the conception phase to full operational mode
Degree of complexity of the construction or deployment scenario
Length of time the shield remains active once implemented
Complexity of continued servicing required to keep the shield active
Amount of energy, propellant, and resources needed to provide stationkeeping
Potential secondary uses to be derived directly from the shield and complexity in
implementing them
Adaptability of shield while in use to compensate for changes on Earth
Table 3-1: Evaluation criteria for shield concept selection
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3.5 SHIELD TRADEOFF ANALYSIS
Each of the shield concepts was scored on a scale from one (unfavorable) to five (favorable) in each
of the evaluation criteria presented in Table 3-1. Scores were assigned on an absolute scale, not
ranked relative to each other. Since each of these concepts is based in the future, assigned scores
are an assumption, based on the trends identified in Chapter 2, as to the state of technological
capabilities at the time of shield development in the decades leading up to a 2060 implementation.
These assessments could well change based on future developments and should be revisited prior to
any project initiation. A graphical summary of these scores can be seen in Figure 3-5.
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Figure 3-5: Scoring graphs for each of the shield configuration proposals. A low score is unfavorable, a high score is
favorable for each criterion.

Each of these criteria was then weighted for importance to the category using a methodology of
coefficients. The breakdown of weights can be seen in Table 3-2. Transport complexity was given a
high weight due to the high mass of the shield. Current launch technology and infrastructure are
incapable of handling the mass demands of any of these shield options, so in order to finish the
project by 2060 the development of launch technology plays an important role. Cost was also heavily
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weighted since consuming a high percentage of GDP for such a project would be problematic on a
geopolitical and economic level.
Criteria

Weight

Cost
Transport complexity

High

Reversibility
Time to completion
Deployment complexity
Lifetime

Medium

Servicing complexity
Stationkeeping complexity
Secondary use
Flexibility

Low

Technology readiness
Table 3-2: Breakdown of relative weights for selection criteria for shield concept selection

Based on this qualitative ranking of the criteria, two of the six solutions were ruled out: the space
colony and self-replicating system. Each of the remaining four concepts was drawn upon when
2
designing the EC LIPSE shield, with special attention paid to feature weight designations. The single
shield constructed of lunar material was chosen as the base concept. This concept was modified by
the application of modularity, as per the multi-shield concept, with robotic manufacturing to occur in
situ near the first Lagrangian point per the space web and dust cloud concepts respectively.

3.6 MECHANISM OF ACTION
The general aim of the shield is to reduce insolation, the incoming solar radiation that reaches Earth.
For that purpose three strategies are available as presented in Figure 3-6:
!
!
!

Reflection - all or part of the light intercepted by the shield is reflected back towards the Sun
Deflection - all or part of the light intercepted by the shield is bent so as to bypass Earth
Reemission - all or part of the light intercepted by the shield is absorbed and reemitted at a
different wavelength in all directions
2

The EC LIPSE solar shield is based on this last strategy, specifically reemission of incident radiation
in the infrared wavelength. This selection bypasses the manufacturing complexity of a reflective
shield. It also requires less mass, as is explained in Section 3.7. However, for stationkeeping
purposes there will still be need for a number of reflective surfaces. This is further developed in
Chapter 4.

International Space University, MSc 2012

23

Figure 3-6: Concepts of shield radiation management
2

The EC LIPSE shield will absorb the energy of the Sun’s radiation and reemit it bidirectionally. A 1.8%
decrease in the solar radiation reaching Earth is necessary to compensate for the global surface
temperature increase triggered by a doubling of atmospheric CO2 relative to pre-industrial times (Bala,
Govindasamy & Caldeira, 2000).

3.7 DETERMINATION OF SIZE AND ORBITS
This section presents an overview of the decision process used to realize an optimal shield mass and
2
radius. The objective of this optimization is to identify the L1* location for the EC LIPSE solar shield.
To simplify the calculations, the shield was assumed to be a perfect disk.

3.7.1 MASS AND RADIUS OF THE SOLAR SHIELD
A minimum shield mass is desirable since it reduces the launch and transportation requirements, a
limiting cost factor. Based on Newton's second law and McInnes (2006), a relation between mass and
position can be established, as shown in Figure 3-7. In this analysis, a tradeoff between three factors
must be made: reflectivity, distance from Earth, and mass of the shield. The optimal distance is
attained when the required mass for the shield is minimal as is illustrated by the dashed line.
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Figure 3-7: Mass of the solar shield as a function of reflectivity (r) and distance from Earth

The distance from Earth !!" that minimizes the shield’s mass is the same for all values of reflectivity:
6
2
2.36!10 km. The solution chosen for the EC LIPSE solar shield is the one corresponding to a
10
reflectivity of 0% and has a minimum mass of 4.9#10 kg.
With the location defined, the radius is determined based on projections of the Sun and the shield on
the surface of the Earth. To achieve a 1.8% reduction in solar radiation reaching Earth with a shield
6
located at !!" = 2.36#10 km, the radius of the shield must be ! !" =1900 km.

3.7.2 ORBIT DETERMINATION
6

A location 2.36#10 km from Earth is inherently unstable with respect to the Sun-Earth system for a
static installation. It is therefore necessary to place the shield in orbit at that altitude. The orbit must be
adequately small for the shield to remain positioned between the Sun and Earth at all times. To
realize this a Lyapunov criteria was used to determine the orbit selection. Orbits around L1 are
normally very large in order to achieve maximal stability with minimal stationkeeping. In the case of
5
SOHO for example, the orbit stretches more than 5#10 km. However, with the constraint for the
2
EC LIPSE shield to keep Earth within its penumbra cone at all times, the size of the orbit must be
limited. A geometrical calculation demonstrates the window within which a possible orbit should be
contained. Using the values in Table 3-3, the maximum allowable deviation of the shield from the
Sun-Earth line was calculated to be 6250 km.
Parameter

Value (km)

Solar radius

7#10

Mean Earth radius

6,371

Sun-Earth distance

150#10

Earth-Shield distance

2.36#10

Shield radius

1900

5

6
6

2

Table 3-3 Key parameters for calculation of the EC LIPSE orbit

An orbit of this radius will keep the Earth within the penumbra cone cast by the shield, as illustrated in
Figure 3-8.
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Figure 3-8: Shadow cast on the Earth by the shield, not to scale
(A = anumbra, U = umbra, P = penumbra, RP = radius of the penumbra cone)

This results in a maximum orbital dimension of 12500 km, a small L1* orbit, perpendicular to the SunEarth line with the shield maintained at an orientation perpendicular to the Sun-Earth line. The shield
therefore needs to be closer to L1*,requires more stationkeeping, and is less stable than traditional L1
orbits. The effects of this can be seen in Figure 3-9 where instabilities arise as a sinusoidal motion
perpendicular to the orbit plane. Note that the figure shows only a limited number of orbits resulting in
artifacts such as the appearance of endpoints.

Sun-Earth line,
normal to shield
Figure 3-9: View of an orbit about L1* with the Sun-Earth line shown

The main stationkeeping cost for the proposed orbit will be on the order of 0.2 km/s weekly. Additional
stationkeeping will be needed to maintain the plane of the shield in a perpendicular orientation to the
Sun-Earth line at all times. This factor is difficult to estimate without precise definition of the
architecture, size, density distribution, rigidity, and stiffness of the shield. Additional perturbations may
occur, most notably from the Moon. The passage of Jupiter or even asteroids can introduce
occasional perturbations as well. Stationkeeping strategies are further examined in Chapter 4.

3.8 CONCLUSION
This chapter has outlined the tradeoff analysis performed on various elements of the shield concept in
2
order to develop an optimal design basis for the EC LIPSE solar shield. The result of this analysis is a
single non-reflective shield of 1900 km radius positioned in front of the Sun as seen from the Earth at
6
a distance of 2.36#10 km from Earth. It will achieve a 1.8% reduction in Earth’s insolation, sufficient to
return the planet’s mean surface temperature to pre-industrial levels.
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In order to accomplish implementation of this shield in a cost-effective manner, the utilization of noncommercialized technologies such as railguns, advanced robotics, and space manufacturing must
play a prominent role. Harvesting lunar materials and launching a majority of the system mass from
the Moon instead of from Earth helps to further alleviate technology constraints, particularly in the
critical field of launch and transportation. The decision to pursue robotic-only manufacturing on both
the lunar and near L1 bases alleviates the additional robustness and cost associated with human
rated launchers, spacecraft, and habitats. The authors posit that by leveraging these options a
solution can be designed that outperforms those currently detailed in the literature.
There are alternative options for each of the design parameters selected here. However, this concept
will serve as a basis for development of a mission architecture and implementation analysis using a
process that may be applied to any selected shield concept, or even non-shield global scale
technological projects of a similar vein.
The chapter that follows will explore the implementation of this solar shield, examining launch,
2
manufacturing, assembly, and operations of the EC LIPSE solar shield.
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4. OPERATIONS CONCEPT
4.1 INTRODUCTION

T

his chapter provides the technical details on how to implement the solar shield concept
identified in Chapter 3. With the concept specified, it is possible to consider how it could be
achieved. One option is discussed here, covering the mission architecture from launch through
manufacturing, assembly, and stationkeeping. For each stage a discussion of the tradeoffs that led to
the selected approach is presented. The result is a basic operational concept that could be used to
2
implement the EC LIPSE solar shield.

4.2 MISSION ARCHITECTURE
The preferred solar shield concept, as explained in Chapter 3, relies on modular construction with
assembly in L1*. This choice was based on constraints on launching the assembled shield from Earth
given its size and mass. This need for construction in L1* necessitates establishment of an L1*
manufacturing infrastructure as well as importation routes for all the raw materials. Were the raw
materials for the modules to be refined on Earth, a high number of launches would be required,
2
becoming a limiting factor. EC LIPSE explored two options in this regard: either to tow an asteroid or
a small moon to L1* to serve as raw material for the shield, or to utilize lunar processed regolith as
raw material. Some investigation determined that towing an astronomical body would be highly
inefficient, since less than 50% of such a body would be usable as raw material, and almost half of
the mass of the body would be needed in propulsion fuel using methods with a very high specific
impulse. Material harvesting from the Moon eliminates the need for such massive transportation while
reducing launch requirements compared to Earth-based processing due to the reduced gravitational
force on the Moon. A proposed operational procedure for this latter option is illustrated in Figure 4-1.

*

2

Figure 4-1: Mission architecture for EC LIPSE solar shield, not to scale
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It was determined that minimization of resource expenditure can be achieved by processing lunar
regolith into blocks of glass or polymeric silicon that are then launched via railgun to L1* where they
are converted into modules and assembled. The construction of these elements will require a robotic
lunar glass-processing factory at least fifteen years prior to project completion. A robotic assembly
outpost will be needed in L1* to finalize and assemble the different elements. All space-based
construction and processing will be conducted via robots, preferably autonomous robots. There will be
no crew requirements.
A timeline of technical milestones for such a mission can be seen in Figure 4-2. The time period for
this project is very ambitious, with several important milestones in term of launch campaigns and
reliance on the availability of telepresence and autonomous robotics on both the lunar surface and in
L1*.

2

Figure 4-2: Technical milestones for EC LIPSE mission

Two main technologies will be used to perform the needed launches for the solar shield, chemical
propulsion and electromagnetic railgun. A railgun is an electrically powered gun that accelerates a
projectile along electromagnetic bars on a conductive slider. This technology is based on the use of
two frictionless contacts that permit a large electric current to pass through the slider. This current
acts together with the strong magnetic field generated by the bars to accelerate the projectile. The
working principle of a railgun is illustrated in Figure 4-3.
Pulsed
power
supply

Power generator

Projectile

Armature

Conducting rails
Figure 4-3: Working principle of a railgun (Harris, 2005)
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2

In the case of EC LIPSE, the projectile would be a spacecraft containing blocks of silicon-based
material produced on the lunar surface for shipment to L1*. Table 4-1 identifies which type of launcher
will be needed at each operational phase.
Route
Earth - Moon
Moon - L1
Earth - L1

Total
payload (t)
4
4.9#10
7
4.9#10
4
2.5#10

Type of
launcher
EHLV
Railgun
EHLV

Deliverable
Cargo / launch (t)
15
500
50

Total #
launches
6600
100000
1000

Launch
timeline
2035-2040
2045-2055
2040-2045

Table 4-1: Total payload launched by launcher type

The railgun based on the Moon will be powered by nuclear fusion or, if that technology is not
available, nuclear fission. The expendable heavy launch vehicle (EHLV) from Earth to the Moon has
been completely staged, as will be detailed in Section 4.3.2, while the railgun has been only
approached on a requirement level due to the military control of the only available prototypes at the
time of writing of this report. The lunar and L1* facilities along with their autonomous robot contingent
have not been designed.

4.3 EARTH LAUNCH TO THE MOON AND L1*
As the launching campaign from the Earth would be one of the most critical components of the
2
EC LIPSE solar shield implementation, several options were analyzed. The two major options for
launch are traditional launch vehicles or railguns.

4.3.1 USING A RAILGUN ON EARTH
A calculation demonstrated that a 10 km railgun would need to accelerate to over 600 G, as illustrated
in Figure 4-4 to achieve escape velocity from Earth. Such high acceleration rates would challenge the
integrity of most structures and be unsustainable for any biological element. A longer construction
would be severely challenging.

Length of railgun (km)

1000.0
100.0
10.0
1.0
0.1
0

2000

4000

6000

8000

10000

Acceleration during launch (G)
Figure 4-4: Earth railgun length as a function of the acceleration to reach escape velocity

Assuming that such a railgun could be useful for launch of raw materials, the energy requirement
needed to sustain such a launch architecture was calculated, and is shown in Figure 4-5.
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Length of railgun (km)

1000.0
100.0
10.0
1.0
0.1
20

200

2000

20000

Power of the railgun (GW)
Figure 4-5: Power needed for the railgun during launch as a function of length for a 50 ton payload accelerated to
escape velocity

To design a railgun shorter than 10 km long, the electric power required by the gun would need to be
over a thousand GW for a 50 ton payload. There is no reason to believe that such power capacity
would be any more realistic in 2035 than it is today. Therefore, traditional launch technology was
selected for all Earth based launches.

4.3.2 DESIGN OF EC 2LIPSE HEAVY LAUNCHER
2

A preliminary design of a heavy launcher capable of handling EC LIPSE launches is presented here.
The resulting heavy launcher is a realistic idea of the kind of technology one could expect to enter
production between 2020 and 2025. The main requirement for this heavy launcher was a 50 ton cargo
capability at escape velocity. This was achieved by a three stage vehicle, as specified in Table 4-2.
Stage

Propulsion type

Isv (s)

1

Liquid propulsion
LOx/Kerosene
Liquid propulsion
LOx/LH2
Liquid propulsion
LOx/LH2

2
3
Total

330

Thrust (t)
sea level
4800

!V
(m/s)
4850

Mass
index
0.126

Dry
mass (t)
380

Fuel
mass (t)
3000

Total
mass (t)
3380

450

152

3600

0.118

32

270

302

462

74

4800

0.112

13

120

133

425

3390

3825

13250

Table 4-2: Heavy launch system specifications

Based on this architecture, three engines would be required. For the first stage, two booster stages
similar to the central core would be used, with one engine on each booster and two engines on the
main core. For the second and third stages two engines are used. The launcher is comparable to a
Saturn V rocket in dimensions. Its mass is approximately 4000 t at lift off. The configuration can be
seen in Figure 4-6.
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Figure 4-6: Launcher architecture (Image of Saturn V sourced from Portree, 1995)

Due to the highly variable inclination of the Sun-Earth line, many ballistic phases and restarts will be
needed to perform inclination corrections. Such corrections can be limited by inserting the launcher
into a parking orbit, then performing an inclination correction burn. In order to meet the payload
launch requirements detailed in Table 4-1, one to three launches would be required daily during peak
periods as shown in Figure 4-7.

Number of launches from Earth per month

Total launches per month

Launches to L1* per month

Launches to the Moon per month
90
80
70
60
50
40
30
20
10
0
2034
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2038

2040

2042

2044

Year
2

Figure 4-7 Launch frequency over E CLIPSE implementation time span

The main vehicle assembly facility of every launch facility would need to assemble four launchers in
parallel in a fashion similar to that which was designed for the Saturn V VAB at the Kennedy Space
Center, with assembly of each vehicle occurring within one month. Supposing that each launching
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facility has two launchpads, each launchpad would need to assure one launch every two weeks, a
value that is possible even by current standards. The total number of facilities to achieve that launch
frequency would be the equivalent of 15 Kennedy Space Centers.

4.4 OPERATIONS ON THE MOON
The Moon will be a critical staging ground for L1* activities. Following Earth based launch, several
robotic facilities will be built on the Moon including two railguns, a mining facility, and three material
processing factories, a spacecraft production facility, and a water extraction and processing facility. In
these factories, lunar regolith will be separated into its components, with silicon and metallic elements
3
converted into the end-use polymer, and packaged into bulk containers for shipment to L1*, while He
is retained for use in providing nuclear power to the lunar facilities. A separate facility will extract
hydrogen from polar lunar water to serve as propellant for lunar launching spacecraft. The design of
these facilities and the operations and transportation details for lunar surface operations are not
examined here.
Materials destined for L1* will be packed 500 t at a time into simple spacecraft equipped with
propulsive units fueled by extracted hydrogen. The spacecraft will be launched via railgun, one every
45 minutes (two railguns firing every 90 minutes), into lunar orbit. The spacecraft will remain in low
lunar orbit until the next available launch window, when they will propel themselves to L1*. Once in
L1*, the materials will be processed and assembled to form the shield panes while the spacecraft will
be repurposed for later use.
Once the shield has been constructed, a reduced flow of materials will continue with approximately 10
shipments per month in order to provide materials for shield repairs and propellant for L1* facilities.

4.4.1 SHIELD MATERIAL
Due to the fast evolution of structural nanomaterials such as carbon nanotubes, as discussed in
Chapter 2, it is assumed that the shield’s frame structure would represent 10% of the total mass, with
silicon based panels comprising the other 90%. The thickness of the panels of the solar shield varies
with the density as can be seen in EQ 4-1.
EQ 4-1:

!!

!!"
! !" !

With:
!= Thickness of the panels
!!! = Mass of the solar shield
!!! = Area of the solar shield
!= Density of the construction material
3

A crystal-based silicon material processed from lunar material would have a density of 2800 kg/m in
the space environment, as seen in Table 4-3 (Blacic, 1985). Due to the fast evolution of
nanotechnology in the near future it would be possible to individually assemble silicon atoms,
achieving better mechanical properties with lower densities.
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Material
Liquid water (Earth Environment)
Lunar glass (Earth Environment)
Lunar glass (Space Environment)
Silicon nanowire (current technology)

Density
3
(kg/m )
1000
2500
2800
2300

Thickness
(µm)
6.7
2.7
2.4
1.3

Table 4-3: Minimum material thickness by density (Blacic, 1985; Wang, Dai, Gao, & Bai, 2000)

Assuming the use of nanowire or advanced polymeric technology, these densities would require a
shield of thickness no more than 845 nm. Such a thickness is not currently possible for the materials
and processes described here. Such thin film technologies will require development in microgravity
manufacturing processes. The optical property of nanowire panes can already be adjusted to meet
the absorptivity requirements of the solar shield (Hu & Chen, 2007).
2

Lunar regolith is particularly interesting for the EC LIPSE project because of its composition. As can
be seen from Table 4-4, major elements present in lunar regolith are silicon and oxygen, the major
components of any glass.
Element
O
Si
Mg
Fe
Ca
Al
Cr
Ti
Mn

Amount (wt%)
43.4
20.3
19.3
10.6
3.22
3.17
0.42
0.18
0.12

Table 4-4: Average composition of lunar soil (Landis, 2007)

Glass manufacturing from lunar regolith is not a new idea. As discussed in Landis (2007) there are
already methods for extracting silcon from lunar soil, such as that proposed in Figure 4-8. Other
researchers claim that lunar soil can be turned into glassy material by using microwaves at 2.45 GHz
due to the presence of elemental iron, which acts as a conductor (Taylor & Meek, 2005).
For extraction of Si from lunar regolith, a manufacturing facility will be established on the Moon. Such
factory producing Si from lunar regolith would employ the process discussed in Landis (2007) and
shown in Figure 4-8. It is technically challenging due to the use of F2, since in experimental studies of
electrolysis only about 50% of the F2 could be recycled, thus design of a completely closed-cycle
facility would be extremely unlikely (Seboldt, 2010). The mass and size of the factories can be
estimated using efficiency factors based on terrestrial examples for mining facilities and more high8
technology production facilities. The total regolith available on the Moon is 3#10 kg. Approximately
1% of this mass will be processed in support of solar shield construction. Assuming a ratio of factory
mass to processed regolith mass of 0.2%, the entire factory installation will have a mass of
7
approximately 2.5#10 kg.

By products:
Metals
MgO
CaO
O2
Figure 4-8: Block diagram for lunar soil processing for silicon production
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Soil turned into glass or polymeric silicon could be subsequently cut, transported, and processed (e.g.
polished) in a L1* processing facility. Further studies of properties of this material will be necessary to
2
determine its exact optical properties and thus suitability for the EC LIPSE project. The mass of
11
regolith needed from the Moon to produce the shield will be around 3#10 kg which represents a
-12
4.11#10 fraction of the mass of the Moon.

4.4.2 LAUNCHING FROM THE MOON TO L1*
Launching from the Moon to L1* with a heavy lifter is technically and logistically challenging. Instead, a
railgun will be employed for Moon launches. A railgun, unlike a traditional launcher, can be powered
via solar or nuclear energy, whereas usage of a heavy lifter would require importation of chemical
propellants, nearly doubling the launch requirements from Earth. Similar to the Earth railgun analysis
(Section 4.3.1), the railgun’s length on the Moon is determined based on the launch acceleration that
could be withstood by the payload. In addition to the shield raw materials, a small propulsive module
would be launched with each payload to provide the $V needed to circularize the trajectory around
the Moon and then escape to L1*.

Length of the gun (km)

10.00

1.00

0.10

0.01

0.00
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1000

10000

Acceleration during launch (G)

Figure 4-9: Length of railgun for launch from Moon to L1*

To achieve a 50 G acceleration over the launch, a railgun length of 1.4 km has been selected, as
illustrated in Figure 4-9. The average payload for the lunar railgun is designed to be 500 t of refined
raw materials, packed into a spacecraft totaling a loaded mass about 550 t. The railgun would operate
from 2045 to 2055. Over that period of time, 100,000 launches are scheduled, amounting to one
launch every 45 minutes. The railgun would provide a $V of 1.2 km/s and the remaining 0.6 to 0.8
km/s necessary to achieve lunar orbit will be provided by the spacecraft. An illustration of the launch
sequence from the Moon is shown in Figure 4-10.
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Figure 4-10: Launch sequence from the Moon

The average energy needed for the railgun over the 5.8 seconds of the launch will be over 2000 GJ.
This power will be provided by capacitors. Between launches, the railgun will recharge its capacitor
from a nuclear power plant, either fission or fusion, of 2 GWe (Gigawatts of electricity) capacity. 2
GWe plants are already operational on Earth, using two nuclear reactors in a single power plant. Next
generation power plants are expected to use 1.6 GWe reactors (Areva, 2005).
3

To sustain such a power plant, 200 tons of Uranium or 101 kg of He will be needed per year.
Terrestrial Uranium reservoirs amount to more than four billion tons. This includes conventional
resources both discovered and undiscovered, secondary sources such as re-enrichment, and
3
unconventional resources that can be found in the seawater and phosphates (IAEA, 2001). He is
available in lunar regolith and could be mined along with shield raw materials. The amount of regolith
3
needed to produce the shield could yield over 200 kg of He per year.
2

Using a solar furnace would require around 25 km of solar mirrors to concentrate enough energy
based on current solar concentrated power technologies (Next Era Energy Resources, 2012) and an
improvement of 150% of this capacity due to its use in space (Duffie & Beckman, 1991). Also the
lunar night lasts 14.7 terrestrial days, requiring at least two power stations and an electric grid to
compensate for gaps in solar exposure. This solution is therefore deemed impractical and nuclear
power is preferred.
After launched to low lunar orbit, the spacecraft would wait until a launch window would be available
to go to L1* as efficiently as possible. The lunar period is around 28 days on average. Considering an
acceptable margin of error, all payloads will need to leave lunar orbit to go on an L1* bound trajectory
within a 5 day period each month. The amount of $V needed to escape to L1* is around 1.6 km/s.
Finally a boost of 0.5 km/s would be needed for the orbital injection around L1*. The concept is
illustrated in Figure 4-11.

Figure 4-11: Progression of payload shipments to L1* from the Moon
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A very simple design of this stage has been performed. Using a magnetoplasmadynamic thruster
fueled with hydrogen, a specific impulse of 5000 seconds is achievable with a power source of 5 MW.
This would be provided with a nuclear reactor of an estimated 2 ton mass (Czysz & Bruno, 2009). The
basic system mass is identified in Table 4-5.
Component

Mass (t)

Raw material

500

Container and engines

20

Hydrogen

31

Power system

2

Total Mass

553

Table 4-5: Mass breakdown of lunar material transportation spacecraft

Based on the launch schedule identified, around 900 of these spacecraft are scheduled to be put in
11
low lunar orbit over every 28 day period. NASA estimates that over 6#10 kg of water is available on
10
the lunar pole, representing 6.7#10 kg of H2, enough to build a million such spacecraft even with a
50% efficiency in H2 retrieval (NASA, 2010).
Another production facility that will need to be established on the Moon is one producing propulsion
units for the payload blocks launched to L1*. The set-up of this factory represents a challenge mainly
due to the high rate of unit production.
A summary of all the facilities to be established on the Moon is available in Table 4-6.
Lunar Facilities
Nuclear power plant
Railguns
Water drilling
Regolith mining
Hydrogen production
Glass/Polymeric silicon production
3
He production
Spacecraft unit production
Table 4-6: Summary of facilities to be located on the Moon

4.5 SHIELD ASSEMBLY IN L1*
2

Until this point, it has been assumed that the EC LIPSE shield has an ellipsoid geometry. This
geometry is simple to model and provides advantages in stationkeeping due to its high symmetry in
the axial and radial direction. However, manufacturing such a geometry would require construction
and assembly of parts of different sizes and shapes. Taking into account the need of high symmetry
for the stationkeeping process, a hexagonal shape can be used in place of the ellipsoid. A hexagonal
module can be constructed through the assembly of smaller regular hexagons, which may be formed
from six smaller equilateral triangles. Using such a geometry, the manufacturing and assembling
processes can be summarized in the following three steps:
1. Manufacture the basic equilateral triangles
2. Sub-assemble six equilateral triangles to construct a basic regular hexagon
3. Assemble the basic regular hexagons to form a regular hexagon shape solar shield
The number of basic hexagons needed depends on the number of rings of hexagons, which will
compose the shield. Figure 4-12 shows three different shields, with one ring of hexagons (one
hexagon and six triangles), two rings (seven hexagons and 42 triangles) and six rings (91 hexagons
and 546 triangles).
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Figure 4-12: Solar shield shape for 1, 2 and 6 rings of hexagons. Gold circles represent structural joints.

The number of basic hexagons can be calculated as a function of the number of rings used to build
the shield while the number of basic triangles to manufacture can be calculated by multiplying the
number of basic hexagons by six. The result of this calculation for several numbers of rings along with
the side length of the basic equilateral triangle required in every case is displayed in Figure 4-13.
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Figure 4-13: Number of hexagons, triangles, and their dimensions for potential shield configurations

The number of rings must be chosen as a function of the maximum side length of the basic triangle
that can be manufactured. As the number of rings increases, the size of the basic manufactured
elements will be smaller, but the number of elements to assemble will be larger. This decision will
need to be made closer to the time of implementation based on the technological capabilities for both
manufacturing and assembly.
A single module will consist of a ring of six triangular carbon nanotube frames enclosing silicon based
panes. Some of these panes will incorporate electrochromic coatings, as stated in Section 4.6.1.
Those panes will also include electrical wiring via the nanotube frame.
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4.6 OPERATIONS IN L1*
Because of the natural instability in the vicinity of the Lagrangian points, thrust is always necessary for
stationkeeping. However, this thrust can be minimized by controlling about a suitable periodic
disturbed path, the so called nominal path (Farquhar, 1970). Small radial perturbations in the direction
of Sun or Earth can cause the shield to move out of its defined position. However because of the
nature of the gravitational well at L1*, the shield will be stable for perturbations perpendicular to the
Sun-Earth axis.
The basic strategy for control along a nominal path can be described using the linearized equations of
motion for the collinear points and controlled using closed-loop feedback. This is necessary to keep
the orbit under control. An example of the difference between a spacecraft with and without control
feedback is shown in Figure 4-14.

Figure 4-14: Trajectory under control vs. trajectory without control (Lu et al., 2011)

4.6.1 STATIONKEEPING STRATEGIES
Since L1* points are inherently unstable, a good stationkeeping strategy is vital to keep fuel, or $V,
requirements to a minimum. This cannot be addressed with chemical propulsion, since the amount of
propellant needed would be extremely large and having thrusters in the shield structure would create
additional engineering challenges.
Stationkeeping can be performed on a continuous basis or via on/off control. The latter employs small
$V on a periodic basis rather than continuously adjusting the spacecraft’s attitude and trajectory.
Ideally these maneuvers would be performed every couple weeks, but good trajectory determination
requires three to four weeks for each such execution. However, $V requirements can be considerably
reduced even with maneuvers performed only every couple of months (Dunham & Roberts, 2001).
Stationkeeping strategies can also be selected to maintain tight control or loose control. In tight
control, two or more parameters or $V components are varied, to target a three-dimensional nominal
path. A loose control strategy only varies one parameter to cancel out the unstable part of the orbit
and does not determine the exact shape of the trajectory.
By using an on/off, loose control stationkeeping approach, stationkeeping costs, power, and
propellant requirements can be kept to minimum.

U SE OF SOLAR RADIATION PRESSURE
Solar radiation pressure can be used as a propulsion mechanism in certain stationkeeping situations.
The solar shield is a prime candidate for such a mechanism due to its position directly in front of the
-6
Sun. Generally, a solar sail would be positioned on the spacecraft to take advantage of the 5.46#10
2
N/m SRP, (usually expressed as surface/mass), to achieve control along the Sun-Earth line or in
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slightly tilted directions using movable solar sails. Gomez, Llibre, Martinez, & Simo (2001) calculated
that a 5% solar sail surface area to spacecraft weight ratio is sufficient for stationkeeping.
An even simpler option in the case of the solar shield is to use the shield’s surface itself as a solar
sail. This can be achieved by selectively altering certain tiles on the shield via embedded
electrochromic liquid crystal devices to achieve variable reflectivity. Such devices were used for
IKAROS for attitude control, and activated by applying voltage to the devices embedded in the craft’s
solar sail, pictured in Figure 4-15 (Funase et al., 2010). One voltage application makes the tile
reflective, a second voltage application reverts it to zero reflectivity.

Figure 4-15: JAXA's IKAROS using changing reflectivity steering techniques (Funase et al., 2010)

Embedded as part of select silicon based shield tiles, these devices will allow to the shield to respond
to changes in solar pressure and therefore maintain the equivalent of a constant low level thrust. The
exact position of these attitude control devices and how many panels should be so equipped is not
covered in this report. The modified tiles will need to be controlled by a single master control unit so
directionality can be adequately coordinated. The liquid crystal panel as used in the IKAROS project
is shown in Figure 4-16.

Figure 4-16: The liquid crystal panel of IKAROS (Funase et al., 2010)
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These variable reflectivity tiles will be used to control the shield attitude and orientation and maintain
its orbit around L1* despite perturbations. This control mechanism is illustrated in Figure 4-17.

2

Figure 4-17: Simplified control strategy for EC LIPSE shield

4.6.2 MAINTENANCE AND SERVICING
The shield would require electric power for its control unit. Two concepts are available to achieve
electric production: either the shield’s thermal emissions could be converted into electricity or solar
panels could be installed. A tradeoff would be needed to see which of these would be the most mass
effective. Should solar panels be used, they could replace some of the tiles and come in the form of a
thin film of solar cells with a thickness of about 25 "m. Power output from these cells could also be
used for electric propulsion thrusters, if there is a necessity to employ them. Should magnetoplasma
dynamic thrusters identical to those on the payload propulsive unit be used for stationkeeping instead
of the solar sail strategy, 260 t of H2 would be needed on average per month to compensate for orbital
drift.
The shield would require maintenance since the space environment would damage the tiles over time.
The operation of replacing damaged tiles will be performed with the same robots that were employed
during the construction phase. The factory producing the glass or polymeric silicon blocks on the
Moon would continue working after shield completion, but at a reduced rate. Transportation of lunar
supplies to L1* could be made using the same railgun and spacecraft scheme as the original
construction. Around 100,000 t of silicon, accounting for 2% of shield mass, would likely be needed
per year.

4.7 CREWED OPERATIONS TRADEOFF
All structures whose dimensions exceed the transport capabilities of the launching vehicle require a
deployment and/or assembly process. These two actions can be highly complex and in general
require a long time because of the low transport capability available today. Mir and the ISS, two
examples of large space structures, required more than ten years each for assembly. Both human
and teleoperated robotic assembly were used for these structures, although humans were generally
preferred due to their versatility.
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4.7.1 ROBOT-HUMAN TRADEOFF
It is much debated in the scientific and engineering communities whether robots or humans are
preferred for various purposes such as exploration and assembly. Some say both will be required
(Schmidt & Hawes, 1999), while others point out the inherent differences in the roles, likening the
comparison to apples and oranges (Clément, 2005).

4.7.2 HUMAN CAPABILITIES AND CONSTRAINTS
Human assembly of the solar shield would incur additional cost and time constraints due to the
necessity of man-rating launch vehicles and assembly facilities. Human assembly would most likely
take place via Extra Vehicular Activities (EVAs), resulting in extended exposure to a hazardous
radiation environment. During an EVA at L1*, astronauts would be exposed to both solar radiation
(solar flares) and galactic cosmic rays (GCR). Given the eleven-year solar cycle and long-term
building schedule, the radiation protection required to keep astronauts safe would dramatically
increase the cost and risk of the mission. Long-term effects of radiation on biological organisms are
largely unknown, but some cell experiments on the ISS have shown chromosome damage and
abnormalities, possibly due to radiation. Solar flares would be a significant life-threatening danger
even if the astronauts were only exposed for a short period of time (Clément, 2011, p. 84-86).
Protective life support systems would be costly even if the astronauts did not perform EVAs and just
used telerobotics.
Life support system technology is not expected to increase exponentially as is robotics (see Chapter
2) because there is far less opportunity for non-space related technology development. In the event of
a medical emergency during an EVA or following a solar flare, the humans would take about a week
to reach a medical care facility on Earth. Additionally, there is great potential for irreparable eye
damage during EVAs since astronauts will be closer to and in the direct path of the Sun. This has
already been a problem during EVA (Thagard et al., 1998). Finally, the lack of gravity will weaken
astronauts over time due to bone and muscle loss, making them less efficient in performing EVAs.
Artificial gravity could address some of these concerns but would be a costly and complex step.
In human missions to date, the dangers identified above have been deemed an acceptable risk in
exchange for the tremendous increase in capabilities over non-crewed missions. Humans have
greater scientific capacity, ability to synthesize large quantities of data, and more advance decision
making and improvisational capabilities than today’s robots (Clément, 2011, p. 8). Over the coming
decades, these gaps between human and robotic capabilities are likely to shrink. This, combined with
2
the basic predictability, and hence programmability of the EC LIPSE solar shield construction and
assembly mission significantly reduces the value of human involvement.
The authors of this report acknowledge that there are tremendous advantages and disadvantages to
both human and robotic exploration but for the purely technological pursuits of this project, robotic
construction would be preferred.

4.7.3 ROBOTIC OPTIONS
Given that the A1B scenario suggests increases in all technologies, including robotics (see Chapter
2), current gaps in robotic autonomy in space should be largely eliminated by the time shield
construction begins. Robots are ideal for boring, repetitive, or dangerous tasks, an accurate
description of the shield assembly process (Kangari, 1985; Kangari & Halpin, 1989).
There are two options for the robotic operation: teleoperation and autonomy. Teleoperation involves a
human, presumably located on Earth, sending instructions to a non-autonomous robot which is then
able to perform the actions needed to build the shield. Autonomous robots with artificial intelligence
on the other hand, require no such micromanagement. They are able to evaluate situations and make
independent decisions in response to new stimuli.
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A fundamental difference between robotic teleoperation and autonomous operation is latency (Lester
& Thronson, 2011). Lester and Thronson reference a robotic analog in which a multi-second delay in
communications slowed the telerobot to one fifth the efficiency of an astronaut performing the same
task. L1* robots would have several seconds of delay if teleoperated from Earth. Such a delay could
pose problems in both construction and assembly phases, and therefore should only be used as a
backup to a fully autonomous system. For robots on the Moon, teleoperation could be an option
because the latency would be small enough so as to only minimally interfere with operations (Lester &
Thronson, 2011). Should technology advances not be as swift as predicted in Chapter 2, robotic
elements could be launched with semi-autonomous capabilities and later upgraded, as were Mars
Exploration Rovers Spirit and Opportunity. The terrain assessment software used to autonomously
guide the Spirit and Opportunity rovers was upgraded via a mid-mission software update (Squyres,
2005).
Robots are not flawless. They can break, run out of power, and malfunction. They are also
susceptible to radiation effects. High-energy particle radiation from solar flares can cause single event
upsets and damage to volatile memory and other storage media. Radiation also has an effect on
robotic joints. However, the authors assume that significant advances in research on the effects of
radiation on robots, such as occurred in the wake of the Japanese Fukushima disaster, as well as the
advances in robotics in general will mitigate these issues (Nagatani et al., 2011). The tremendously
large number of robots needed is likely to invoke economies of scale in their production, making them
relatively inexpensive to replace.
The technology developed during the solar shield mission could be a precursor to a lunar or Mars
base, but to complete the required tasks for the solar shield project, autonomous robots deliver
significant advantages. The CHARM model was considered for evaluating the optimal level of humanrobot participation in the shield construction process. The CHARM model provides an analytical tool
for determining the optimal mission scenario based on different levels of human and robot
participation (Evensberget et al., 2011). This model assumes differing levels of intelligence and
reasoning between human and robotic agents however, and given the projected capabilities of
artificial intelligence and robotics presented in our future scenario in Chapter 2 it was decided not to
pursue this analysis.
As a result of this tradeoff, no crewed operations are planned for this project.

4.8 LIMITATIONS
Although improvements have been made over previous proposals, the concept presented here still
incorporates limitations due to its size, location, and existing technology maturity.
One of the most important limitations of the present project is the maturity of the silicon based
material envisioned for the shield. Although high performance glass and silicon nanowire already
exist, the stiffness and thickness requirements would need further improvement over existing
materials. Also the production capability that could be envisioned for such a material both in size and
mass of a single panel is not clear. The shield would need to be ready for mass production in space
within 50 years, a challenging goal that would require important research and development (R&D)
efforts in material sciences.
In addition to these concerns, the need to produce and launch payload spacecraft from the Moon
bringing the raw material to L1* in sufficient quantity is also challenging. Over 900 of these spacecraft
including a very advanced propulsion module and nuclear power source will be needed every month
for ten years.
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Railgun technologies for launch frequencies as high as every 90 minutes and payloads as heavy as
550 t in a lunar environment also present a challenge in terms of the maturity of these technologies
within 30 years.
The launch of up to 80 launchers per month from Earth over several years also requires some
advances in the industrial processes of launchers and improved propulsion technologies to avoid
excessive atmospheric pollution.
No trajectory calculation for torque requirements has been performed and therefore the
stationkeeping of the shield is only conceptual and the torque necessary for efficient stationkeeping is
not known. Also the perturbations from celestial bodies have not been taken into account.

4.9 CONCLUSION
This chapter presents the technical details of the operations needed for a shield placed between the
Earth and Sun to reduce the solar radiation that reaches Earth’s surface.
2

All lunar and L1* facilities would be launched from Earth via heavy launcher. The EC LIPSE solar
shield would be made of concentric hexagonal rings of silicon based glass or polymeric material, with
a carbon nanotube frame structure. The glass or polymeric silicon will be manufactured on the Moon
from lunar regolith, and launched to L1* via railgun. There, it would be assembled by autonomous
robots. The shield will be kept in location and correctly oriented perpendicular to the Sun-Earth line
via a SRP effects controlled by varying individual tiles’ reflectivity. The shield would provide a 1.8%
insolation reduction by absorbing the Sun’s radiation and reemitting it as infrared radiation in all
directions.
The operations described here are heavily dependent on the maturity and growth of technology over
the coming years. Numerous limitations have been presented including power management, launch
technologies and planning, and production capabilities.
Using the technical implementation parameters detailed here, it is now possible to explore the impact
such a shield can be expected to have on Earth ecosystems and populations. Utilizing an insolation
reduction of 1.8% applied globally, Chapter 5 will delve into the effect of such a change in radiation on
various aspects of Earth’s planetary system.
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5. EFFECTS ON ENVIRONMENT AND SOCIETY
5.1 INTRODUCTION

T

his chapter gives a preliminary analysis of solar radiation management impacts and provides
2
considerations to be taken into account when implementing the proposed EC LIPSE solar
shield. It is important to note that the shield would reduce temperatures to pre-industrial levels.
Such cooling, in combination with continued emissions impacts and reduced insolation, may result in
both positive and negative impacts on environment and society.
Earth’s climate is a complex system, consisting of many interconnected factors that influence each
other. Even a 1.8% reduction in sunlight may already have immediate consequences and direct
effects on the atmosphere and hydrospheric cycles. These may lead to secondary effects on
ecosystems, human health, and society. Figure 5-1 shows the interaction between these different
factors.

Space based
geoengineering
measures

Climate effects
(atmosphere, ocean,
weather, etc)

Insolation effects on human society
(energy, migration, tourism, human health,
etc)

Effects on ecosystems
(agriculture, animals,
biodiversity etc)

Social awareness and
public perception

Economy, ethics and
governance
Direct effects

Secondary effects

Figure 5-1: Effects of solar shield implementation

5.2 EFFECTS ON ATMOSPHERE
The Earth’s atmosphere is a gaseous envelope composed of various layers. This envelope surrounds
the planet and is retained by Earth’s gravity. These layers, differentiated by altitude and pressure,
have various physical properties and there are many interactions between them and incoming solar
radiation. The atmosphere allows transmission of 70-75% of incoming solar radiation, but only allows
transmission of 15-30% of outgoing heat radiation emitted by the Earth. This results in a natural
greenhouse effect that maintains the temperature and climate at levels that allow for the existence of
biological organisms.
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Interaction of solar radiation with the atmosphere may happen in different ways:
!
!

!

Scattering is a process by which incoming radiation is made to deviate from its path, reducing
the amount of radiation reaching the Earth’s surface
Reemission is a process by which solar radiation is retained in the atmosphere. The absorbed
solar radiation is converted into heat energy and later emitted in the form of infrared radiation
(IR).
Reflection is a process by which the sunlight is deflected back in the incident direction.

5.2.1 DESIRABLE EFFECTS
In 2010, a study based on the IPCC A1B scenario examined the effects that SRM could have on
China and India, the two largest emerging economies. The study explored the impact of solar shield
deployment on temperature and precipitation. The results, shown in Figure 5-2, indicate that India will
be most affected by increased precipitation while China will experience a greater temperature shift
from 2020 to 2070 (Ricke et al., 2010).
Relative change in amount of precipitation

Relative change in mean surface
temperature °C

Change in insolation measured in °C
Figure 5-2: Temperature and precipitation responses to various levels of SRM in India and China (Ricke et al., 2010)

The extent of artificial changes to average temperature will be influenced by variations in the
transparency of the atmosphere, as has been demonstrated from volcanic ash reflectivity effects on
the atmosphere (Budyko, 1968; Lunt et al., 2008). Volcanic eruptions are an important influence on
global temperature and also serve as a model to demonstrate that shielding of the incoming solar
radiation has a profound effect on the global temperature. A much studied example is the eruption of
Mount Pinatubo in 1991 that produced a global scale cooling of about 0.5°C. SRM techniques modify
the Earth’s radiation balance but do not really address the causes of climate change. Since the solar
shield changes the amount of incident radiation without addressing Earth based causes of climate
change, the shield will introduce an entirely new atmospheric dynamic that may have unequal
regional impacts (Granger, 2010; The Royal Society, 2009).
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5.2.2 UNDESIRABLE EFFECTS
As mentioned in Chapter 4, liquid propellant for rockets will be used during construction of the solar
shield. Rockets leave behind them a plume during the launch phase. The plume radiates heat in the
ultraviolet wavelength, exciting atmospheric gases and generating plasma. This leads to local
depletion of stratospheric ozone. The effect on the ozone layer was studied using NASA’s TOMS data
collected a few hours after a Space Shuttle launch. The study showed that ozone levels dropped
close to zero for several hours in areas as far as eight km away from the launch plume. The ozone
levels returned to normal when ozone-rich air diffused back into the plume wake (Hill, 2012). The
current emissions impact of rocket launches on the atmosphere is negligible, due to the relatively low
launch frequency (ANAE, 1998). Today, global rocket emissions deplete the ozone layer by about
0.03%, an insignificant fraction compared to the depletion caused by other ozone depleting
substances. This will change due to the significant increase in the number and frequency of launches
needed to construct the shield (Ross et al., 2009).

5.3 EFFECTS ON THE OCEAN
The ocean plays a vital role in regulating the Earth’s temperature, absorbing and sequestering CO2,
and influencing global weather systems. Solar energy is a major driver of this process, and it is thus
vital to consider the impact that reducing insolation will have on the oceans. There are two processes
by which CO2 is retained in the ocean: dissolution and sequestration. Increase dissolution affects
ocean life by increasing pH, while increased sequestration does not. The A1B scenario used in this
report predicts an atmospheric CO2 concentration of 850 ppm in 2100. Based on work by Caldeira &
Wickett (2003), this would result in average ocean pH drop of approximately 0.4, making the oceans
more acidic. This impacts coral reefs, calcareous plankton, sea urchins, barnacles, and any other sea
life with calcium carbonate skeletons or shells, because the higher acidity causes erosion of these
structures. Most sea life resides in shallow water, where changes in pH are most likely to occur. This
could have serious consequences for the rest of the biosphere through its impact on the food chain.
Sequestration involves settling of dead lifeforms on the ocean bottom which prevents release of their
trapped CO2. Such sequestration does not increase ocean pH. A consequence of solar radiation
reduction is an increase in the effectiveness of existing terrestrial and ocean carbon sinks both
sequestration and dissolution (Matthews & Caldeira, 2007).The balance between dissolution and
sequestration is critical to the ultimate impact on oceans and ocean lifeforms. It is unclear which will
dominate.

Figure 5-3: Biological and physical pumps of carbon-dioxide (Weart, 2011)
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5.3.1 OCEAN CARBON SINKS
Ocean carbon sinks facilitate the process by which oceans capture and store CO2. There are two
ways through which CO2 is stored in seawater. The first of these is the so-called physical carbon
pump, as pictured in Figure 5-3. It allows carbon that has been chemically bound by water or by
micro-organisms within the water to sink to the bottom of oceans.
The second process through which CO2 is trapped within oceans is capture by carbonaceous
organisms such as phytoplankton. The ability of these organisms to capture CO2 is affected by
several factors including water temperature, pH, and atmospheric CO2 concentration. The CO2
exchange between ocean surface and the atmosphere occurs in both directions, and is affected by
two species of phytoplankton: coccolithophores and diatoms. Coccolithophores contribute to a net
flow of CO2 from the ocean to the atmosphere, while diatoms draw CO2 from the atmosphere and
sequester it in the ocean. Thus, the ratio between these two types of life forms can have an impact on
oceans functioning as a carbon sink. Studies discovered that global warming favors the growth of
coccolithophores, resulting in a positive feedback loop that makes the oceans absorb less
atmospheric CO2. This could actually reverse the sequestration process and start releasing CO2 from
the oceans back into the atmosphere. If Earth’s oceans are cooled by the solar shield, the
environment is more suitable for diatoms, thus strengthening the ability of the oceans to act as a
carbon sink (Hall-Spencer et al., 2008). This effect by itself will not be strong enough to reduce
atmospheric CO2 to pre-industrial levels, however it does prevent creation of positive feedback.

5.3.2 EFFECTS ON SEA LIFE
Similar to the way in which vegetation forms the base of the terrestrial food chain, phytoplankton
forms the base of the oceanic one. In some cases, the chain from base to apex predators is incredibly
short. It is thus crucial to explore how changes in insolation propagate through various food chains
from bottom to top. For example, baleen whales eat krill, which in turn feed on phytoplankton.
Changes of phytoplankton population can thus influence the population of baleen whales.
A lower temperature favors phytoplankton production due to increased upwelling and mixing between
the water layers when oceans are cooler. This prevents a process called stratification whereby static
layers of water become depleted of nutrients and oxygen. Global warming has caused a decline in
phytoplankton productivity because ocean temperatures have been increasing. Installation of the
solar shield will result in cooler oceans with more mixing between layers, providing more food for
higher life forms (Behrenfeld et al., 2006).
The effects of insolation can be observed during polar summer when sunlight is present 24 hours per
day and phytoplankton production is at its maximum. It is for this reason whales migrate to the poles
at that time to feed on the large stocks of krill, available due to the peak in the phytoplankton
population. Phytoplankton growth rate resulting from sunlight levels is important, but only to a certain
point. This point is known as the light saturation point (LSP). When the level of radiation surpasses
the LSP, the growth rate is more influenced by the availability of CO2 than by solar radiation influx as
illustrated in Figure 5-4.
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Figure 5-4: General tendency of phytoplankton productivity and the light saturation point with atmospheric CO2
concentration at 2012 level, and A1B projected level.

The ocean is a vital aspect of the Earth’s respiratory system and is significantly affected by changes
in temperature. The changes in temperature affect the physical and biological processes of the ocean,
leading to various effects on other systems related to the oceans. When the oceans are cooler there
is more mixing of the layers resulting in less precipitation and fewer severe weather events. Warm
ocean temperatures lessen the effectiveness of the ocean as a carbon sink due to a combination of
physical characteristics and its biological ecosystem. Installation of the solar shield has a
predominantly positive effect on oceans and ocean life.

5.3.3 EFFECTS ON WEATHER AND PRECIPITATION
Changes in solar radiation influx can greatly influence weather and precipitation. To understand how
the weather changes with the amount of solar radiation, it is crucial to look at the central process of
climate regulation, oceanic overturning. Oceanic overturning constantly exchanges water at the
surface with water from depths of the ocean. The process is driven by evaporation, by which surface
water is cooled thereby increasing its density and causing it to sink to deeper levels. Water vapor
condenses higher in the troposphere, forming clouds that later fall again as precipitation as illustrated
in Figure 5-3.
The driver of this process is solar energy and thus changes in insolation will have a corresponding
effect on the hydrological cycle, namely on evaporation and precipitation. The examination of the
collected precipitation data from three solar cycles found an increase of precipitation inside the intertropical convergence zone during periods of peak solar activity due to the enhanced evaporation
(Meehl et al., 2009). Predicting changes caused by the solar shield is more challenging since natural
variations in insolation due to solar cycles are on the order of ± 0.1%, an order of magnitude smaller
than the 1.8% required for offsetting anthropogenic global warming (Ball et al., 2011). The analog
eruption of Mount Pinatubo in 1991 is estimated to have reduced monthly mean clear sky total solar
irradiance levels by up to 5% (Dutton & Christy, 1992). During the period after the eruption there was
a statistically significant reduction in average global rainfall, 3.12 standard deviations below the mean
(Trenberth & Dai, 2007). It is therefore reasonable to expect a reduction in global average
precipitation after the solar shield is implemented.
In addition to analogs, the magnitude and regional distribution of this reduction can be studied using
computer models. A study by Bala, Duffy, and Taylor (2008), on the impact of an SRM scheme
estimates global average precipitation 1.7% below pre-industrial levels based on a 1.8% reduction in
insolation. This study assumes similar atmospheric concentrations of CO2 to the A1B scenario, and
therefore gives a qualitative if not strictly quantitative estimation of precipitation trends. The study also
finds that the tropics will face a reduction in rainfall while higher latitudes experience increased
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precipitation after implementation of the solar shield (Matthews & Caldeira, 2007). These anticipated
changes in precipitation will be due to the uneven cooling induced by the solar shield, as the tropics
will experience more significant cooling than polar areas (Matthews & Caldeira, 2007). The result of
the temperature imbalance is less ice coverage, hence a lower global average albedo compared to
pre-industrial times.
Another expected effect is a reduction in the occurrence and intensity of extreme weather events,
particularly the El-Niño Southern Oscillation (ENSO). ENSO refers to the shift in surface temperatures
in the eastern equatorial Pacific (Jones et al., 2000). ENSO can generally be described as a variation
between normal conditions and two extreme states, namely warm events and cold events. Although
the ENSO phenomenon occurs within the tropical Pacific, it affects inter-annual weather variability
across the globe (Ropelewski, 1996; Kiladis & Diaz, 1989). The implementation of a solar shield will
reduce the amplitude of ENSO cycles. This, combined with a reduction in the intensity of the Pacific
storm track, will also contribute to less severe and less frequent weather events in that region (Lunt et
al., 2008).

5.4 EFFECTS ON TERRESTRIAL FAUNA
Earth’s terrestrial ecosystem is interlinked and complex. Even though mapping of the relationships
between various animal species, plants, and microscopic life forms has begun, they are not yet
completely understood. This makes it difficult to accurately evaluate the probable effects of SRM on
terrestrial life. This section aims to explore the general, therefore more predictable, effects of solar
influx reduction on terrestrial fauna.

5.4.1 EFFECTS ON ANIMALS
Most of the multicellular organisms on Earth are insects, classified as cold-blooded animals. This is of
particular significance for terrestrial flora as almost 80% of the world's crop plants require pollination,
partly performed by insects. On the other hand, many insects carry diseases and have negative
economic impacts by consuming crops and timber. As climate change progresses, some families of
insects may become trapped in habitats that can no longer support them. These species may
therefore become extinct or lose genetically important segments of their population. Others may
migrate or experience habitat expansion, potentially resulting in the spread of diseases such as
malaria (Hellman et al., 2009).
As cold-blooded animals, insects do not regulate their own body temperature and rely mainly on their
environment for temperature regulation. They are able to enter a state of hibernation called diapause
that helps them survive cold periods. During diapause, insects become almost completely
metabolically inactive and are able to remain in this state for several months (Heinrich, 1996). Insect
populations are largely expected to survive solar shield implementation but reduced temperatures
may limit their activity, in turn impacting pollination.
Compelling evidence has been collected that birds have been affected by recent climate changes.
Climate not only affects the metabolic rate of birds, it also exerts other indirect and direct effects on
avian behavior. For example, with the changing temperatures foraging conditions change accordingly.
Climate also has an impact on reproduction because young birds can die due to cold weather or
starvation (Newton, 1998). Extreme weather events that are to be expected according to the A1B
scenario, such as prolonged frozen spells and droughts, can thus have catastrophic effects on whole
bird populations (Stenseth et al., 2002). A shield can be expected to protect avian populations from
such events but may limit their food supply, dependent on plant and insect availability.
Mammals are able to self-regulate their body temperature within a very narrow range of temperatures.
Neither climate change nor installation of the solar shield will have direct and serious impact on them.
Ultraviolet radiation (UVR) has insignificant effects on wild or domesticated animals (Jenkins, 1998).
The only direct effect resulting from installation of the shield could be modification of the heat balance
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of the animals due to change of ambient temperature. This change would probably induce changes in
their behavior in order to survive.
Most animals would not be directly influenced by installation of the shield. For some groups it may
even be beneficial, as the solar shield’s effect on vegetation and thus indirectly on the entire food
chain. General impacts to flora will be covered in Section 5.5.1 on agriculture.

5.4.2 EFFECTS ON HUMANS
Humans are a subset of mammals for whom the effects of solar radiation are well explored. One of
the health benefits of exposure to sunlight is its ability to boost the vitamin D supply. Although sunlight
promotes various health benefits, excessive exposure is associated with certain diseases. Changes in
the amount of available solar radiation are likely to have some effect on human biology.
Approximately 1000 different genes are now thought to be regulated by vitamin D, including those
involved in calcium metabolism, neuromuscular and immune system functioning (Holick, 2007).
Calcium and vitamin D work in tandem as they are needed for building and maintaining the correct
structure of bones and teeth (Holick, 2007). Reduction of sunlight levels may have wide-ranging
health effects in regions where seasonal sunlight exposure is already low, as in high-latitude areas
such as Iceland, Greenland, or Alaska. These areas’ mitigation strategies may need to be expanded.
The correlation between Sun exposure and skin cancer was first noticed in the late nineteenth century
(Mead, 2008). Skin cancers have become the most common form of cancer, with melanoma, basal
cell carcinoma, and squamous cell carcinoma largely attributed to excessive Ultraviolet radiation
exposure. Globally, excessive UVR exposure caused the loss of approximately 1.5 million disabilityadjusted life years (DALYs), 0.1% of the total global burden of disease, and 60,000 premature deaths
in the year 2000 (WHO, 2009). The solar shield may alter human exposure to UVR in several ways in
addition to just reducing total insolation by 1.8%. Cooling of the stratosphere is expected to prolong
the effect of ozone-depleting gases, which will increase levels of UVR reaching some parts of the
Earth’s surface (Allen, 2001). At the same time, a reduction in atmospheric temperature will alter the
distribution of clouds, also affecting UVR levels at the surface of the Earth. Therefore the health
effects of the solar shield are expected to vary greatly by region.
It is difficult to foresee what will be the effects of a 1.8% reduction of solar radiation on human
emotions. To date there have not been any quantitative or qualitative analyses conducted. However,
by exploring the link between environmental conditions and mood, some potential consequences
could be deduced. According to a study conducted by Howarth & Hoffman (1984), sunny weather can
induce feelings of happiness, well-being, and good health, and may reduce anxiety. When sunlight
strikes the skin, an inactive type of vitamin D is released into the endocrine system. Ultimately, this
triggers the release of the hormones epinephrine and norepinephrine, stimulating the heart to pump
more blood, so that blood pressure rises. Because of this, within a few minutes more oxygen flows to
the brain, leading to a feeling of well-being (Denissen et al., 2008).
Research shows that the hormone serotonin plays an important role in moderating mood, and
exposure to bright sunlight is a possible way to increase serotonin levels. Several studies suggest that
exposure to bright light, especially sunlight, is a treatment for seasonal and non-seasonal depressions
(Lam et al., 1990). It is thus possible that implementation of a solar shield, if it were to reduce total
exposure to sunlight, may lead to an increase in cases of depression in some regions. The extent to
which this change is biological versus psychological is unknown.
In conclusion the exact effects of the shield on the fauna of the planet cannot be precisely determined
due to a limited understanding of the systems involved. The main results will likely be slight alterations
in behavior as response to the changes in the environment. However, due to the fact that the shield
will be returning the system to a previous temperature these are expected to be minimal. The effects
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on human health, while notable, are expected to be small. In general the fauna of the planet are not
expected to experience significant direct impacts from the solar shield.

5.5 EFFECTS ON SOCIETY
The focus of this section is on the effect of a solar shield on human livelihood and societal impacts
associated with climate change. Social impacts related to SRM are in fact propagation of the direct
climate consequence into agricultural, economic, social, and institutional processes the basic human
needs and building blocks of all human society.

5.5.1 EFFECTS ON THE AGRICULTURAL SYSTEM
Agriculture is the basic activity through which humans live and survive on Earth. The assessment of
the impacts of climate change on agriculture is a vital task. Agriculture is potentially susceptible to
rapid changes in global climate (Rosenzweig & Liverman, 1992). The pressure on agricultural land
and production will intensify significantly due to the predicted increase of the world’s population and
increasing average consumption footprint, due to increased emphasis on livestock (Goudie & Cuff,
2008). In taking into consideration the increasing demands for food, climate change will affect the
ability of countries to balance food supply and demand (Hui et al., 2008).
Despite tremendous improvements in technology and crop yield potential, production remains highly
dependent on climate. Solar radiation, temperature, and precipitation are the main drivers of crop
growth. In the face of potentially catastrophic climate change effects on global food production the
implementation of a solar shield that will cool the Earth’s surface temperature may represent a
reasonable solution from an agricultural perspective. In particular, it is known that net solar radiation is
an important requirement in the rate of crop production, since it accounts for energy exchanges that
influence soil and air temperatures and water availability. These are important factors for plant growth
and maturation that would be affected by a reduction of the amount of solar radiation. Yet, it has been
shown that a solar shield would not necessarily stunt plant growth (Matthews & Caldeira, 2007).
Agricultural production is severely limited in many humid tropical regions by the wide range of weeds,
pests, and diseases that flourish in consistently warm and moist climates (Rosenzweig & Liverman,
1992). Increased insect outbreaks due to climate change are already occurring and are almost certain
to continue. There is evidence of an upsurge in pest outbreaks threatening large sections of forests in
North America (Goudie & Cuff, 2008). This may become even more widespread, expanding into
higher latitudes unless countermeasures are taken (Rosenzweig et al., 2001).
Crop yields and therefore food production may be detrimentally affected by changes in the ENSO
cycle introduced in Section 5.3.3. Researchers have shown a high correlation between ENSO activity
and agricultural production in many parts of the world (Nicholls, 1985; Cane et al., 1994; Rosenzweig,
1994; Carlson et al., 1996; Brahmananda Rao et al., 1997; Podestá et al., 1999). The solar shield
could help mitigate this, because general circulation climate models have shown that reducing
incoming solar radiation may lead to a reduction of ENSO amplitude and variability. This will moderate
the negative impacts of ENSO (Lunt et al., 2008).
As discussed in Section 5.2.2 an increase in the rate of rocket launches associated with the
implementation of the solar shield may exacerbate the ozone hole. This will impact vegetation due to
the increase in the levels of UV radiation reaching the Earth’s surface and may cause severe damage
to plants in affected areas. Photosynthetic productivity of plants is vulnerable to increased UV-B
radiation, whose deleterious effects may be largely partitioned between damage to the plant genome
and damage to the photosynthesis processes (Caldeira, 2009).
Solar shielding will result in ocean cooling and reduce the amount of sunlight incident upon bodies of
water. These reductions decrease rates of evaporation and precipitation required for the proper
growth and maturation of plants. However, in the A1B scenario there is a predicted increase in severe
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weather events including flooding and drought. As previously described, the shield would lower the
global temperature causing a reduction in precipitation and severe weather events. The combination
of the reduction in precipitation quantity, severe precipitation events, and evaporation would result in a
more stable hydrological cycle following solar shield implementation.
Solar radiation and temperature are key determinants of potential productivity for crops grown under
well-watered conditions with adequate levels of nutrients. After observing the effects of the eruption of
Mount Pinatubo in 1991, modeling studies have shown that a weakened hydrological cycle may arise
from geoengineering solutions, leading to decline in precipitation and consequently to a potential
reduction in food production. The solar shield may reduce the amount of sunlight that plants can use
as energy in the process of photosynthesis and lower temperatures could reduce crop growth by
affecting the photosynthetic capacity of crops (Hesketh & Washington, 1989; Long, 1983; Long et al.,
1983). In a cool-temperate climate with mean temperatures below 16°C, yield and biomass
accumulation has been shown to decline because the crops were unable to use intercepted radiation
with maximum efficiency. Grain growth was also found to be often below potential at temperatures
below 19°C (Wilson et al., 1995). However despite the reduction of solar energy it is not certain that
crop yields would be significantly reduced as stable conditions and adequate sunlight will still be
available.
As the solar shield does not address the core issue of climate change, increased greenhouse gases
concentration in the atmosphere may exacerbate the phenomenon of acid rain that in turn may
severely impact vegetation. In particular, the roots are damaged by acidic rainfall, impeding plant
growth, possibly leading to their death. Nutrients present in the soil are destroyed by the acidity, along
with useful microorganisms that release nutrients from decaying organic matter into the soil. The waxy
layer found on the surface of leaves is also damaged, making plants more vulnerable to various
diseases. In addition, plant germination and reproduction is inhibited by the effects of acid rain.
Therefore, it would be advisable to pursue additional mitigation strategies in addition to the shield to
protect against such effects.
Climate change and the response to it could have a serious impact on global agricultural production.
Mitigation of these effects must be thoroughly planned.

5.5.2 ENERGY PRODUCTION AND CONSUMPTION
Energy production is critical for any modern society. Implementation of the shield may bring some
positive effects on energy production. Because of the reduction in severity and frequency of extreme
weather the infrastructure of energy plants as well as transmission and distribution systems in coastal
and riverside areas may be less threatened by extreme weather (Wilbanks et al., 2007).
Solar power is predicted to be one of the most important renewable energy sources in the near future.
By 2040, it is forecasted that at least 15% of energy production may be solar-derived, and by 2060 it
may account for 33-50% of all energy produced. A solar shield blocking 1.8% of solar energy would
therefore result in an energy drop if not supplemented through other sources. A calculation of the total
primary energy supply in 2035 results in a figure of roughly 15,000 Mtoe (Megatons of oil equivalent),
assuming a policy mandating a stable concentration of 450 ppm CO2-equivalent as stated in Chapter
2 (IEA, 2011). Assuming that the solar energy is reduced by 1.8%, and that solar accounts for 15% of
total energy production, the energy gap may be about 40 Mtoe, equivalent to 280 million barrels of
crude oil, which approximately equals 10% of Saudi Arabia's crude oil production in 2009. By 2060,
this energy gap could be an even more serious problem. A possible solution of this situation may be a
loosening of government restrictions on the use of the fossil energy in order to balance both economic
and climate requirements. Unfortunately, this solution may have negative consequences such as
worsening air pollution and increased production of greenhouse gases. Should solar panel efficiency
increase, this problem could be mitigated by preparing for the drop in solar radiation by using more
efficient panels and other non fossil energy sources.
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5.5.3 ENVIRONMENTAL MIGRATION, HUMAN SETTLEMENT, AND TOURISM
Environmental migration might be the largest single result of climate change as millions of people will
be displaced by shoreline erosion, flooding, agricultural disruption, and drought (Brown, 2008). The
0.4 m rise of sea level predicted in the A1B scenario may cause the loss of about 140,000 square
kilometers of land (Nicholls et al., 2007). It is predicted that there may be about 200 million human
beings affected by 2050, similar to the current total number of international labor migrants (Brown,
2008).
The world's population is projected to be 8.7 billion in 2050 under the A1B scenario. Urbanization will
continue to be a trend, particularly in developing countries, concentrating population in city areas. This
could lead to problems with common resource availability, such as water. Problems of population
density, environmental migration, and climate change could escalate in certain areas possibly leading
to local or regional problems as shown in Figure 5-5.

Figure 5-5: Environmental induced emigration hotspots (German Advisory Council on Global Change, 2007)

Environmental migration is a common response to calamities such as floods and famines. Large
numbers of displaced people are a likely consequence of extreme events. If as predicted the
implementation of a solar shield reduces frequency of extreme weather events, the numbers of
migrating people could decrease. The effect of reducing migration could be further strengthened by
decreasing sea levels, which increases areas suitable for habitation. On the other hand, people may
still be pushed to migrate because of reduction in agricultural yields due to changes in weather
systems.
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Human settlements will need to adapt to the new environment after the solar shield deployment.
There may be inadequate climate conditioning in buildings because some could have insufficient
heating or thermal insulation capacity. Tourism may well be sensitive to a range of climate variables
such as temperature, hours of sunshine, precipitation, humidity, and storm intensity and frequency
(Wilbanks et al., 2007).

5.5.4 SOCIAL AWARENESS
Should serious discussions and planning about solar shield deployment begin, social awareness of
climate change will improve rapidly. People will learn more about the climate system as well as the
consequences of climate change. The general public should be highly engaged in discussion and
implementation of mitigation measures. Once in place, the shield will reduce global temperatures
within a few years (The Royal Society, 2009). This may change the focus of public perception.
Concerns about climate events such as heat waves and sea level rise would be replaced by worries
about abrupt climate change due to termination of the shield program either caused by its failure or
intentional cessation (NRC, 2002).
2

As social awareness about EC LIPSE improves, new organizations would likely be established. Their
main interest would be the solar shield and their aims could be either beneficial or harmful. Examples
of such organizations could be:
!

Organizations in opposition to the solar shield, possibly leading to fanaticism and terrorism

!

Organizations for solar radiation forecasting, a spin off of the monitoring program necessary for
measuring the impact of the shield

!

Organizations monitoring the effects of the solar shield on oceans, atmosphere, weather,
agriculture and society

!

Organizations developing new businesses for value-added services for the opportunities brought
by SRM (e.g. exploiting spin off technologies)

It is expected that economic and quality of life benefits will result from technological development of
the shield. These benefits may include new job and business opportunities as explored in Chapter 7.

5.6 CONCLUSION
The solar shield has positive as well as negative effects on the Earth’s ecosystems. Predictions are
difficult to establish due to the complex interconnections among the different natural systems. The
situation is further complicated by the fact that most studies are limited to modeling until shield
deployment. It is thus crucial to achieve high accuracy of climate modeling to predict the
consequences of the shield. There are many feedback loops interconnecting oceans, land, and
atmosphere which must be better understood and explored in order to obtain a clearer picture of how
the planet will respond to the proposed shield. Through a process of constant refinement of models by
monitoring, comparing, and integrating results into the simulations, the level of confidence necessary
for implementation of the shield could be achieved. Since previous modeling studies did not consider
the impact of geoengineering on the terrestrial biosphere (Govindasamy, 2002), research and
constant monitoring of the biosphere will be necessary after implementation. Particular attention
should be focused on susceptible fauna and on agricultural yields in order to ensure global food
security.
For humans to live in a sustainable biosphere, it is important to improve their awareness about
climate change and the solar shield. Because the shield will not remove the causes of global change,
it is important to develop alternative and more efficient technologies in areas such as energy or
industrial production. This report identifies the need for research of eco-friendly rocket propellants in
2
order to minimize the environmental damage caused by the large number of EC LIPSE rocket
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launches. Human healthcare must also be carefully considered in order to avoid adverse
psychological and physiological effects of reduced solar influx.
The final issue is that while the changes discussed above are important, the shield will be making
changes that regress temperatures, intended to stabilize the environment. While there will be a period
of adjustment, there is a risk if the shield were to fail that the lack of time to adapt to the changes will
be far more catastrophic to the flora and fauna populations than the current gradual trend of climate
change.
The issues identified here will need to be assessed on an ongoing basis as models improve. It is clear
that on a global scale, the solar shield has potential to provide substantial benefits. However, it also
raising certain concerns that should be addressed prior to implementation. The mechanism for
addressing such concerns and for managing the implementation process and related decisions will
likely lie in the hands of a World Solar Shield Council. This council and its antecedents are introduced
in Chapter 6: Legal Infrastructure.
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6. LEGAL INFRASTRUCTURE
6.1 INTRODUCTION

T

his chapter will explore two particular areas of law: space law and environmental law. The most
relevant agreements and collaborations in these areas will be examined and a brief review of
2
current space powers’ potential views on an EC LIPSE solar shield project presented. Case
studies in international collaborations were analyzed for their potential applications for a solar shield
collaboration. Based upon these studies, a proposal is made for a potential international framework
able to conduct a global scale project such as a solar shield.
While it is difficult to predict the future with accuracy, by using the A1B assumptions, current trends,
and long-term national space policy, the authors have developed ideas and suggestions for creating
and maintaining a successful organization dedicated to the development of the solar shield.

6.2 SPACE AND ENVIRONMENTAL LAW
Space law concerns activities related to outer space. The Outer Space Treaty (OST) is the most
relevant source of international law pertaining to space. The OST went into effect in 1967 and has
101 parties as of March 2012, including all of the major spacefaring states. Its articles have customary
value even for non-ratifying states. The legal status of outer space under the OST is that it belongs to
no one. Although this principle has been challenged by other agreements, none has the stature or
global acceptance of the OST.
A solar shield will be a space object, subject to the rules of registration and liability under the relevant
conventions. The lunar factory will be subject to Article II of the OST that says that celestial bodies
belong to no one; there are no property rights on any celestial body (Outer Space Treaty, 1967).
Since the solar shield intends to use nuclear power in the lunar operations, under OST Article IV, its
use must be shown to be exclusively peaceful. Although the Outer Space Treaty is not explicit
regarding samples taken from the Moon, the general practice has been to take samples only in small
quantities for scientific purposes. The Moon Agreement (1979) made an attempt to apply even stricter
standards for usage of lunar resources. In particular, Article 7 of the Moon Agreement stresses that
states take measures to not disrupt the existing balance of the environment on celestial bodies.
However, the agreement was largely rejected by spacefaring nations, ratified by only five states as of
March 2012. The major space treaties are identified in Table 6-1.
UN treaties on outer space
Treaty on Principles Governing the
Activities of States in the Exploration
and Use of Outer Space, including the
Moon and Other Celestial Bodies
Convention on International Liability
for Damage Caused by Space
Objects
Convention of Registration of Objects
Launched into Outer Space
Agreement Governing the Activities of
States on the Moon and Other
Celestial Bodies

Name/Acronym
Outer Space
Treaty

Year
1967

Parties
101

Signature
26

Liability
Convention

1972

88

23

Registration
Convention
Moon Agreement

1975

56

4

1979

13

4

Table 6-1: Major space treaties as of March 2012

Environmental law is the field of law that deals with resource conservation and management, and
pollution controls. This is a developing field, with the most recent climate change treaty, the Kyoto
Protocol, largely seen as a failure due to non-ratification by the United States and lack of progress by
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ratifying states towards their emissions reduction commitments. A treaty has been established that
deals with limits on environmental modification. ENMOD, or the Convention on the Prohibition of
Military or Any Other Hostile Use of Environmental Modification Techniques, prohibits the use of
weather modification for military purposes. ENMOD went into effect in 1977 and has been ratified or
acceded by 76 states. It defines environmental modification, including deliberate changes made to
Earth or space, and under what circumstances such modifications may be made.
The Convention on Biological Diversity was ratified or acceded by all major states excluding the
United States. The convention calls for sustainable use of resources and protection of biodiversity. It
prohibits measures which have the potential to impact cross-border biodiversity. In the tenth meeting
of the Committee of Parties (COP), the governing body of the convention, decision X/33 was adopted.
This decision effectively places a moratorium on geoengineering until justified by scientific evidence of
biodiversity impacts. The COP explicitly identifies reduction of solar insolation on a large scale as a
form of geoengineering. The COP and its related workgroups have extensively studied the negative
impacts on biodiversity from climate change. Therefore, it should be possible based on an
extrapolation of the assessment from Chapter 5 to provide such scientific grounds in due course.
Compliance with the convention’s research requirements will be a critical milestone in a program to
establish such a solar shield.
Major environmental treaties and agreements are identified in Table 6-2.
UN treaties / agreements on
environment
Declaration of the United Nations
Conference on the Human
Environment
Convention on the Prohibition of
Military or Any Other Hostile Use of
Environmental Modification
Techniques
Rio Declaration on Environmental and
Development
Convention on Biological Diversity
The United Nations Framework
Convention on Climate Change
Kyoto Protocol to the United Nations
Framework Convention on Climate
Change

Name/Acronym

Year

Parties

Signature

Stockholm
Declaration

1972

-

-

ENMOD

1977

76

17

Rio Declaration

1992

-

-

CBD
UNFCCC
or
FCCC
Kyoto Protocol

1993
1994

193
195

168
165

1997

192

84

Table 6-2: Major environmental treaties and agreements as of March 2012

6.3 VIEWS OF CURRENT AND FUTURE SPACE NATIONS
Based on the analysis performed and detailed below, it is the view of the authors that all current and
future major spacefaring nations and organizations will either support or not impede implementation of
a solar shield, providing international obligations are met.

U NITED STATES
US space policy reflects the need for stability and transparency in space actions. NASA has
performed a significant role in supporting research on climate change. In 2006 NASA supported a
study on the practicality of launching a constellation of trillions of small free-flying spacecraft in L1 orbit
in response to a global warming crisis (Lane et al., 2007). Based on recent US policy, the US might
be open to such a project provided it did not bear the brunt of the funding responsibilities.
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E UROPEAN SPACE AGENCY AND EUROPEAN STATES
European states have a history of being highly eco-conscious and are the closest to complying with
their Kyoto protocol commitments. ESA space programs, reflecting their European progenitors, aim to
increase understanding of Earth and improve environmental monitoring (ESA, 2007). Providing it
clearly improves environmental impacts, Europe would be likely to support an international
environmental protection project such as the solar shield.

C HINA
There is some indication that China does not feel fully responsible for anthropogenic climate change
since it was not one of the early developed industrial nations. However, China does have a history in
large-scale environmental engineering projects such as the Three Gorges Dam, expected to be
operational in 2012. In addition to this, China is actively pursuing a weather modification program (Qiu
& Cressey, 2008). This combination of factors suggests that China might support the implementation
of a solar shield, particularly if it feeds domestic development and international regard.

R USSIA
Russia has an extensive history of experimenting with weather and climate modification techniques
(Keith, 2000). The state tends to embrace technological development and the economic benefits it
can bring, without being overly concerned about preserving nature for its own sake. Russia will be
less negatively impacted by climate change than many other states, but is likely to support the
2
EC LIPSE project as long as it provides them with technological and economic benefits.

J APAN
The Japanese Aerospace Exploration Agency (JAXA) led the development of the space industry in
collaboration with the industrial sector. In 2008, Japan introduced a new official space policy that
deviates from the idea of using space exclusively for peaceful purposes and opens up the door for
dual use satellites and military applications (Lee & Chung, 2011). Due to the interest of the Japanese
government in protecting and conserving the environment and its sea girded territory, Japan
formulated ambitious climate targets and has a detailed climate protection policy which is well
coordinated and regularly reviewed. A strong supporter of international climate protection efforts
under the UNFCCC, Japan is likely to support an international environmental protection project such
as the solar shield providing it clearly improves environmental impacts.

I NDIA
A key objective of the Indian space policy is the development of a sustainable strategy in order to gain
experience and confidence in building operational systems. India achieved its experience in the field
of satellite communication by using foreign hardware from early collaborations with NASA, France,
and Germany in the 1960’s. Currently, India’s remote sensing capabilities are locally built and it is
considered to have the fastest growing telecommunication industry in the world. In part due to a
spreading of environmental consciousness, there has been a shift from the traditional perception that
there is a trade-off between environmental quality and economic growth as people have come to
believe that the two are complementary. It is probable that India’s approval of a solar shield will rest
on whether it is seen as a need for sustainable development of the nation.

6.4 GAPS IN REGULATORY FRAMEWORK
2

Assuming that the EC LIPSE solar shield meets all existing legal requirements, there are two major
regulatory gaps that it would be prudent to address in order to enable maximum benefit to all nations
from the project.

C OMMERCIAL SPACE
Although using lunar regolith for the shield is acceptable within the current framework, the
tremendous technology advances resulting from this project would be difficult to spin off into asteroid
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or other celestial body mining without a legal framework to regulate the process. Both the United
States and Russia had objections to the Moon Agreement for commercial reasons. After the Moon
Agreement all but failed, no other treaty has come to take its place in over thirty years. A space
commercialization treaty would be an asset and enable industry to take full advantage of the spin off
potential created by the solar shield project.

EC 2 LIPSE GOVERNANCE
A major international undertaking with global consequences must be properly rooted in an authorized
governing body. The authors propose a form that such a body might take in Section 6.6 and describe
the mechanisms by which it could reasonably operate. This governance system will be based on the
best attributes of existing international organizing bodies as described in the following case studies.

6.5 CASE STUDIES
Four case studies are provided here that illustrate successful large scale international collaborations.
These collaborations are described and the advantages and disadvantages of each analyzed along
2
with their potential applicability for an EC LIPSE framework.

6.5.1 INTERNATIONAL SPACE STATION
The International Space Station (ISS) is a consortium of nations and space agencies. The purpose of
this consortium is to enable a crewed space facility capable of performing research. The main
organizations involved in the ISS are the European Space Agency (ESA), the United States National
Aeronautics and Space Administration (NASA), the Canadian Space Agency (CSA), the Japan
Aerospace Exploration Agency (JAXA), and the Russian Federal Space Agency (Roscosmos).
The main documents put in place for the ISS consist of three main levels of international agreements:
the International Space Station Intergovernmental Agreement (IGA), four memoranda of
understanding (MOU), and bilateral implementation arrangements (ESA, 2008). The very nature of
the ISS and its highly international relationship engenders high levels of complexity and requires
effective communication and understanding among all parties. This fact explains the reason for the
legal agreements put into place for the effective operation and use of the ISS, from construction to
completion and scientific use.
The IGA is the key document for the formation of the ISS intergovernmental partnership (United
States et al., 1997). Fifteen governments signed this document in 1998. It deals primarily with the
liability, control, utilization, intellectual property rights, and jurisdiction concerns for the ISS program.
The four memoranda of understanding exist between NASA and each of its partners as illustrated in
Figure 6-1 (NASA & CSA, 1998; NASA & JAXA, 1998; NASA & ESA, 1998; NASA & RSA, 1998).
Each document is a separate entity and exists only between NASA and its partners not among the
partners. These documents are nation specific and describe milestones, responsibilities, access,
management, crew, liability, data and goods exchange, and jurisdiction. The final part of the threetiers of agreements is the various bilateral implementation arrangements that exist between the space
agencies that pertain to the successful implementation of the memoranda of understanding.
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ESA

Roscosmos

NASA

JAXA

CSA

Figure 6-1: Illustration of the four bilateral MOUs that sustain the ISS collaboration

These documents are specific so that responsibilities are communicated and agreed upon before
project commencement to ensure such a large international organization can operate successfully. In
this collaboration, there is a clear hierarchy with the US taking a lead position. The states are also
differentiated by their responsibilities, with Russia and the US forming the backbone of collaboration
as providers of fundamental structural components.

A PPLICABILITY TO SOLAR SHIELD PROJECT
This project started out as a mainly United States project with contributions from its partners (Gibbs,
2005). However the partnership evolved to today’s increased dependency on all partners for
operation and utilization of the space station. A solar shield project might start from this evolved type
of collaboration. The ISS represents a good example of how large-scale space projects can be
managed through politically motivated programs, despite major political changes and changing
governmental priorities (Gibbs, 2005). Its use of a leader state or states is significant. Some
participants see a central leader as an advantage, while others prefer a high degree of equality.

6.5.2 CERN: EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
Louis de Broglie first proposed an intergovernmental laboratory for research into atomic physics in
1949. During the UN Educational Scientific and Cultural Organization (UNESCO) intergovernmental
meeting of 1951 a provisional resolution was created laying the foundation for the establishment of an
European Council for Nuclear Research. An agreement establishing a provisional council, “The CERN
Convention” (CERN, 1953), was established and gradually ratified by the initial 12 founding states.
This convention clearly laid down the main missions for the organization:
“The Organization shall provide for collaboration among European States in nuclear research
of a pure scientific and fundamental character (...). The Organization shall have no concern
with work for military requirements and the results of its experimental and theoretical work
shall be published or otherwise made generally available” (CERN, 2008).
CERN, also known as the European Organization for Nuclear Research, aims to promote and
encourage international cooperation through its operation and structure. The highest level of the
CERN organization is the CERN council. Its twenty member states control all top-level decisions such
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as program budgets and activities. Both the scientific committee and the finance committee assist the
council in these decisions. The director general is the person appointed by the council that is
responsible for managing the laboratory through a layered level of departments and programs. A
diagram of the organization can be seen in Figure 6-2.

Scientific Committee

Council of Member States

Finance
Committee

Director General

Figure 6-2: Model of CERN organization

A PPLICABILITY TO SOLAR SHIELD PROJECT
CERN was chosen as a case study for its structure and project management with its council and
director general put in place to ensure effective running and operation of a large international
research and development project. The success of this organization can inform the organizational
structure of the internationally driven research that would need to occur in support of the solar shield.

6.5.3 INTERNATIONAL TELECOMMUNICATION UNION
The International Telecommunication Union (ITU) is an intergovernmental organization that facilitates
the global operation of international radio systems, including satellite networks. ITU provides
standards and coordination between member states that aim to ensure interference free operations
globally. They also set the radio regulations that govern spectrum and orbit utilization. ITU currently
has a membership of 193 countries and over 700 private-sector entities and academic institutions.
The ITU is neither a regulatory body nor a supra-national entity lead by a director general, and has
very limited enforcement powers. It has three main functional sectors including the R-Sector (Radio
Communications), the T-Sector (Telecommunication Standardization), and the D-Sector
(Telecommunication Development). All decisions on spectrum allocations and procedures for
coordination of satellite networks are decided by member states at treaty conferences where private
sector representatives, including manufacturers and operators, play an important role in the
development of technical standards. ITU works through treaty-level legal documents: the ITU
constitution, ITU convention, International Telecommunication Regulations, and Radio Regulations.
ITU is a periodic international organization that has a federal structure with an elected secretary
general and three elected directors for the three functional sectors. Each member state has one vote,
but to-date all decisions have been reached by consensus not by majority rule. Corporations have no
vote unless they form part of their state’s delegation. The Plenipotentiary Conference is the highest
level organization within ITU and it meets every four years. Between times a council composed of
25% of member states handles routine operations. ITU’s secretary general is the legal representative
of the organization but has very little power. A topline overview of the ITU’s structure can be seen in
Figure 6-3.
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ITU Plenipotentiary Conference
Council
Radio Communications
! Advisory Group
! Study Groups
! Radio Regulations Board

Telecommunication
Standardization
! Advisory Group
! Study Groups

Telecommunication
Development
! Advisory Group
! Study Groups

Figure 6-3: Diagram of ITU divisions

There are also seven main study groups that deal with different sections of the ITU and meet twice
yearly. These groups, comprising more than 1500 participants, feed information to the council to
enable decision making and help develop standards.

A PPLICABILITY TO SOLAR SHIELD PROJECT
The ITU has managed to forge extensive international consensus since 1865 without any
enforcement powers. This demonstrates an intergovernmental union based on cooperation for human
benefit that in some ways can be compared to the solar shield project goals of mitigating global
climate warming for human benefit. The structure of the ITU may also inform the future solar shield
project formation.

6.5.4 INTERNATIONAL THERMONUCLEAR EXPERIMENTAL REACTOR
The International Thermonuclear Experimental Reactor (ITER) project is a large-scale international
project based in Cadarache, France whose main goal is to demonstrate that fusion reactors can be a
viable commercial energy sources. The ITER project consists of seven members: the US, China, the
European Union, India, Japan, Korea, and Russia (ITER, 2012). Each member has created domestic
agencies, whose role is to ensure that their in-kind contribution to ITER is managed and delivered.
Domestic agencies also have the power to employ staff from their own country and have their own
budget.
The seven ITER members officially signed the ITER Agreement in November 2006. The agreement
established an international body tasked with construction, operation, and decommissioning of ITER
facility. The EU collectively contributes 45%, with each of the remaining six parties contributing an
equal 9% share of the 22 billion USD cost (European Commission, 2010).

A PPLICABILITY TO SOLAR SHIELD PROJECT
This collaboration is of interest to the shield primarily due to the identity of the members. This is one
of the few instances in international relations in which the US and China are working together on a
technical project. These parties include three of the four BRIC states, who are expected to be key
2
powers during the construction and implementation phases of the EC LIPSE project.

6.6 INTERNATIONAL COLLABORATION AGREEMENT
Utilizing the best aspects and lessons learned from the organizational case studies described above,
2
a proposal has been constructed that could provide a framework for execution of the EC LIPSE
project. Each of the four case studies was analyzed and their relevant and effective aspects drawn
2
upon to form design elements of a potential international agreement relating to the EC LIPSE solar
shield. These aspects are detailed below.
Although ISS has been successful in its own sphere, the structure of ISS is unlikely to be effective
with a dramatic increase in the number of collaborators. This model will not be used for the main
structure of the recommended shield organization. It may be useful for auxiliary small-scale
collaborations that are likely to result from the major initiative. Its designation of a lead state to
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facilitate efficiency might have applicability if states agree to rotational leadership roles, similar to the
UN Security Council presidency.
CERN has provided the basis for constructing the high level management of the suggested
organization. Like CERN, the shield organization should be supplied with an empowered director
general and endowed with regulatory powers.
ITU forms the main basis for the design of the suggested organization. As a long standing successful
international organization involving nearly all the nations of the world, it can be expected that a shield
implementation could use a very similar model.
No structural elements were derived from ITER specifically. However, this organization lends
credence to the idea that the major developed and developing nation states may work together on a
technical project in support of a common goal.
What follows is a proposed International Collaboration Agreement that leverages these parameters.
This agreement or its equivalent will be key to conducting a successful international project. The
agreement as designed will create a World Space Shield Council (WSSC). The WSSC would be
2
responsible for the international EC LIPSE solar shield project. The organization would be presented
for consideration to the UN General Assembly. At that time, UN member states can decide whether
the organization is better off as a UN subsidiary or a separate entity.

6.6.1 INTERNATIONAL COLLABORATION AGREEMENT POLICIES
The proposed International Collaboration Agreement (ICA) is an intergovernmental agreement that
would create the WSSC, providing the framework that will allow states to work together in a manner
that is effective and efficient to ensure the completion of the space shield project. This document
would form the central text for the project stating the project’s intentions, scope, and cooperative
protocols. It will be similar to other intergovernmental documents such as the ISS IGA and MOUs, as
it will state clearly the requirements of each government and the expectations of the other partners.
Unlike with the ISS MOUs, all parties will sign the same multilateral document. The ICA will address
the policy areas detailed in Table 6-3.
Legal
parameters

Technical
parameters

Monetary
parameters

Treaty
parameters

! Rights and
obligations
! Jurisdiction and
control
! Ownership of
elements and
equipment
! Liability
! Intellectual
property

! Design and
development
! Utilization
! Operation
! Transportation

! Funding
! Exchange of
goods and data
! Customs and
immigration
! Commercial
applications

! Entry into force
! Amendments
! Withdrawal

Monitoring
parameters
! Project reviews
! Termination

Table 6-3: Policies to be delineated in the ICA

It is suggested that the ICA be complemented by a space shield treaty. This treaty would be put in
place for the global regulation of the project, providing a document that directly stipulates the terms of
use and limitations of the space shield. It would create basic levels of protection and regulation for
states not directly involved in the solar shield project and for activities that are not covered by the
OST. It is also suggested that a clause in this treaty should be put in place to review it and its policy
after a ten-year period of solar shield operations.
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6.6.2 ORGANIZATIONAL STRUCTURE
The organization will consist of a top level intergovernmental organization referred to here as the
World Space Shield Council. The main body of this council will include representatives from the
member states, potentially from all states of the world. The WSSC will meet to decide on all largescale decisions related to the project and select the goals and targets they wish to achieve. The
Interim Sub-Council (ISC) will be granted the power to make decisions and will meet more regularly
than the World Space Shield Council, as per the ITU model. The director general will implement
decisions from this council in the manner they see fit through operational groups. These groups and
their hierarchy are outlined in Figure 6-4.

World Space Shield Council
WG:
Technology

WG:
Science

WG:
Robotics

WG:
Simulations

WG: Ethics

WG:
Outreach

WG: Impacts

Interim Sub-Council
Director General

Operational Groups
Technology

Robotics

Simulations

Science

Education,
Outreach, & Ethics

Figure 6-4: Diagram of World Space Shield Council organization

Member states with the highest level of participation will be part of the Interim Sub-Council which was
adopted from the ITU sub-council organization. For states to be part of the ISC, they would have to
agree to a higher level of funding participation or contribute above a predetermined threshold. The
ISC would be responsible for running the project and setting goals between WSSC meetings. Project
decisions that have large-scale consequences for the project or Earth would have to be redirected to
a meeting of the WSSC. An emergency council meeting could also be arranged if needed but the
criteria for this decision process would be predetermined.
A director general would be selected from amongst the member states. Several research and
functional working groups are also suggested based on the science council used by CERN and also
the study groups used by the ITU to aid in decision making. These groups would likely include:
Technology, Simulations, Robotics, Outreach, Science, and Ethics. The groups would consist of
experts from all participating nations performing studies and research in their individual fields in order
to inform the council and the public. The operational groups will be in charge of projects and
implementation.
All member states would have voting rights and be required to pay dues in a similar fashion to UN
members, with proceeds covering the administrative costs of the solar shield organization.
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6.6.3 FUNDING
Funding for the solar shield could be provided through a variety of means. Prior international projects
have proposed mechanisms such as a consumption based tax, modular contributions such as for the
ISS, or contribution percentage based on fault along the lines of the “polluter pays” principle. Modular
2
contributions would be impractical for the EC LIPSE shield, since standardization of parts is essential,
and polluter pays has been repeatedly challenged in climate change discussions. Consumption based
taxation is always unpopular but might work in combination with a geographic return mechanism to
ensure each member receives commensurate benefits. Geographic return has been criticized for not
adhering to open competition, but could be necessary in the solar shield project to encourage the
participation of as many states as possible.

C ONSUMPTION BASED LEVY
Equitable distribution of funding for international bodies has been at times a contentious point. For
example, starting in 1985 the US refused to pay their annual UN membership dues for a time in order
to reduce the share of total expenditures of the UN the US has to pay and to force greater alignment
of the UN policy with US wishes.
2

One potential option to raise the necessary funds for the EC LIPSE would be a small consumption
based levy, on the order of 0.5%, similar to the European value added tax, or VAT. This type of
taxation is familiar to much of the world, and is commonly practiced in Europe, China, and India. The
tax could be applied to products such as automobiles that contribute to the climate change problem.
In addition to funding the solar shield, the tax could also encourage more sustainable habits by
encouraging consumers to purchase fewer greenhouse gas intensive products. VAT also adapts with
changes in economic power, meaning that while the US might fund a sizeable portion of the shield in
2020, China and India will be larger players in 2050 due to their projected economic growth.

G EOGRAPHICAL RETURN
2

Despite the small amount of the levy that would be needed for EC LIPSE compared to the current
average global VAT of 19% (Jefferson Wells International Inc., 2009), politicians and consumers alike
would likely be reluctant to adopt such an option, especially during economically difficult times.
Ensuring a geographical return similar to the budget structure and policies of ESA can mitigate this
reluctance.
Under such an approach, each participating state would be guaranteed to receive industrial orders for
2
products and services equal to 90% of their contribution to the EC LIPSE project. This means that de
facto the levy would be a direct economic stimulus package for each country. A geographical return
policy links the long-term benefits of building the solar shield with short-term, immediate benefits of
investment and economic growth. Long-term benefits are inherently difficult for politicians to
communicate as the benefits generally materialize long after the politicians enacting them have
served out their terms. A geographical return based levy would circumvent that dilemma and provide
politicians with a powerful message of investment and stimulus in high value-add industries, providing
jobs and income.

O THER OPTIONS
While the consumption based taxation with geographic return method provides the easiest means for
acquiring the necessary funding, other options could be utilized for states in which this would be
politically untenable. For instance, a state could commit to providing a certain part of the project such
as manufacturing equipment, robotic technology, or launches.

6.6.4 PROPOSAL ANALYSIS
Ultimately, the solar shield development is possible in the current framework, but it faces significant
challenges in international support and collaboration. New legislation would be necessary to fully take
advantage of the benefits derived from the solar shield and not all states will be interested. China,
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India, and the US will be the three largest economies by the close of this project. It is imperative that
these states be involved from the beginning. Current China-US relations indicate unwillingness on the
US side to collaborate, but this will need to change in the coming decades if the shield project is to
succeed. ITER demonstrates that this could be possible. A project such as the solar shield could bring
the states together in a global effort to maintain the environment.
The ICA proposed here relies on several keys assumptions. The solar shield must be perceived to be
a peaceful endeavour for the benefit of all mankind. It must be seen as accommodating and
benefitting all world nations equitably. It must be seen as affordable, necessary, and feasible. Should
any of these assumptions fail, the project would be considerably more difficult to implement.
The ICA and the WSSC it creates are based on analysis of existing successful political collaborations.
Nevertheless, there are potential pitfalls in such an organization. By trying to accommodate all world
nations in a multilateral fashion, it may prove difficult to obtain the initial agreement needed to begin
the project, resulting in delays that allow worsening of climate change impacts. Application of a
consumption levy presents potential complications due to constant shifts in and lags between
currency exchange rates and inflation changes. By following a policy of geographic return on
investment, the ICA may encourage extra expenditure on manufacturers and suppliers that may not
be the best suited or most economical for a particular task. Geopolitical conflicts may bring tensions to
the WSSC that could endanger the collaboration and with it the project. It could be problematic to
raise the funding needed for the shield due to lack of political will. It could be impossible to prove to
the satisfaction of the Convention on Biological Diversity Council that the shield will not be harmful to
biodiversity, leaving the project open to dispute in the international arena. All of these risks will bear
watching in the event that world powers move forward with such a plan.

6.7 CONCLUSION
Although there are numerous complexities involved in a project of the magnitude and international
2
reach of the EC LIPSE solar shield, the planners can benefit from an established legal framework and
political precedent. Leveraging these tools, the authors have constructed a viable organization and
the legal tools it will need to tackle an assessment and implementation of a global solar shield. This
organization, WSSC, has been designed so as to incorporate the best experiences from successful
international collaborations such as CERN and the ITU. With current and future space nations
harnessing the potential benefits of such a project to secure political will, it should be possible to
execute such a project in a multilateral way. The solar shield project is legally possible and has
potential to invoke further legislation in commercializing space, updates to the Outer Space Treaty,
and promotion of international collaboration. With the legal regime understood, the next chapter will
2
assess the estimated costs of the EC LIPSE project as well as identify the economical entrepreneurial
benefits to be accrued therefrom.
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7. FINANCIAL AND COMMERCIAL
CONSIDERATIONS
7.1 INTRODUCTION

C

onsideration of large scale space projects often becomes mired in the idea that they simply
cost too much. This is a criticism that has greeted solar shield concepts in the past. In order to
determine its validity, it is necessary to accurately estimate project costs as well as the
available resources to meet such costs. Commercialization, spin off, and spin in opportunities
generally serve to mitigate economic impacts, as has been demonstrated in the multiplier effects seen
in many spacefaring nations. These benefits are also considered here.

7.2 COSTING
Accurate cost estimation of a project such as a solar shield is complicated by the lack of similar
projects for comparison. To date, the only assembly projects to take place in space have been the Mir
2
and ISS space stations, neither of which came close to the scale of the EC LIPSE shield. There has
never been even a pilot test of lunar or space based manufacturing.
In order to address this gap, the shield costs are considered in several stages. Production and
assembly can be roughly estimated based on terrestrial processes assuming large margins to
accommodate the unknowns related to space based factories. This estimation can reasonably
account for material costs, robotic assembly, and facilities overhead. A cost unique to space projects
is transportation. This will form a much larger component of the cost than any terrestrial operation and
will rely heavily on the transportation technology used and the destination of the shield supply chain
components. Finally, maintenance costs must be considered since the shield will face unique
maintenance hazards such as damage from meteoroids and solar radiation, while lunar processing
facilities will need to manage dust from lunar regolith that can interfere with machinery. In addition to
this stepwise consideration, any estimate of such a novel project should be considered no more than
an order of magnitude estimate. Costs represented here are calculated using conservative
assumptions and a margin of ± 50%.

7.2.1 PRODUCTION COSTS
It is traditional in the space industry to employ parametric costing methods for estimating costs of
spacecraft and satellites. This is a powerful cost tool but its accuracy is heavily reliant on usage of
appropriate historical analogs. Parametric costing works by building econometric databases of
historical projects and constructing relations based on key parameters such as mass or power. These
relations can then be used to estimate the costs of new spacecraft that fall into the same general
category as historical spacecraft in that relation. Validity of the method requires a high level of
similarity between the projects used for the econometric analysis and the project in question for which
2
a parametric cost-estimation is to be performed. The EC LIPSE shield bears no significant similarity
to any existing space project in form, scale, or construction method. Therefore there is little to no
historical data available for creating a reliable parametric cost analysis.
As an alternative to parametric costing, the long-run cost curve methodology was explored. This
methodology is a standard microeconomic tool used to analyze mass produced items. It provides a
relationship between cost per unit and total number of units produced (Blaud & Lloyd, 2012). For
example, the cost for identical satellites drops 5-10% for each additional unit manufactured (Wertz et
th
al., 2011). Assuming the lower boundary, this means that the cost for the 100 unit is about 0.5% of
2
the cost of the first. Given that the EC LIPSE architecture will consist of producing millions of identical
modules, somewhat similar to solar panels, the long run cost-curve was chosen as the appropriate
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way to estimate cost for the production of the shield. This methodology relies also on comparison to
analog production. However, unlike parametric costing, these analogs can be applied to isolated
elements of the shield operation, yielding more credible estimates. In this case, the production
element of the shield is most eligible for such extrapolations.
2

In the search for a terrestrial analog for the production component of EC LIPSE, it was determined
that a technical product with a balance between material and complexity cost drivers would most
accurately represent the solar shield and its modules. The mass production of cars and computers
meet this criterion, while spanning a wide range of the material and complexity spectra. Cars are
relatively material-intensive, as most of their weight comes from raw materials such as steel and
aluminum. The total cost for these raw materials accounts for about 40% of the total cost of the car
while the remainder is due to labor, R&D, design, sales, and other corporate overhead. Computers
are made up of highly complex and intricate units. Hence the cost is driven by the complexity and
embedded intellectual property (IP), rather than the pure mass. In 2010 over 50 million cars
(International Organization of Motor Vehicle Manufacturers, 2011) and over 350 million personal
computers (Gartner Group, 2011) were sold.
At 49 million tons and 11 million square kilometers the solar shield will have to be produced through
assembly of millions of individual tile-like units. The individual units will be of relatively low material
complexity, a silicon pane enclosed in a carbon nanotube frame, in comparison to computer
components with the nanometer complexity of the integrated circuits. Some units will require electrical
wiring and additional coatings, but even so these units might be even simpler and more homogenous
than cars. However, production in space will increase the complexity of manufacturing these units to
an unquantified degree. As such, although these units fall closer to cars in terms of material intensity
at 15 USD/kg, production complexity is more equivalent to that of computers at 130 USD/kg
(Wholesale Solar, 2012; Worthen, 2010; Laptop Computer Comparison, 2012; EPA, 2011). The cost
of the shield relative to these analogs can conservatively be estimated at 100 USD/kg, somewhat less
than computers, as shown in Figure 7-1. Economies of scale may further reduce this cost, as they
have in recent years for solar cells, now averaging 5-10 USD/kg (Wholesale Solar, 2012).

Cars
15 USD/kg

Computers
130 USD/kg

100 USD/kg
Solar Shield
Figure 7-1: Relative production complexity of mass produced items

Considering the total mass of the shield is 49 billion kg, the total production cost will be 4.9 trillion
USD. This cost accounts for raw materials, production, assembly, and facilities overhead. A summary
of the production cost is shown in Table 7-1.
Unit Cost
100 USD/kg

Total Mass
49 billion kg

Total Production Cost
4.9 trillion USD

2

Table 7-1: Summary of EC LIPSE production cost derivation

7.2.2 TRANSPORTATION COSTS
2

The second component of EC LIPSE costing is transportation. Although not analogous to any
terrestrial form of transportation, the chemical rocket launches at least are easily modeled based on
existing launch technologies. Three locations are of relevance for transportation: Earth, the Moon, and
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L1*. Chemical rocket launches transport material from Earth to both the Moon and L1* while railgun
launches transport lunar materials to L1*.
Current EHVL costs to launch a 1.6 ton payload to the Moon or 4.5 ton payload to L1 are in the range
of 125-155 million USD (Isakowitz et al., 2004). It has been postulated that 125 million USD will cover
launch costs for an EHLV able to deliver 15 tons to the Moon or 50 tons to L1* in 2025. This is a
conservative estimate, since the quantity of launchers needed will move these vehicles into a mass
production situation and industry estimates already forecast an order of magnitude reduction in
launcher cost by 2025.
The primary cost for railgun launches is energy consumption. The calculated total energy demand for
railgun shipments from the Moon to L1* is less than 150,000 GWh over a period of 10 years (2040 –
2050), or about 15,000 GWh per year. Today’s annual energy production on Earth is about 3,000,000
GWh, so the annual energy requirement for the railguns is less than 0.5% of current production.
Extrapolating from cost projections for nuclear power production as well as solar power production,
which as of 2011 has broken grid-parity in certain areas of the world, the authors estimate a cost per
GWh around 100,000 USD (EIA, 2004; EIA, 2010). Retail customers in the US paid on average
115,000 USD per GWh and commercial customers only pay a fraction of retail cost in general.
Costs for the magnetoplasmadynamic thruster propulsion of railgun-launched spacecraft to L1* is
expected to be insignificant with respect to railgun costs and has therefore been neglected here.
These costs are summarized in Table 7-2.
Items to be
transported

Launch
from/to

Method

Cost basis

Total
Energy
(GWh)

Approx.
launch #

Lunar facilities

Earth/Moon

Rocket

-

7000

L1* facilities

Earth/L1*

Rocket

-

1000

125

Raw material

Moon/L1*

Railgun

125 million
USD/launch
125 million
USD/launch
100000
USD/GWh

Total
cost
(billion
USD)
875

150000

100000

15

Table 7-2: Rounded transportation costs from Earth and Moon

7.2.3 MAINTENANCE AND TOTAL COSTS
Maintenance costs have been taken to comprise 10% of production and transportation costs. This
assumption allows for complete replacement of each facility within ten years. Additional maintenance
costs will be needed for extended operations.
2

With production, transportation, and maintenance costs estimated, the total cost of the EC LIPSE
shield comes to 6.5 trillion USD, as summarized in Table 7-3. Application of a 50% margin results in a
working estimate of 9.8 trillion USD.
Facility
Lunar
facilities
L 1*
facilities
Solar
shield
Total

Production
(billion USD)
Included in
shield cost
Included in
shield cost
4900

Transportation
(billion USD)
875

Maintenance
(billion USD)
88

Total
(billion USD)
963

Total +50%
(billion USD)
1444

125

13

138

206

15

492

5407

8110

4900

1000

600

6500

9800

Table 7-3: Summary of rounded costs
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7.3 AVAILABLE FUNDING
With a working cost estimate of 9.8 trillion USD identified, it is possible to explore the availability of
funds to support the cost of such a project. It is assumed that these expenses would be accounted to
national space budgets. In 2008, the Space Foundation estimated the global space sector accounted
for 0.4% of world GDP at 260 billion USD (OECD, 2011). This figure incorporates civilian government
space procurement, and commercial space infrastructure such as launch vehicles, satellites, and
ground support. Spending numbers for military space applications are not available.
According to GDP extrapolations over the next 50 years (see Chapter 2), global GDP in 2060 will be
over 330 trillion USD (The World Bank, 2012b). If space spending continues to account for about
0.5% of this value, 1.6 trillion USD will be dedicated to the civilian space sector in 2060 alone. The
cumulative funds dedicated to civilian and commercial space activities from 2012 through 2060 are
expected to be 44 trillion USD (see Figure 2-6). If these funds were diverted to pay for implementation
2
of the EC LIPSE shield it would account for 22% of space related spending or 0.11% of global GDP
over this timespan. This is a relatively high percentage of space spending but not unreasonable in
terms of overall GDP. Whether paid via existing space budgets or by an externally applied VAT as
discussed in Chapter 6, it is possible for world GDP to accommodate the cost of such a solar shield.

7.4 COMMERCIAL BENEFITS
The commercial benefits from solar shield implementation are expected to be considerable. US
commercial space transportation currently accounts for less than 1% of the space market, or 0.01
billion USD. However, US commercial space transportation together with services it provides and
secondary impacts, accounted for more than 208 billion USD in economic activity in 2009. The results
of historical and anticipated US space sector activities can be seen Table 7-4. These figures do not
include solar shield related activities.
Total impact

1999

2009

2010

2020

2030

2040

2050

2060

Economic
activity
(billion USD)
Earnings
(billion USD)
Jobs (1000s)

80

212

233

708

152

6543

19891

60475

22

54

59

173

503

1464

4265

12423

651

1045

1099

2130

4129

8001

15504

30046

Table 7-4: Total impacts on the US economy generated by commercial space transportation & enabling industries
(FAA, 2010)

The level of economic activity is likely to grow in the future as new applications dependent on
commercial space transportation emerge (FAA, 2010). The solar shield could be expected to play a
major role in such development.
Such commercial impact should be apparent in all nations with space or technology corporations.
Active development of this sector is seen now primarily in the US, where the total investment
committed to the commercial spaceflight industry was 1.46 billion USD in 2009. NASA declared that it
is relying on the commercial space sector for future space transportation. In Europe there are also a
number of emerging companies, several of which are expected to enter the market before 2020.
Commercial launch opportunities are increasingly becoming available in emerging nations such as
India and China. This will create more spin offs and development of related companies in these
regions. India and China have already started to compete for commercial satellite launches by
significantly lowering the price in comparison to traditional launch providers. As launcher capabilities
of these countries grow, they have the potential to acquire a large share of the market, given that the
reliability increases accordingly. This would likely mean that Asia would be responsible for a large
percentage of anticipated launches from Earth to the Moon and L1*.
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Considering the number of launches needed for the shield, there will be a strong demand for launch
providers between 2035 and 2045. Most likely several launch providers will be required. The increase
of capacity in the commercial sector would be beneficial for shield construction, allowing launch of
necessary supplies to orbit in the planned time period.
The dynamics of research funding in the commercial space sector is still developing. The awarding of
patents is on metric for the research and development of technology. As seen in Figure 7-2, the
majority of technology patents come from the EU, Japan and the US. It is important to note that in
Europe the majority of patents are filed at least twice and the percentage in Figure 7-2 represents the
total number of patents including duplicates. While China and India are growing as economic and
political powerhouses and it is logical to conclude that in the future they will conduct a significant
amount of research, they do not currently place a priority on patents and IP. The motivation and
capabilities of these nations are therefore not accurately reflected by this metric.

Percentage of Patents in Area

100%

Other

90%
80%

United States

70%
60%

Russian Federation

50%
40%

Japan

30%
20%

India

10%
0%

European Union (27
countries)
China
Canada
Type of Patent
Figure 7-2: Patent numbers 2008 (The World Bank, 2012b)

Since governments will initiate construction of the shield, it can be considered a large-scale project
that is subcontracted to a number of governmental and commercial companies. As of 2003, about
80% of turnover of commercial companies in the space sector in the US and about 50% in Europe
came from governmental contracts. Due to the scale of the shield all its components will be massproduced. Since some thousands of robots are assumed to be needed to manufacture the shield,
these need to be standardized for smooth operations. It is likely that their production will be managed
by a limited number of large companies who will develop and maintain quality standards. These
companies are likely to subcontract development of components to small to medium enterprises
(SMEs) that receive active support from governments. ESA’s Open Sky program is one such current
governmental initiative to help companies that possess leading-edge technologies spin into ESA
programs whenever their technologies have a potential use in space. Space industry projections
envision growth in the number of SMEs due to the fact that they can efficiently produce small amounts
of space-qualified components (Morris & Cox, 2010).

International Space University, MSc 2012

75

Under such conditions it might be possible to predict corporate mergers of subsystem providers to
secure a larger share of contracts and improve production capabilities. Most likely there will be
international collaboration with strong regional specialization. Based on current national development
programs, certain nations are expected to develop certain specializations, illustrated in Table 7-5.
Many nations are planning to develop launcher technology, and consequently it is likely that more
commercial opportunities will emerge in this sector. On the other hand, according to current space
programs, development of autonomous robots for construction are only planned by two nations (see
Table 7-5), so it will be necessary to monitor production capabilities and possibly establish production
in other countries to satisfy the demand of robot quantity for the shield.
Technology

USA

Russia

ESA

China

India

Japan

LEO launcher
Heavy
launcher
Reusable
launcher
Autonomous
robots
In-situ
manufacturing

existing
existing

existing
existing

existing
existing

existing
existing

existing
2012

existing
existing

2030

2015

N/A

2020

2025

2025

2025

N/A

N/A

N/A

N/A

2025

2022

under
discussion

N/A

2025

N/A

under
discussion

Table 7-5: Year when technologies needed for shield construction are planned to be acquired by different nations
(NRC, 2010a)

There are a number of policy issues regarding participation in international markets that make it
harder for commercial companies to operate freely. Strict regulations, such as International Traffic in
Arms Regulations (ITAR) create difficulties for the industry in transferring satellite technologies
between partnering international companies or purchasing non-domestic launch services.
Nevertheless, there is international collaboration for large projects in the space sector, such as Alliant
Techsystem in the US and EADS Astrium in Europe who are jointly working on the new Liberty
launcher as part of the Commercial Crew Development program for the ISS. As noted in Chapter 6,
ITER has been a successful technological collaboration including the traditional competitors China
and the US. It is likely that domestic regulations will undergo some revision when such collaborations
become critical.

7.5 ECONOMIC ASPECTS OF SPACE INVESTMENTS
Investment in space technologies has been shown to provide economic benefits beyond their direct
and intended applications. This section will explore some of those benefits and how they may be
2
extrapolated with respect to the EC LIPSE solar shield.
There were over 260 billion USD of revenue in the space sector in 2008 (Space Foundation, 2011),
with increasing investment from non-domestic actors.
Space Related Figures for 1996-2005
Government space budgets
Commercial space related revenues
Spin off effects, economic, and social impacts

Billion USD
175-200
440-640
700+

Table 7-6: Global space related spending and economic benefits (adapted from Cohendet, 2010)

Figures for global space related spending and economic benefits for the decade 1996-2005 are
shown in Table 7-6. Space agency budgets tend to begin the trickledown effect of contracts,
commercial services, and spin offs. Spin offs and societal benefits from space related spending is
difficult to track. For instance, lives saved due to early warning systems for landslides, tsunamis or
extreme weather conditions enabled by Earth Observation activities would be one such societal
benefit derived from space spending.
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The enduring economic impacts of the investments are new commercial activities, productivity and
efficiency gains in diverse economic sectors, national and regional economic growth, and cost
avoidance. Space driven developments in the fields of medicine, material science, energy solutions,
and information technologies can be of great benefit to society by spinning them off for alternative
applications (NASA, 2011a; ESA, 2012). National space agencies and space companies promote
technology transfer from the space industry to other industries and sectors around the world. Both
NASA and ESA have specific technology utilization programs aimed at transferring technology. Thus
space technologies are translated into socioeconomic benefits on a global scale (ESA 2012; NASA
2011a). The transfer of technologies goes both ways. Spin ins occur when equipment and expertise
developed outside the space industry is transferred into it to meet the needs within said industry.
In regards to this project, the space industry is facing a potentially massive amount of spin in and spin
off technology transfer. In terms of spin in, according to the technological development forecasts
described in Chapter 2, AI advancements will enable robotic Moon missions at this stage to map,
detect, and mine rare minerals and other resources. Robotic assembly and servicing of satellites are
expected to be common by the time manufacturing of the shield starts, however they need to be
repurposed for this project. Nuclear power technology will be well developed and can be exploited for
the purposes of manufacturing the solar shield.
The advancement of nanotechnology and material science could provide for useful spin ins into the
space industry and the solar shield project as well. This will be particularly necessary for maintaining
the integrity of the ultra thin silicon based shield panes.
One of the main spin offs of the shield project would be the industrialization of the Moon. Due to insitu resource utilization, humankind would have a detailed map of the resources and minerals of the
Moon. The mining robots could be used for groundtruthing. The mining and resource utilization
technology developed and perfected for the Moon could be used to mine asteroids and other celestial
bodies. The mined minerals then could be shipped via railgun. The identified components of the lunar
soil that have commercial potential are: silicas that can be transformed into solar photovoltaic cells,
3
He that can be used in fusion power plants, and other rare Earth elements used for electronics
3
(Schmitt, 2003). There is estimated to be one million tons of potentially recoverable He on the Moon.
This amount is approximately ten times the economically recoverable amount of energy from oil, coal
3
and natural gas on Earth (Wittenberg et al., 1986). The estimated price of He was 5 billion USD/ton
in 2002, which will possibly increase due to the predicted shortage as discussed in Chapter 2.
Technological development could open up a 5 quadrillion USD market (Schmitt, 2003).
2

One of the main enabling technologies of the EC LIPSE shield is on-orbit assembly technology. This
will result in spin offs including space robots and advanced robotic technology used for assembling
and constructing the structure. These could further be used for on-orbit construction of other space
based structures. Retrofitting and salvaging satellites and then assembling them into a larger
structure could become viable with the technologies developed. The development of robot-friendly
design would experience further progress. This could easily translate not just into on-orbit robotic
construction, but also to the more widespread utilization of robotics on terrestrial construction sites.
The supporting technology used for the shield as well as the experiences gained during a project such
as this can be later utilized for the establishment of a space colony or other outposts in the solar
system. If at this time orbital space tourism and space hotels do not exist, the technologies developed
for the solar shield would result in spin offs into this emerging industry.
Industrial and information processes could be revolutionized. A large-scale mission such as the solar
shield is one of a kind in terms of investment, size, and systems that need to be constructed. There
would be a large learning curve in the synchronization of the various nations, activities, working
groups, and companies. The outcome would be new management processes, software, and a better
understanding of the dynamics of the system of systems.
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7.6 CONCLUSION
The solar shield will cost an estimated 9.8 trillion USD. The assumption can be made that there would
be sufficient funding for the solar shield available within global space budgets. There would be mass
produced and customized units in the manufacturing phase, each rooted in a particular region due to
its economic and industrial specialization. The effect of the invested 9.8 trillion USD would be large,
resulting in significant direct and indirect socio-economic effects. Associated with the project various
spin in and spin off technologies and activities can be considered likely. New emerging industries are
sure to arise in the wake of the solar shield.
Up to this point the report has focused on what the ECLIPSE shield will be and how it will work. The
following chapters begin to ask a different set of questions including why should the shield be
implemented and what will people think. Chapter 8 delves into the question of whether the shield
should be implemented, addressing a variety of ethical considerations.
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8. ETHICS
8.1 INTRODUCTION

E

thics is a philosophical discipline built on a foundation of logic, yet its basis is a set of
principles that are essentially subjective. This chapter will review the principles of the major
schools of thought that compose Environmental Ethics, the study of how humanity’s
interactions with its surroundings should be conducted. The logical implications of these principles for
2
the EC LIPSE solar shield will be examined followed by a demographic analysis of which population
bases may relate to each of these schools. Finally, a path forward will be proposed for setting a global
standard for the common goal of deciding whether to implement a solar shield.

8.2 BACKGROUND ON ENVIRONMENTAL ETHICS
The study of environmental ethics addresses the definitions of humanity and nature and their
relationships with each other (Yang, 2006). Definitions, particularly of nature, can vary considerably.
Nature can include or exclude humans. It may be conceived as a unified whole, a Gaia-like allinclusive organism, or it can be stratified by degrees of life and consciousness. Once an individual’s, a
group’s, or a nation’s definition is established, it becomes an exercise in logic to determine their
ethical stance on a particular environmental practice.
Before proceeding further, it is necessary to arrive at a definition of ethics. Scholars have identified
this term as notoriously difficult to define, likening the attempt to “nailing Jello to a wall” (Lewis, 1985).
The authors will not attempt to resolve this age-old puzzle, but will instead identify a working definition
that will be applied throughout this document for consistency and clarity. This working definition draws
heavily on the ideology of consequentialism, i.e. the ethical value of an action is determined via costbenefit analysis of its outcomes (Fieser, 2009). Fieser parameterizes consequentialism as “An action
is morally right if the consequences of that action are more favorable than unfavorable” (Fieser,
2009). Drawing on this framework, terminology used herein is defined per Table 8-1.
Term

Definition

Ethics

System for evaluating the relative value of an action based on the value of its
outcome

Ethical

Evaluation of an action as having positive value and being therefore desirable

Unethical

Evaluation of an action as having negative value and being therefore undesirable

Morality

Equivalent to ethics

Moral

Equivalent to ethical

Immoral

Equivalent to unethical

More/less
ethical

Evaluation of an action as producing a more/less valuable and therefore desirable
result as compared to another action
Table 8-1: Adopted definition of common terms in ethics

It is not the purpose of this analysis to assess the ethics of greenhouse gas emissions or humanity’s
responsibility to reverse climate change. Neither is it the authors’ intention to provide a fully
comprehensive assessment of every perspective within modern ethical discourse, a mission in which
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they would likely fail. Instead, a framework is presented by which it should be possible to assess the
ethical value of this or any other global environmental system.
What follows is a description of the major principles of environmental ethics, representing specific
human-nature paradigms. These principles are roughly grouped into four categories:
anthropocentrism, biocentrism, ecocentrism, and cosmocentrism (Lupisella & Logson, 1997; Fogg,
1995; T. Yang, 2006).

8.2.1 ANTHROPOCENTRISM
Anthropocentrism is the concept that humans are the only beings that must be taken into account in
ethical questions. It defines humans as being distinct from and superior to nature. Humans have
intrinsic value, whereas animals, plants, and minerals have only utilitarian value, that is they have
value only for how they can be useful to humans (Holmes, 2006; Fogg, 1995). In anthropocentrism,
environmental protection is a responsibility owed to future generations of humans, not any need to
maintain natural resources and species for their own sakes. Anthropocentrism holds that humans are
the prime constituent and all other constituents are subservient to humans and equivalent to each
other (Brennan & Lo, 2011; Fogg, 1995).

8.2.2 BIOCENTRISM
In biocentrism animals and plants as living creatures also hold intrinsic value (Yang, 2006). Non-living
minerals and elements continue to hold only utilitarian value to the biological creatures. Biocentrism
defines humans as a component of nature, but incorporates several views on the relative value of the
different elements of nature. Three of these variants are demonstrated graphically in Figure 8-1.
Humans

Humans
Human

Animals

Plants
Animals

Plants

Animals
Plants

Non-living

Non-living

Non-living

Figure 8-1: Three models of relative ethical value that fall into the biocentric school of thought. A higher position
indicates a higher relative value.

A higher intrinsic value would indicate that it would be more unethical to permit or to cause harm to an
animal than to a plant, for instance, and potentially leads to a different evaluation for the same
situation than if animals and plants were considered to have equivalent intrinsic value (Fogg, 1995).

8.2.3 ECOCENTRISM
Ecocentrism is the concept that the entire environment, whether living or not, has intrinsic value
independent of its utility. This extends to non-living entities as well as to the living. Ecocentrism is
strongly related to the Gaia Hypothesis that views an entire ecosystem, such as planet Earth, as
essentially a living entity that must be protected (Yang, 2006; Fogg, 1995). Two bodies of thought in
ecocentrism may view humans as equivalent in value to all other entities or as having lower value
than more “natural” entities, depending on whether humans are considered to be within or external to
nature.

8.2.4 COSMOCENTRISM
Cosmocentrism is the expansion of ecocentrism beyond Earth. The cosmocentric philosophy is a
relatively new ideology spurred by consideration of the proper ethic for dealing with the discovery of
extraterrestrial, particularly non-sentient, life. In the cosmocentric rationale, the entire universe holds
intrinsic value, with the driving forces of value being uniqueness and the sanctity of existence, which
apply equally to all matter. With the universe as the central priority in a cosmocentric value system,
humans and all other matter and lifeforms take on an equivalent value to each other, but may be
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considered to have lower value that any larger system component of the universe (Lupisella &
Logson, 1997).

8.3 APPLYING THE PRINCIPLES
2

In evaluating the ethics of instituting the EC LIPSE solar shield, it is necessary to compare the
consequences of action versus inaction across several categories. There is the within human
category that compares the relative advantage or disadvantage to humans living in different locations,
of having different nationalities, cultures, and economic status, as well as the relative value of humans
making decisions today as opposed to those who will live with those decisions in future generations.
Then there are the impacts from human decisions on other elements of nature: animals, plants, and
non-living minerals and elements. Consideration of all of these is requisite to fully analyze the ethics
of a situation.
What follows is a sample analysis of some of the impacts outlined in Chapters 2 and 5 for
consequences to humans and all elements of nature and the universe due to either implementation of
2
the EC LIPSE solar shield or inaction. Where possible, the ethical implications of these impacts for
the principles described above are detailed. The discussion is based on the following high level
summary of implementation impacts.
2

Positive impacts of EC LIPSE solar shield implementation:
!
!
!
!
!

Reduced temperatures
reduction in flooding followed by sea levels receding from flooded territories – avoidance of
migration, property loss, and loss of life and ultimately landmass increase
reduction in severe weather event frequency and intensity
reduction in negative impacts on agriculture (e.g. pests, El Niño)
enhanced optional migration opportunities due to receding flood waters and weather
modifications
2

Negative impacts of EC LIPSE solar shield implementation:
!
!
!

2

Increased atmospheric damage from the implementation of the EC LIPSE solar shield over
what would otherwise be expected
reduction in photosynthesis efficiency impacting agriculture and flora
reduction in global preparedness to deal with climate change effects, particularly in event of
shield failure

Cooling will occur unevenly, with equatorial regions cooling more than higher latitudes, but it is not
clear that this impact is either positive or negative, since the same equatorial regions experience more
severe impacts from climate change. Regional variability can create ethical constraints distinct from
the global ethical analysis. For instance if certain regions are disproportionately negatively affected, it
can change the ultimate ethical classification of the causative act. Because there are no clear regional
2
advantages or disadvantages in the case of EC LIPSE, regional factors will not be assessed here.
Economic social benefits are also anticipated to exert a positive impact due to shield development,
but there is insufficient data to assert that such benefits could not occur without the shield, and
therefore these impacts will not be evaluated here.

8.3.1 IMPLICATIONS FOR HUMANS
Effects on humans that may result from a decision whether to institute a solar shield are
displacement, malnutrition, property loss, and discomfort. All these effects will occur due to
2
unmitigated climate change (see Chapter 2) and are expected to be reduced following EC LIPSE
implementation. For an immediate timescale, therefore, ethics favors implementation. The question
becomes somewhat more complicated when assessing temporal justice, i.e. the ethical consideration
of future generations.
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The concept of intergenerational ethical responsibility is well accepted globally and has even been
codified in international treaties such as the 1992 Rio Convention on Climate Change (Agius, 2006).
UNESCO’s 1997 Declaration on the Responsibilities of the Present Generations towards Future
Generations, a non-binding document, says: “The present generations have the responsibility to
bequeath to future generations an Earth that will not one day be irreversibly damaged by human
activity,” (Agius, 2006). On a long time scale, the solar shield presents certain dilemmas in that it will
be less effective at reducing temperatures as the level of greenhouse gases rises. The shield may
also create a sense of complacency that climate crisis is not an immediate problem, thereby reducing
global initiative to expend resources on resolving the root cause during the respite provided by the
shield. Indeed, if greenhouse gas emissions continue to rise beyond the capability of the solar shield’s
mitigation, an unprepared human race could face severe consequences. A sudden increase in
temperature could create chaotic weather systems and ultimately introduce more destruction than
was prevented by the shield in the first place.
The likelihood of this catastrophic backlash can be considered low. Major population bases will have
already undergone severe consequences from primary climate change effects by 2060, before the
2
EC LIPSE shield is operative. As delineated in Chapter 2, it is predicted that some of these
consequences, particularly those due to flooding events, will be so catastrophic as to create a lasting
2
motivation to address the underlying cause of climate change. The EC LIPSE project itself will have
significant publicity value and is expected to increase the public’s awareness of environmental issues.

8.3.2 IMPLICATIONS FOR ANIMALS
Halting progression of the negative impacts of climate change can generally be seen as a benefit to
animal populations. It could prevent the decline or extinction of at risk species populations. This would
be a clear ethical advantage under biocentric principles and at least ethically neutral from an
anthropocentric viewpoint, if not desirable preservation for the utility of future human generations.
However, the suddenness of the anticipated temperature changes, particularly in equatorial regions,
could present short term adaptation and migration difficulties for some species. Further study would
be needed to identify whether the long term benefit would outweigh the short term disruption.
Ecocentric and cosmocentric viewpoints might regard the interference in the progression of natural
selection on animal species as an unethical interference.
From a longer term perspective, halting temperature rise may provide a reprieve for animal
populations. But unlike humans with the ability to plan for life after the shield, animals may become illequipped to deal with the effects of climate change by losing valuable time for adaption, migration,
and evolution. While this would be an undesirable outcome, more research is needed to properly
parameterize the extent of its impact and likelihood of occurrence.

8.3.3 IMPLICATIONS FOR PLANTS
Much like animals, preservation of plants at a 2060 status could be seen as ethical in an
anthropocentric and biocentric analysis and unethical in an ecocentric or cosmocentric analysis.
Beyond their own potentially intrinsic value, plants hold importance as the bottom of a complex food
chain that has the potential to affect animals and humans. Plants as a food source can be classified
into wild-grown and consumed or agriculturally cultivated for use as human and domesticated animal
feedstock. Wild-grown species are more critical for supporting wild ecological food chains and would
be subject to similar ethical concerns to those identified above. Agricultural crops are less likely to be
impacted in this fashion due to purposeful cultivation that can be meaningfully adapted to changing
conditions.
Like animals, freezing of temperature conditions without resolving underlying causative factors could
impede plants from developing compensatory coping capabilities, producing a long-term unethical
result. Plants that had adapted to temperature increases over more than a century would have no
more than five years to adapt to a sudden, in evolutionary terms, decrease in temperature that could
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have severe consequences for some plant species. Unlike animals, migration is not an option for
plants.
Plants are more directly dependent on solar radiation than other living creatures due to
photosynthesis, as explained in section 5.5.1. Therefore reduction of that radiation makes them less
able to grow and compete. It will create conditions of artificial adaptation and evolution favoring plants
that are able to thrive under conditions of stable temperatures and reduced lighting. Should the time
come when the solar shield is unable to maintain a stable temperature and sudden exposure to a step
change in radiation and temperature takes place, plant species could be decimated. Plants, unlike
humans, will not have the opportunity to prepare in advance. Such a turn of events could be
2
catastrophic. This consideration weighs in heavily on the side of EC LIPSE implementation being
unethical in the long term. This series of events could be prevented but it would require careful
planning on the part of humanity for the controlled roll-back of the shield.

8.3.4 IMPLICATIONS FOR THE PLANET
For proponents of the ecocentric school, no amount of benefit to any lifeform would justify human
meddling with the planet’s natural progression. Gaia proponents might see destruction of human life
and property as a compensatory measure that will reduce the negative impact of civilization on the
environment by reducing the size of the population able to produce that impact. According to
ecocentrism, humans should not interfere with this self-correcting cycle in any way other than to
reduce the causative negative impact that prompted it (i.e. reduce greenhouse gas emissions), any
side benefits to animal or plant life notwithstanding. The only ethical human behavior by this code is to
produce as small a footprint as possible on the ecosystem. Attempts to counter negative impacts do
not have a strong enough ethical value to outweigh the unethical interference. Proponents of
2
ecocentrism would clearly view the implementation of the EC LIPSE solar shield as unethical.
However, as a mitigation that applies a balanced and uniform measure to the whole planetary system,
it might be more ethical than solutions that selectively modify only certain portions of the atmosphere
thereby inducing ecological imbalance.

8.3.5 IMPLICATIONS FOR THE UNIVERSE
Cosmocentric analysis imposes many of the same constraints as ecocentrist philosophy. However,
cosmocentrism is also concerned with the influence of climate change and solar shield effects beyond
Earth. Climate change itself, and thereby human inaction to prevent or mitigate it, is expected to have
no effect on the universe beyond Earth. As such, inaction has no negative ethical implications.
Institution of a solar shield in L1* can be expected to have little impact on the surrounding universe
outside a localized increase in infrared radiation, small in comparison to the Sun’s natural emissions.
The Moon will be more severely affected, as it will be mined for construction materials. This impact
will also be localized and can have no effect beyond the Moon. There could be an argument made
against the shield as contributing to general solar system pollution. In sum, there are multiple
localized impacts on the universe that, while small, are larger than the impact of continued climate
modification on Earth and should therefore be avoided by followers of the cosmocentric ethic.

8.4 IDEOLOGY AND THE DEMOGRAPHICS OF ETHICS
2

As can be seen from this analysis, the determination of whether the EC LIPSE solar shield
implementation is ethical or unethical largely depends upon an initial set of principles and beliefs.
There are thousands of ideological groups around the world. In fact, it is not unreasonable to say that
every single person has their own unique set of values. For this assessment it is necessary to make
some assumptions and, even though individuality is understood, some generalities must be
established if one is to have a holistic picture of global mores.
Although it would be desirable to assess the world’s population solely based on their elected ethical
foundational principles, much of that population is not even aware of such categorizations and has not
defined for themselves their own value system. Many would relate to aspects of multiple principles. In
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short, not only is a global demographic sliced along the lines of ethical schools non-existent, it is also
likely unattainable. Therefore, a proxy categorization has been employed in the form of cultural and
religious ideologies. This classification has the advantage of being self-identifying from the
perspective of individuals as well as moderately well-defined at higher organizational levels. Religious
ideology continues to have significant influence on personal, regional, and national cultures, even
those that would not self-identify as religious or rooted in religion. Religion provides a gateway to
understanding the relationship between humans and their environment for large swathes of the globe.
There are four main ideological groups across the globe that account for more than 78% of the
world’s population: Christians, Muslims, Hindus, and the non-religious, a group comprising people of
many belief systems including those of non-theistic philosophies as well as atheists and those of no
religious affiliation. The major ideological groups and an approximation of the percentages of
population they represent can be seen in Figure 8-2.

Non-religious,
9.42%

Atheists,
2.04%

Christian,
33.35%

Other, 11.64%

Buddhist,
7.13%

Hindu,
13.78%
Jewish, 0.21%

Muslim,
22.43%

Figure 8-2: Estimated percentages of adherents by religion worldwide in 2009 (CIA, 2012)

The geographical distribution of these different groups is fairly well established. The Americas,
Europe, the southern half of Africa and Oceania are mostly Christian. In the north of Africa and the
Middle East the majority religion is Islam while Hinduism and Buddhism are established in Asia (CIA,
2012). It should be noted that religion does not have the same importance in the public and private life
in all parts of the world. In accordance with population and economic projections detailed in Chapter
st
2, it can be expected that Asian religions will become increasingly influential over the 21 century.

8.4.1 METHODOLOGY
For each of the ideological groups identified, an attempt was made to isolate that group’s view on the
relationship between humans and nature, as well as, for theistic groups, the figure of God. This
approach permits inference of the attitudes of such groups toward a solar shield implementation even
when they have made no study of such an artifice. Unfortunately it is not possible to address all
ideological and religious groups in this report. Nevertheless, an attempt has been made to review
those most relevant due to the number of their proponents and the strength of their influence now and
st
projected over the remainder of the 21 century.
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8.4.2 TRADITIONAL MONOTHEISTIC RELIGIONS
For a large part of the global population, the existence of a creator is partner to their relationship with
the environment. According to their beliefs, God is the creator of everything; however, not all creations
have the same value. In this hierarchy, humans have the highest value because they can transcend
the corporeal world. Other creations are to be used as instruments by humans who are expected to
do so in a rational manner. Despite their high position in the hierarchy of value, every single creature
has its own intrinsic value in the universe and God judges humans as sinful who use the environment
excessively or extravagantly (Schaefer, 2005). Many of the texts of monotheistic religions such as
Christianity, Islam, and Judaism, give evidence of such views. In the Islamic holy book of Qur’an,
humans are identified as trustees of Allah’s creation: “We offered the trust unto the heavens and the
Earth and the hills but they shrank from bearing it and were afraid of it. And man assumed it” (Qur’an
33:72). A study for the Pontifical Academy of Sciences found that, in general, geoengineering
methods should be considered in the event that climate change mitigation and adaptation measures
fail and a consensus, decision-making process, and a governance system can be established
(Working Group Comissioned by the Pontificial Academy of Sciences, 2011).
This group of religions dominates the globe and can be considered to collectively hold to a
hierarchical variant of biocentrism.

8.4.3 HINDUISM
Hinduism is not a single religion. Rather it is a set of beliefs, traditions, cults, and rituals that have
merged and morphed over time. It has no central organization. Its proponents’ main population
centers are in India, Nepal, and other parts of Asia. Generally among Hindus there is a basic premise
of respect for the sanctity of life. Human beings cannot assign degrees of worth to others’ lives and
have no dominion over living creatures or non-living matter. In this conception of the world, God is the
only sovereign over all creation. In these cultures, humans are allowed to use natural resources but
have no power to wield control over and dominate nature (Dwivedi, 1990).
2

This conception of the world is in confrontation with the EC LIPSE solar shield implementation, since
it represents an attempt to control the climate and hence the entire ecosystem of Earth. It is closest in
ethical terms to the principle of ecocentrism.

8.4.4 NON-THEISTIC IDEOLOGICAL GROUPS
The term non-theistic, otherwise known as atheist, includes groups of people who do not believe in
gods or other supernatural beings. It includes Buddhism and Taoism, as well as groups that reject the
existence of God and are not affiliated with any religion. Clearly each of these groups approaches
their belief system from very different perspectives. However, in a very topline look, these groups
generally agree that humans are one component of nature, but not necessarily an essential part.
These groups believe that nature’s purpose is not to serve as a tool for humanity. Nature and the
environment comprise a larger concept that preceded and will outlast human existence (The 14th
Dalai Lama, 1992; Lovelock, 2000). These groups generally think that the interrelations among the
components of the natural Earth system are not yet well understood and the application of
geoengineering may lead to unpredictable results. Furthermore, it is believed that the use of solar
shields or other solar radiation management techniques could give a false sense of security and,
therefore, humanity would continue using the planet’s resources in the same wasteful and selfish way
(Daly, 2011). The philosophy of these groups best aligns with the principle of ecocentrism.
Confucianism is another non-theistic doctrine, but has a very different ethical slant. It is based on
three principles: goodness, science, and courage. According to Confucius, the doctrine’s founder,
virtue or “ren” is an intrinsic characteristic unique to humans. A person with ren is able to act in
optimal accordance with his own moral and intellectual values and personal awareness. Such a
person is responsible for promoting humanity and altruism within his society (Novo, 1988).
Confucianism is rooted in an anthropocentric sensibility. Evaluation of solar radiation management
2
techniques such as the EC LIPSE solar shield would be subject to Confucian principles of
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preservation of harmony and societal wellbeing based on a moral and intellectual analysis. Followers
of Confucianism are mainly found in China.

8.5 A PATH FORWARD
Clearly, there will never come a time when Earth’s entire population achieves unequivocal agreement
in the realm of ethical standards. However, there have been times when people of different nations,
cultures, religions, and ideologies have managed to unite, not behind a common ideology, but behind
a common goal.
This approach of establishment of a cross-ideological goal was undertaken by the World Commission
on the Ethics of Scientific Knowledge and Technology (COMEST). COMEST published a report in
2004 entitled Best Ethical Practices in Water Use. Instead of analyzing the underlying ethical issues
relating to water management, COMEST elected to instead establish a set of basic tenets relating to
water management with which all participants could agree. These tenets included:
!
!
!
!
!
!
!

Protection of human dignity
Participation of all individuals in planning and management
Solidarity across humanity in support of water management practices
Human equality, provision for equitable water access for all people
Treatment of water as a common good, owned by none and open to all
Transparency and universal access to information
Inclusiveness and protection of minority interests

These tenets can be adapted to other environmental concerns, even to something as global and
potentially controversial as altering sunshine. Each country, region, and ideology has different
priorities and different values, yet a few of those values can be accepted by all. By formulating a set of
common values, the disparate peoples of the world can unite behind a goal they can each support, if
not necessarily for the same reasons. Open debate processes in an international framework, such as
the United Nations, have demonstrated the feasibility of achieving common standards even in the
2
absence of common motivations. Creation, implementation, and governance of an EC LIPSE solar
shield may be effected by the harnessing of such confluences. If such a shield is ever to be
constructed, governments must establish the ethical standards that will govern it and the boundaries
of what may and may not be affected based on those standards. In such a fashion, adherents to
individual ideologies will not be asked to compromise their value systems or their need to control their
own destinies. In this fashion, a unique solar shield ethic may be crafted, sidestepping controversial
traditional principles in favor of a unified standard that achieves a single purpose in the name of all
humanity.

8.6 CONCLUSION
It is inconceivable that these few pages have plumbed the depths of centuries of global ethical
discourse. However, on some level, there is no need to do so. A framework has been presented that
provides a format for evaluating ethical concerns. But understanding the foundational principles is
merely a preliminary step. Only with the confluence of political and public will, open discourse, and
formulation of precise goals and constraints will the merits and demerits of such a project be
adequately and comprehensively judged. Ethics indeed forms a foundation upon which individual
philosophies and ideologies are built. But it is only one piece of the puzzle. The chapter that follows
will explore one more puzzle piece, the complex field of public perception, a construct built from
millions of individual ideologies making themselves heard.
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9. PUBLIC PERCEPTION
9.1 INTRODUCTION

P

ublic perception is a reflection of the collective viewpoints and beliefs of a group of people. As
an example, the public may perceive something as either safe or dangerous, or as expensive
or inexpensive, and such perceptions need not necessarily have any relationship to factual
elements. The formation of public perception is a highly fluid and complex process. Perceptions
interact with and influence organizations of various kinds across the globe, but this report focuses on
its role in the political sphere of societies. This role is substantial and is even institutionalized in some
forms of governance. It is thus vital to assess the perception of geoengineering and solar shields, in
order to gauge the political feasibility of such techniques. The concept of public opinion has nuanced
differences from public perception, but the terms are commonly used interchangeably and will be so
here.
Public opinion is traditionally captured and quantified via surveys carried out by governments, media
outlets, and third party organizations, as well as by ballots in democratic states. Surveys are
conducted in person, over the phone, and via the internet. It is suggested by some that as well as
reflecting public opinion, polls can influence voting behavior. There is some empirical support for the
existence of a “bandwagon effect” evident, for instance, when some voters may have a tendency to
support a political party that is seen to be ahead in the polls (Faas et al., 2008).
This chapter introduces the role of public perception in governance, exploring the influence and
prominence of the public in modern states. The views of the public with respect to geoengineering are
2
then explored to the extent they are known based on prior surveys and studies. The EC LIPSE survey
is then introduced. This is an original survey conducted for this project that probes a global subject
base on their thoughts relating to a solar shield and their level of support for such an artifice. The
survey explores areas that have not been fully addressed by prior studies and provides insights into
differences between key existing and emerging powers.

9.2 THE ROLE OF PUBLIC PERCEPTION IN GOVERNANCE
The interwoven role public perception and public opinion have on issues pertaining to governance are
substantial. The democratic ideal places public opinion in the center of public policy formation
(Erikson et al., 1993). In other words, what people think about matters are interwoven and can direct
the actions of a states’ conduct on policy, affairs and regulations. Although public opinion is important
for governance, it does not necessarily dictate the actions of a government. Since opinions of a
populace are important to states, an active role in managing how they are shaped is well
documented. Whether a state is a democracy or a totalitarian regime information is, to varying
degrees, shaped in order to promote a particular political cause in an attempt to create consent
(Lippmann, 1979; Herman & Chomsky, 1988; Clement, 1661)
Opinions not only reside on a national level but also on a global scale. Numerous studies have
examined global opinions and how these manifest. One much analyzed event is the 2003 invasion of
Iraq. In the lead up to the invasion some of the largest manifestations of public opinion in history took
place, and likely the largest in history to ever take place prior to the commencement of a war
(Katsumata & Acharya, 2011). Largely via internet social activity, an estimated 36 million participated
th
globally with a peak on February 15 , 2003 (Katsumata & Acharya, 2011, p.67). Shortly after this
peak, a 2003 New York Times article by Patrick Tyler noted the emergence of this new medium of
organizing and discontent in writing that the demonstrations were indicative of the existence of “two
superpowers on the planet: the United States and world public opinion.” Regardless which
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governments or entity might decide to implement a solar shield, the question of how the superpower
of world public opinion might resonate is worthy of consideration.
The fundamental question in the arena of public perception is which individuals, organizations, and
groups are purveyors of a particular perception and what does that perception entail? In short, who
believes what? This simple question is not only interesting but also more complex than it appears. In
this age of information, the Internet is decentralizing the dissemination and framing of the media
landscape. Social media are able to translate events into issues that can initiate popular movements.
The rapid dissemination of information and opinion is said by some to be changing the traditional
dynamics of power relations between people and institutions of power; whether they are
governments, corporations, or other entities. The likes of WikiLeaks and social networks such as
Facebook and Twitter, coupled with ever growing mobile connectivity, are thought by some to have
been pivotal in the wave of demonstrations in the Arab world since 2010, commonly known as the
Arab Spring.
Technologies have both technical and social dimensions, in democratic contexts public dialog is
considered a civic duty. Sustaining this dialog will present complex challenges for governance.
Research concerning risk perception and governance are generally limited to western nations
(Poumadère et al., 2011), however, a solar shield would have an impact globally. Therefore broader
research in this domain will be required.

9.3 THE PUBLIC PERCEPTION OF GEOENGINEERING
In 2011 a large representative survey was conducted into public support of another solar radiation
management method: the injection of aerosol particles into the upper layers of the atmosphere.
Responses were gathered from the US, UK, and Canada. This survey found that the support for
scientific study of the method was surprisingly high, however the support decreased and uncertainty
rose when the immediate usage of the technique was proposed. This study found that the most
important drivers of the public perception of geoengineering are the potential risks and unexpected
consequences to the Earth’s ecosystems (Mercer et al., 2011).
The results of a series of public focus group sessions in the UK in 2010 showed that many people
considered space based mirrors or solar shields to be expensive and risky. Comments by
respondents described the idea as “sheer idiocy”, a “crazy star wars plan”, and a “total waste of tax
payers’ money.” It is important to note that those people were previously informed about advantages
and disadvantages of other available geoengineering technologies (Ipsos Mori, 2010).
The topic of geoengineering has faced a notable degree of skepticism amongst those in the public as
well the scientific community. Between 2000 to 2010 there has been a large growth in the publication
of internet, print, and academic based materials concerning geoengineering (Mercer et al., 2011).
This is in stark contrast to decades prior in which only sporadic publications have occurred. Some
theorize that solar radiation management was a taboo subject in the climate discourse and remained
in the periphery as it was thought, “public discussion of SRM would lessen the incentives for political
action to restrain emissions” (Mercer et al., 2011).
An analogy can be drawn between the public perception of a solar shield and nuclear power. Nuclear
power is seen by many to be a risky source of energy. Although the risk of an accident is small, the
consequences of such an accident are substantial. To many people, this makes any risk of accident
unacceptable. Another factor that shapes public opinion is lack of direct experience. On many issues
people form opinions through their own experiences which gives them a basis for judging third party
information. In the absence of such experience people have little context by which to judge the
veracity of media messages and allow themselves to be informed by the media, as is often seen with
the public perception nuclear power (Gamson & Modigliani, 1989). The solar shield will be invisible to
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the public eye, and its effects on a day-to-day basis quite subtle. Media coverage will therefore be
formative in the public’s perception of the solar shield.
There have been a number of surveys conducted previously on the topic of geoengineering and the
public’s perception of it. At least one survey has shown that the more information people have about
the risks and benefits of a solar shield solution in comparison to other geoengineering methods, the
less support there is for it. According to results of this survey, the more information participants had
regarding geoengineering, the more willing they were to support carbon dioxide removal methods
(CDR) and the less willing they were to support SRM methods (Corner et al., 2010). Those findings
are supported by a quantitative research study conducted on a sample of 1800 individuals from the
UK, which can be considered as representative of the whole UK population (Corner et al., 2010). It is
assumed that, were governments to consider the implementation of a solar shield, it would be
because it was considered the best available solution. The results of Corner, Parkhill and Pidgeon
(2011) highlight the importance of justifying this decision to the public.
Keeping in mind the future scenario for development presented in this report, the authors consider the
information provided by prior studies to be limited, with sampled populations constrained to the US,
UK and Canada. With the increasing economic and political influence of countries like China and India
it is important to consider the public perception of geoengineering in these emerging powers,
especially as they are also likely to bear more of the ill-effects of climate change than western
countries (see Chapter 2) as well as a large portion of the costs (see Chapter 6). Having a better
insight into public opinions in those regions is crucial to provide appropriate input into the decisionmaking process. With regards to the global impact of any geoengineering technology, engaging the
public in a dialogue was among the recommendations of the Experiment Earth Report in 2010 (Ipsos
Mori, 2010).

9.4 THE EC2LIPSE SURVEY
2

The EC LIPSE survey was an international survey on public perception of space-based solar shields.
The initial design of the survey was based on a previous survey from 2011 (see Section 9.3) (Mercer,
et al., 2011) that focused broadly on various types of non-solar shield SRM techniques. The
2
EC LIPSE survey was internet based, contained 26 questions, and was distributed in both English
and Mandarin. Data was collected over 17 days in February and March of 2012. The survey collected
678 valid responses.
The survey conducted is focused on three major geographical groups: Europe, the United States, and
2
China. China was chosen due to its emerging status on the world stage. The EC LIPSE survey
reached respondents through the ISU alumni network, and the International Space University 2012
Symposium on space sustainability. In order to increase Chinese response rates a company in
Shanghai distributed the survey widely on popular social networking sites including Qzone, RenRen,
Sina Weibo, and Couchsurfing.

9.4.1 DEMOGRAPHICS
The total sample of 678 respondents self-identified with the demographic variables of religion, age,
education, gender, and place of permanent residence. The three largest countries represented in the
survey were China, the United States, and France. The 678 respondents identified with 51 different
countries. Regional distribution is illustrated in Figure 9-1.
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Figure 9-1: Residence of EC LIPSE survey respondents

The sample reveals a significantly higher than average education level than that of the average public
as identified in the UN Index on education (UN Development Programme, 2010; US Census Bureau,
2003).
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Figure 9-2: Highest education level of EC LIPSE survey respondents

The largest number of respondents identified themselves as non-religious, followed by Christians.
Respondents were mostly male, with about a third of respondents being female. 75% of respondents
were between the ages of 18-34 years. This may be reflective of the distribution method, which relied
on new media such as social networks, encouraging participation of younger individuals.

9.4.2 SAMPLING
A non-probability method, convenience sampling, was used due to the compressed timeline for
survey execution. Convenience sampling is generally used for preliminary research to get an
approximation of results, without encountering the expense in time and resources that ensues from a
random sampling method (Freedman, 2004; Fink, 1995). As this survey did not use a random
sampling technique, the study does not fulfill an international or nationally representative population
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sample to deduce in a scientific manner the public opinion about this particular subject. The
distribution of the survey was inherently non-random and largely took place through personal and
professional networks of those associated with the academic institution of the International Space
University. This is likely responsible for the above average level of education of respondents, as well
as the high level of knowledge regarding space matters, particularly noticeable in respondents’ open
comments. This non-randomness may be a strong factor in some of the survey results. Although this
is a non-representative survey, the results nonetheless provide an approximation and a window into
public perceptions.

9.4.3 METHODOLOGY
Data represented here are displayed as mean values for each data set in which a numeric value has
been assigned to each level in the agreement scale specified for the questions. Agreement and
disagreement responses are reported using a top two box/bottom two box approach, including those
who (dis)agree and strongly (dis)agree in a single category. All crossbars represent one standard
deviation. Analysis of Variance (ANOVA) and Students two-tailed t-tests were used to assess
statistical differences in response distributions, with p-value less than 0.05 demonstrating a
statistically significant deviation from the null hypothesis.

9.4.4 RESULTS
P UBLIC PERCEPTION OF CLIMATE CHANGE
A critical consideration when addressing public perception of solutions to climate change is perception
of climate change itself. Although at its core, the matter of climate change is a scientific one, it has
become a political issue, with science taking a backseat to other considerations. It is to be expected
that individuals who are climate change skeptics will not approve of any suggested solution to climate
change, all the more so one such as the solar shield that would require considerable resources to
execute. This survey collected surprisingly few responses from skeptics, possibly due to their refusal
to complete the survey, in combination with the non-random distribution of the survey noted above. In
what follows, statistical results are combined with direct quotes from participants provided in response
to the questions “Why do you think that scientists should conduct research into space based shields?”
and “Do you have any thoughts concerning space based solar shields?”

Climate change is a serious problem
Neutral/
Unsure
(8%)

Disagree
(6%)

Agree
(86%)
Figure 9-3: Percentage of 678 respondents who agreed, disagreed, or were uncertain regarding the seriousness of the
climate change problem

International Space University, MSc 2012

91

99 out of the 678 respondents were identified as climate change skeptics, those not in agreement or
uncertain that climate change is a serious problem. Some reported in survey comments that “This
study may be futile, because I believe that global change is mainly the result of the nature cycle” or
claimed that “climate change is natural.” One respondent thought that no further research is needed
since “%climate change does not seem to be a problem, so it does not need to be fixed.” Results
reported with respect to support or lack of support for solar shield scenarios exhibited no significant or
near-significant shift due to these respondents.

P UBLIC PERCEPTION OF A SOLAR SHIELD SOLUTION
Previous surveys have revealed that when presented with a number of alternative geoengineering
solutions, solar shields tend to be the least popular (Ipsos Mori, 2010). This was found to be due to a
perception of solar shields as a somewhat fantastical solution. Following this line of thought, some
2
respondents from the EC LIPSE survey found it “too incredible,” somewhat “like one of the sci-fi
movies” or “rather crazy and likely to have unintended consequences.” These views may be due to
the shield requiring the utilization of technologies beyond the understanding and experience of survey
participants. In this regard, albedo solutions and carbon sequestration possibly tend to fare better as
they are conceptually simpler. In this survey, solar shields were presented in isolation, with
respondents asked whether they would support their use under various circumstances.
Participants were evenly split over whether a shield should or should not be used as a climate change
solution, but a majority was unwilling to rule out the possibility. Over 60% of respondents indicated
that they would advocate the use of a solar shield in a climate emergency, as seen in Figure 9-4. One
respondent commented, “if it may effectively help to reduce the effects of global warming,
simultaneously does not have any very big consequence, it is worth trying!” Other respondents went
as far as to say “we destroyed the Earth, and we should solve that by ourselves” or “Humans should
solve the problem of climate change firsthand, instead of covering it up or reducing it with silly
devices.”

100%

% of respondents

90%
80%
70%
60%
50%

Disagree

40%

Unsure

30%

Agree

20%
10%
0%
Shield should Shield should Shield should
be used
be used in never be used
emergency

Figure 9-4: Percentage of total respondents who agreed, disagreed, or were unsure regarding whether a space-based
solar shield should be implemented as a climate change solution under different scenarios.

There was no significant difference in these response rates based on individuals’ experience in the
space industry or whether climate change skeptics were included or not. Two factors that did
influence responses however were age and nationality. Younger respondents were more likely to
respond favorably to the statement “Solar shields should be used as a solution to climate change.”
Results are shown in Figure 9-5.
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Figure 9-5: Mean value of responses on a 5 point scale. Crossbars represent one standard deviation

Among the three age groups with a sizeable sample, the youngest respondents were more willing to
support a solar shield as a general climate change solution (p<<0.01). With regards to national
support for solar shields, two nations, China and the United States, and one region, Europe, were
sufficiently represented to allow for analysis. Results are shown in Figure 9-6.
Strongly Agree %
Space-based shields should be used as a solution to climate change
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#
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Figure 9-6: Mean responses based on a 5 point scale. Crossbars indicate one standard deviation

These populations were split statistically on the question of whether a solar shield should be used as
a climate change solution, with Chinese respondents being statistically more likely to approve of a
space based solar shield as a climate change solution. There was no split between respondents from
Europe and the United States.
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Only two religious groups had sufficient representation to be eligible for comparison: those reporting
as Christian and non-religious. There was no statistical significance between the level of support for a
solar shield from these two groups.

S OURCES OF INFORMATION
Survey respondents were asked which sources of information they found most trustworthy from
among eight different categories. This is important in formulating information campaigns about the
solar shield. Past surveys have shown a high degree of trust in scientists. A survey conducted in the
US showed that about 70% of respondents trust scientists, however, the majority of respondents
believed that scientists disagree on the question of global warming, despite reports that 97% of
scientists are of the opinion that global warming is occurring (Brulle et al., 2012).
Completely
Trust

$

Somewhat
Trust

#

Somewhat
Distrust

"

Would Not
Trust At All

!
Government

Private
Company

Environmental University
Organizations Researchers

Media and
reporters

United Nations

Religious
leaders

Family and
f riends

Figure 9-7: Survey respondents identified their level of trust in a variety of information sources.

Respondents’ preferences are summarized in Figure 9-7. Responses from all participants were
statistically distinct. University researchers were universally considered the most trustworthy with
Environmental Organization second. Religious leaders and the media were considered the least
trustworthy. In general people claimed that researchers “are the people with more information and
knowledge.” This trend held true for Chinese, United States, and European populations.

9.5 DISCUSSION AND RECOMMENDATIONS
The study is sensitive to the fact that space based solar shields are a nascent technology and that
public knowledge is either absent or in a formative stage. For many respondents this was their first
exposure to the concept of geoengineering via a solar shield, so their opinion of it has been informed
by the survey itself. Some respondents indicated they needed more information to express further
opinions; “The information given to me is not enough for me to decide whether it's a good thing or a
bad thing,” or “I have never heard of a space based shield before, but would like to know more about
them before deciding if they are desirable for the environment.”
2

Findings from the EC LIPSE survey appear to align with the results of the 2011 study that the general
public knowledge of geoengineering is on the rise (Mercer et al., 2011). When asked whether they
have ever heard of geoengineering, 45% of respondents answered yes. In many cases the
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respondents mentioned examples and discussed risks. Some expressed concerns: “[there are]
dimming effects, and also we need to remove CO2, because of ocean acidification.” Others asked the
question “what would be the planetary effect of a colder Earth with higher CO2 levels?” There were
some signs of increasing exposure to geoengineering with some of respondents mentioning television
programs related to geoengineering.
Geoengineering and solar radiation management by solar shields in particular is an emerging
technology, therefore the public is only slowly forming opinions. Careful and appropriate
communication is crucial as the topic has potential for creating controversy similar to nuclear power
issues and genetically modified organisms (GMO).
The strategy and importance of engaging public dialogue on geoengineering was largely described in
the Experiment Earth project and reports by Corner, Parkhill and Pidgeon (2011) and Ipsos Mori
(2010). When introducing an upstream technology, it is important to initiate the public dialogue early in
the process (Corner et al., 2010). This was highlighted with respect to the case of GMO where the
lack of public dialogue in the initial research phases resulted in a backlash against the technology. For
the dialogue to be successful it must start before any further research or actual implementation takes
place, as the public may react negatively to any lack of transparency.
st

In the 21 century, the one-way communication model is losing relevancy. Experts must not only
explain, but also listen to the public and take the public’s concerns into account (Corner et al., 2010).
In the information age, with the rapid spread and decentralization of information, traditional methods
of gathering public support are unlikely to succeed.
2

According to the EC LIPSE survey results, the institutions that people tend to trust most are
universities and research institutions since they are “more unbiased than private companies,” as one
respondent expressed it. 67% of the respondents indicated some level of trust in university
researchers. Several people expressed concerns about the commercial abuse of a solution:
“Scientific research should be guided by principals of discovery not product.” In general people were
supporting research in this area saying “We may learn other things in the process.” This suggests that
using scientific authority to communicate daring proposals would be a good strategy.
Respondents also tended to express some level of trust in environmental organizations, and the
United Nations concerning information about solar shields. Getting wide public support may be highly
facilitated if those institutions are willing to voice their support for solar shield research through all
possible channels. However, while people may voice a high degree of trust in scientists, their opinions
may not be directly informed by scientific findings. A US study showed that public access to accurate
scientific information had little impact on perception of climate change, but advocacy by political
groups has major influence on climate change concern. Between 2007 and 2012 the percentage of
respondents considering climate change as real decreased (Leiserowitz et al., 2011). The study
suggests that this was mainly due to public statements made by political parties. Thus it is important
to frame scientific data in a way that people understand, and present it to people via effective
channels. As highlighted in the Experiment Earth study, for the communication to be meaningful to the
public, appropriate language needs to be used (Corner et al., 2010). Unnecessary usage of technical
language, complicated graphs, and detailed scientific formulas tend to discourage public interest in
the subject and decrease the efficiency of communication.
2

The EC LIPSE survey and others have highlighted the concerns that the public has about the risks,
2
and costs of a solar shield. Some EC LIPSE respondents commented that “[the] Money could be
used for other things,” or similarly that “It sounds as a very costly project, that amount of money could
be invested in planting new trees.” According to the Experiment Earth study those concerns would
most probably deal with the naturalness, reversibility, and cost effectiveness of the proposed
technology as well as the potential for alternative mitigation strategies (Corner et al., 2010). In the
2
EC LIPSE survey, respondents expressed concerns over “violation of the laws of nature” and the
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“technological transformation of the natural.” Some felt that “[the shield] may be used as excuse to
keep polluting the planet.” In general the main concern seemed to be that “we cause more harm than
good” and that the shield would be a “band aid,” rather than a real solution. Thus the public must be
adequately informed of the costs of such a project, as well as the risks, consequences and their
mitigation strategies.

9.6 CONCLUSION
Public opinion is a vital factor in assessing the political feasibility of a solar shield project. Very little
data is available regarding public perception of solar shields, with only a single published survey
2
addressing the issue. In conducting the EC LIPSE survey the authors of this report have found that
the respondents would generally support a solar shield solution if other avenues of climate change
mitigation have been exhausted, and the world is facing a climate emergency. Key to garnering public
support is the effective dissemination of clear information from trusted sources. Scientists and
environmental organizations are the most likely to be trusted by the public, and modern
communication techniques utilizing new media such as social networks would be the most effective
communication channels. The authors find that if a solar shield were ever to be considered, public
support is likely to be feasible as an emergency response measure, so long as the risks and benefits
are clearly stated and clear, effective, and trusted communication channels are utilized.
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10. ROADMAP
10.1 INTRODUCTION

A

roadmap is an important tool in a long term project. It is used to plot the relationships of
various occurrences and verify that the interconnectivity of variables is considered and
planned. Its usefulness extends from verifying project flow into showing the vision for the
project. In showing the different streams of events that must occur for a project to be complete, a
roadmap becomes a useful tool.
The goal of the roadmap here is to provide a timeline for the project and to give a top-level view of its
phases of development. Milestones in technological development, scientific monitoring, legal
framework and financing will need to be established. The roadmap covers the time period from 2012
to beyond 2060, and is divided into decades. For each decade critical milestones are listed, a short
description of the world based on the A1B scenario is provided, and major events necessary to shield
implementation are detailed.
The basic details of the background information are summarized for each decade in a table. There
are two rows, one showing absolute values and the second showing the quantity or factor by which
this has changed from the baseline. The values included are key indicators of climate change, its
primary drivers, and world finances. These values are drawn from the scenario in Chapter 2. Table
10-1 is representative of the format for the table. The first value is change in temperature (T), the
magnitude of the rise in temperature is in degrees Celsius, calculated with respect to 2012. The
absolute value is the projected temperature at the beginning of the decade. The second value is the
Sea Level (SL) in meters, relative to 2012 sea levels. There is no absolute sea level as the sea level
is by nature relative to the shore line at any given time. The global population (Pop.) is given in
billions. The Gross Domestic Product (GDP) is represented in trillions of USD. The GDP per capita is
18
represented in USD. The global energy demand (GED) is represented in 10 Joules per year. ZeroCarbon Energy (0-CE) is the percentage of energy produced without carbon emissions as a percent
of total energy production. #x represents the multiplier used to compare values with the 2012 value.
The numbers in the table represent the values at the beginning of a decade.
Values

T (°C)

SL (m)

Absolute
Value
Relative
to 2012

#

-

#-#

#-#

Pop.
(billions)
#

GDP
(trillion USD)
#

GDP per
capita (USD)
#

#x

#x

#x

GED
18
(10 J/year)
#
#x

0-CE
(%)
#
#x

Table 10-1: Sample Background Values
2

The roadmap presents the major milestones of the EC LIPSE shield construction and highlights
events that are necessary for success of the shield as a climate change mitigation. It is designed
under the assumption that a global decision relating to shield implementation will be made, and states
that must play a key role in the project will commit to it. Should the decision to implement the shield
be made, this roadmap could serve as a starting document for identifying intermediate steps needed
in order to complete the solar shield on time. If these events are delayed then shield deployment will
be unlikely to occur in 2060. However, a revised start date could still follow the progression of events
detailed here in order to achieve a later implementation.
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10.2 2012-2020
2012

2015

2017

Milestones

th

! 5 IPCC report

2020
! Creation of WSSC

! ITER comes online

Framework

! Pilot shield
completed

International Collaboration Agreement set up

Science & technology

R&D for HLV, robotics, space power, shield material

Side effects

Contracts awarded for pilot shield, research grants
disbursed

By 2012, the global mean temperature rose by about 0.25°C and sea level by around 0.06 m relative
to the average value of 1989 and 1990. The global population is above 7 billion at this time. The
global GDP reached 63 trillion USD, while the GDP per capita is about 9,200 USD. The primary
18
energy supply is about 530 &10 J/yr, of which 18% was zero-carbon energy. The values are shown
in Table 10-2.
Values

T (°C)

Baseline
Values

14.65

SL (m)
-

Pop.
(billions)
7.0

GDP
(trillion USD)
63

GDP per
capita (USD)
9,166

GED
18
(10 J/year)
530

0-CE
(%)
18

Table 10-2: Baseline Values

10.2.1 FRAMEWORK
2

The EC LIPSE solar shield project is first proposed to the UN in the early part of this decade. In the
mid-2010’s, a draft International Collaboration Agreement is prepared and debated at the General
Assembly. Upon adoption of this agreement, the World Space Shield Council is formed and begins
meeting. A policy for funding the shield should be in place by the end of this decade.

10.2.2 SCIENCE & TECHNOLOGY
In this decade, research and development for the heavy launch vehicle begins. Research into the
factories, robots, lunar power source, and silicon shield material also commences during this period.
By the end of this decade, comprehensive environmental modeling software should be available that
integrates atmospheric, oceanic, and terrestrial factors into a high resolution whole-climate simulation
system. In order to plan for the lunar base and resource extraction necessary for the construction of
the shield, detailed mapping of the lunar surface is performed. It is also envisaged that by the end of
this decade, a pilot program has been implemented in LEO where a small solar shield is constructed
in order to assess the feasibility of robotic construction systems (albeit tele-operated at this stage) as
well as the effects of the solar shield.

10.2.3 SIDE EFFECTS
As a result of the LEO pilot program, there will be an increase in space investment by all parties to the
International Collaboration Agreement. Contracts will be awarded for the construction of the pilot
shield and research grants relevant to the construction of the pilot shield disbursed.
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10.3 2020-2030
2020

2022

2024

2026

2028

Milestones

! Shield payments begin
! Launch complex construction begins
! Operational planning
complete

Framework

! Pilot tests
successful

Advisory committee/ public outreach and educational
programs
Development of HLV, Lunar & L1* facilities

Science & technology
Side effects

2030

Highly-skilled manpower demand/ spin offs/ public debate
2

By the end of the 2020s China’s GDP is expected to equal that of the US. Some EC LIPSE relevant
technologies, such as supercomputers, AI, computer interfaces, robotics, space capabilities, and
nanomaterial technology are advancing. The absolute and relative values are shown in Table 10-3.
Values
Absolute
Value
Relative
to 2012

T
(°C)
14.85

SL
(m)
-

+0.2

+0.02

Pop.
(billions)
7.5

GDP
(trillion USD)
91

GDP per
capita (USD)
12,100

1.44x

1.32x

1.09x

GED
J/year)
700

0-CE
(%)
16

1.32x

0.89x

(10

18

Table 10-3: Key numbers over the 2020-2030 decade

10.3.1 FRAMEWORK
An important factor for the success of the shield is the commitment of the members participating. At
this point, additional recruitment of members should take place. Payments of around 86 billion
USD/year for the solar shield start in the beginning of the decade. This money will be provided by the
states ratifying the International Collaboration Agreement, and will be raised via a 0.1% Value Added
Tax. WSSC working groups are fully operational in this phase.

10.3.2 SCIENCE & TECHNOLOGY
In this decade, manufacturing of components used in the construction of the lunar facility and L1*
facility starts. After extensive R&D, manufacturing of the robotics for in-space assembly and
construction also commences. Pilot programs in L1*, LEO and on the Moon will be undertaken to test
station keeping, autonomous assembly in space and lunar production of the required glass or
polymeric silicon respectively. The success of these tests is an important milestone for the success of
the project. The launch complex infrastructure will be built at this stage.

10.3.3 SIDE EFFECTS
Design and development of technologies and framework for the shield will result in an increased need
for professionals such as climate scientists; robotics, material and propulsion engineers; and space
lawyers and lobbyists. This will drive university research and academic programs, and promote
general job growth. Business opportunities will arise and the number of spin offs will increase, driving
new ventures. Grant proposals and prizes such as the X-Prize will boost innovation. Public debate
about the shield will peak at this point, with a need for open discussions, preferably initiated by
scientific institutes and universities.

International Space University, MSc 2012

99

10.4 2030-2040
2032

2034

Milestones

2030

2036

2038

2040

! Launch of Moon
factory from Earth
begins

Framework

! Lunar facility
completed

First reports published by WSSC

Science & technology

Completion of HLV & facilities/ Lunar base launch &
deploy
Space commercialization treaty/ Spin offs

Side effects

2

2

By 2030, the sea level rise would result in about 33,000 km dry land loss and 8,000 km wet land
loss, as well as about 1 million people displaced. Currently emerging states would gain more
important positions in the global economy. Energy usage will trend towards being more balanced
between fossil fuel and zero-carbon energy sources. The absolute and relative values for this decade
are shown in Table 10-4.
Values
Absolute
Value
Relative
to 2012

T
(°C)
15.10

SL
(m)
-

+0.45

+0.05

Pop.
(billions)
7.9
1.15x

GDP
(trillion USD)
130

GDP per
capita (USD)
16,500

2.06x

1.79x

GED
J/year)
900

0-CE
(%)
22

1.70x

1.22x

(10

18

Table 10-4: Key numbers over the 2030-2040 decade

10.4.1 FRAMEWORK
The working groups of the WSSC will produce their first status reports during this decade. Annual
payments will increase to 124 billion USD.

10.4.2 SCIENCE & TECHNOLOGY
During the first half of the decade the launcher design and testing will be complete and manufacturing
will begin. The first launches are scheduled for 2035, transporting the lunar factory components and
robots to the Moon. During the launch campaigns the environmental effects of the launches will be
monitored and assessed. The infrastructure for in-situ manufacturing and assembly of the shield will
be completed on Earth by the middle of the decade, and ready for launch to L1*.

10.4.3 SIDE EFFECTS
With the granting of contracts for work on the shield there will be a peak in Earth-based activities
related to the space shield. These activities may spin off into other areas related to the work done on
the shield. A space commercialization treaty is one possible outcome of these commercial activities.

100

International Space University, MSc 2012

10.5 2040-2050
2040

2042

2044

Milestones

! Final go ahead decisions
! Begin lunar regolith extraction

2046

2048

2050

! Begin Launching to L1*

! Launch of L1* factory from Earth begins

Framework

Final go/no-go decision on shield implementation by WSSC

Science & technology

Regolith extraction/ L1* facility launch & deployment / Glass shipping

Side effects

Space program enhancement & spin off/post-shield scenario
preparation
2

By 2040, the sea level rise of 0.085 m cumulatively results in about 73,000 km dry land loss and
2
23,000 km wet land loss, as well as 2 million people displaced. India approaches the US in GDP.
The world will be heavily computer oriented, with readily available near-human level artificial
intelligence with predominantly haptic and voice computer interfaces. It is predicted that at least 15%
of energy production will be solar based and batteries will be capable of storing thousands of times
the energy volume of those available today. The absolute and relative values for this decade are
shown in Table 10-5.
Values
Absolute
Value
Relative
to 2012

T
(°C)
15.43

SL
(m)
-

Pop.
(billions)
8.3

+0.78

+0.09

GDP
(trillion USD)
187

GDP per
capita (USD)
22,500

2.96x

2.45x

1.21x

GED
18
(10 J/year)
1,100
2.08x

0-CE
(%)
28
1.56x

Table 10-5: Key numbers over the 2040-2050 decade

10.5.1 FRAMEWORK
The final go/no-go decision on shield implementation must be made in this decade. Contributing to
this decision will be the WSSC working groups, who will issue updated reports. Yearly funding for the
shield this decade will be increased to 178 billion USD.

10.5.2 SCIENCE & TECHNOLOGY
In 2040, robotic mining of lunar regolith will begin. Concurrently, launches to L1* from Earth begin,
delivering components for the L1* processing, assembly, and servicing facilities. Within the decade, all
lunar facilities will be fully operational. The two lunar railguns will begin launching materials to L1* in
2045.

10.5.3 SIDE EFFECTS
With Earth based launches wrapping up this decade, resources should become available for
enhanced space development programs and spin off technologies. Preparations will begin for postshield reclamation of lost land, and repatriation of climate change refugees. Agricultural seed stocks
will need to be modified in advance of the anticipated cooling temperatures.
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10.6 2050-2060

Milestones

2050

2052

2054

2056

2058

2060

! Start of shield assembly
! Lunar launches completed

Framework

Gradually reduction of the solar insolation

Science & technology

Glass shipping/ Shield manufacturing and assembly

Side effects

Impact on environment and decrease of global
temperature
2

By 2050 the sea level rise would cumulatively result in approximately 93,000 km dry land loss and
2
30,000 km wet land loss, as well as 2.7 million people displaced. The production processes for
available resources will have evolved to make increasing use of nanomaterials. During this decade
India and China continue to grow, with their GDP reaching 1.5 and 2 times the GDP of the US,
respectively. The absolute and relative values for this decade are shown in Table 10-6.
Values
Absolute
Value
Relative
to 2012

T
(°C)
15.77

SL
(m)
-

Pop.
(billions)
8.7

GDP
(trillion USD)
269

GDP per
capita (USD)
31,000

GED
18
(10 J/year)
1,350

0-CE
(%)
36

+1.12

+0.13

1.27x

4.26x

3.37x

2.55x

2x

Table 10-6: Key numbers over the 2050-2060 decade

10.6.1 FRAMEWORK
Initiation of shield construction will gradually reduce solar insolation. The WSSC working groups will
begin investigating the effects of this reduction. The annual payments will be increased to 255 billion
USD.

10.6.2 SCIENCE & TECHNOLOGY
Construction of the shield from the processed materials will begin early in the decade. After 10 years
of continuous shipping, all lunar launches of material will be complete in 2055. The railguns and
factories on the Moon will then be used for maintenance launches. Excess capacity may be
repurposed.

10.6.3 SIDE EFFECTS
The gradual decrease in solar insolation will begin to have impacts on the environment. Reduction of
temperatures is expected to begin.
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10.7 2060 AND BEYOND
Milestones

2060

2062

2064

2066

2068

2070+

! Shield completion: 1.8% insolation reduction

Framework

WSSC working groups first report on the effects of the shield

Science & technology

Operation and maintenance of the solar shield

Side effects

Decrease of global temperatures and sea level
2

By 2060 the sea level rise of would cumulatively results in about 120,000 km dry land loss and
2
38,000 km wet land loss, as well as 3 million people displaced. AI capabilities will most likely reach or
surpass human level capabilities, allowing interactions to be virtually indistinguishable from those with
the real world. Consumer products and industrial parts will be commonly produced using 3D printing.
The absolute and relative values for this decade are shown in Table 10-7.
Values
Absolute
Value
Relative
to 2012

T
(°C)
16.02

SL (m)
-

+1.37

+0.17

Pop.
(billions)
8.8
1.28x

GDP
(trillion USD)
334

GDP per
capita (USD)
38,000

GED
0-CE
18
(10 J/year)
(%)
1,600
44

5.29x

4.13x

3.02x

2.44x

Table 10-7: Key numbers over for 2060 and beyond (before shield implementation)

10.7.1 FRAMEWORK
The WSSC working groups first report on the effects of the shield in this decade. A change in the
payment mechanism will be needed to establish support for ongoing shield operations.

10.7.2 SCIENCE & TECHNOLOGY
2

With the shield fully operational, the maintenance phase of the EC LIPSE project begins. Scientists
can begin studying the effects of radiation reduction on Earth systems.

10.7.3 SIDE EFFECTS
As temperatures cool, the sea level will begin to recede, allowing land reclamation efforts to
commence. Shortly thereafter, repatriation of climate change refugees can begin.
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10.8 THE FUTURE
The progression to and effect of the shield is clearly demonstrated in Figure 10-1. The key values of
the roadmap and major milestones are illustrated to summarize the effects of both the shield and
climate change.

Temperature

GDP

Global Energy Demand

Sea Level

Payments

! Creation of WSSC
! Operational planning complete
! Final go ahead decision

Start of shield assembly

!

! Shield completion

Lunar facility completion!
Begin lunar regolith extraction !
Launch Complex !
Construction
Pilot tests successful !
! Lunar launches completed
! Launches begin
Launch L1* factory from Earth begins !

2012

2020

2030

2040

! Begin Launching to L1*

2050

2060

Beyond

Figure 10-1: Roadmap summary

It is clear from the above that an audacious project like the solar shield requires much more than just
technology mastery to implement it. Politicians, lawyers, engineers, educators, scientists and
economists all have to work in lock-step to successfully complete such a large scale project.
Humanity has the means and engineering ingenuity to realize the proposed project. The technological
advances involved in the project are bound to manageable in the face of overwhelming will power.
Had US President Kennedy waited for his scientists, opinion poll analysts, and engineers to answer
every question about landing on the Moon, it may have remained unvisited.
The success or failure of an international venture of this magnitude relies upon global willingness to
put aside parochial differences in the interest of cooperation. Such a project will require bold leaders
to step forward and unite the world behind an ambitious goal.
The above roadmap lays out a potential process to give humanity the option of installing a solar shield
to mitigate climate change. Beyond the intended reduction in temperature, the shield provides
additional benefits due to technology spin offs in areas such as robotics, in-situ resource utilization,
launch technology, and microgravity construction.
Economics theory teaches that generating options has great value. This should also be considered
when evaluating a project such as this. Based upon the information available in 2060, humankind can
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decide to exercise the option and install the shield or decide not to implement it because better
alternatives have been found. But it is valuable to have the option available anyway, especially in light
of the other benefits the development process may yield.
As history has shown, it is not unthinkable that humanity will need to make important decisions on
large-scale projects without knowing all of the consequences in advance. The possibility that climate
change will trigger such a decision is conceivable, and it is for this reason that leaders should have
access to documents of this nature, laying out various possible pathways. At such a juncture, this
roadmap could serve as a useful tool in favor of, or against the use of a solar shield.
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11. CONCLUSION

T

2

his concludes the programmatic development of the EC LIPSE solar shield. The concept is
rooted in the potential need for humanity to prepare a back-up plan in case deleterious climate
change cannot otherwise be avoided. The shield and its surrounding framework have been
analyzed and evaluated in a multidisciplinary and repeatable process.
There are arguments that can be made in favor of and against the implementation of a solar shield.
However, such arguments are of little value without basis in a thorough assessment of every aspect
of the shield, its technology, legal standing, side effects, costs, and benefits. With this report in hand,
2
one can make an informed decision as to whether EC LIPSE warrants continued research as an
acceptable climate change mitigation option.
Above all, the goals of this project has been to provide a systematic approach to comprehensively
assess any large scale project. The particular project at hand makes for a prime case study due to its
sheer enormity. If it works for a 1900 km radius orbital shield that blocks sunlight the world over, what
project is too large, too complex, too global for such an approach?
The process began with an investigation into the state of the world over a timespan of interest. The
shield is to be operational by 2060. Therefore, understanding the climate effects, energy trends,
economic and political power shifts, and scientific and technological advances that can be expected to
occur over that timespan is of paramount importance. A 50 year project cannot be planned assuming
stagnation at current levels of ability, knowledge, and power.
The next step formed the crux of the entire project: identifying the physical details of the shield, its
composition, its construction and maintenance, and the technological capabilities required to achieve
these. The most crucial portion of this stage is not, as one might think, identification of the final
shield’s architecture and design. Rather, it is identification of the right factors and questions. It is
always possible to reassess a material tradeoff in light of new data, but is much harder when that
tradeoff never occurred in the first place or was hidden in assumptions that were never aired or
evaluated. The purpose of Chapters 3 and 4 of this report was not to find the optimal shield but more
importantly to analyze every factor, identify gaps where definition and technology are lacking, and
provide a transparent and logical progression. This progressive analysis gradually revealed the final
vision of the shield not as an astonishing fait accompli, but as a logical outcome of a series of
considered decisions.
Although frequently overlooked in technical projects, the framework and backdrop development for
2
EC LIPSE is at least as important as the number of launches and robots it requires for construction.
The disciplines that comprise such a framework are varied and nonlinear, complicating the need to
incorporate them into a unified assessment. These disciplines may also vary from project to project.
2
For EC LIPSE, they included:
!
!
!
!
!

An assessment of the project’s impact on the world, from insects to ocean currents
A political framework built from components of proven heritage and accommodating of the
preferences of current and future economic and space powers
A financial analysis providing not just the monetary cost of the shield but its likely economic
benefits as well
An analysis of the ethics of such a project from a secular and religious perspective
A consideration of current and likely public perception, ranging across the globe in quest of a
truly planetary reflection of the amorphous power of opinion

International Space University, MSc 2012

107

2

Without the study of these subjects, EC LIPSE would be incomplete. Only with this holistic picture is it
possible to move into practical application by devising a step by step roadmap towards construction,
2
completion, and operation of the EC LIPSE solar shield. Only in such a roadmap is it possible to
move beyond the known to tackle the unknown in full confidence that it can be done if humanity
bends its collective mind to the task.
At the end of the day, after all of these analyses, assessments, evaluations, and selections, what is
2
EC LIPSE?
!

!
!
!

10

It is a proposal for construction of a 1900 km radius, 4.9#10 kg silicon base hexagonal
6
shield, constructed by robots and orbiting L1* at a distance of 2.36#10 km, to block 1.8% of
the Sun’s radiation thus reducing global average temperatures to pre-industrial levels
It is a process of analyzing global scale technological projects in a logical, programmatic, and
multidisciplinary fashion
It is a roadmap that ties together a multitude of facets into a sequential, practical yet
aspirational to-do list
It is a case study of how such an analysis can be conducted by a team of individuals of
diverse experiences and expertise examining a novel idea with a fresh perspective

2

EC LIPSE is all of these and is intended be read on each of these levels. It is the authors’ hope that
this report comprises substance and science, logic and nuance, and above all, intellectual integrity. It
should prompt the reader to consider the implications of a solar shield, the implications of the absence
of a solar shield, and the forks in the path to deciding between the two.
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APPENDIX I: FREQUENTLY ASKED QUESTIONS

D

ue to the broad ranging nature of this report, it proved impossible to discuss every aspect in
depth. Indeed, each chapter of this report could easily be expanded to a full-fledged book. In
the interest of maintaining focus and interdisciplinarity, some details, justifications,
comparisons, and tradeoffs have had to be sacrificed. Gathered here are some of the most common
unanswered questions.

GENERAL
!

Why would you research such a crazy idea?

This idea was chosen because it is a representative example of space-based geoengineering. It is not
a solution to current climate problems, but the exploration of an opportunity. It is necessary to
research such opportunities to be able to compare them to alternatives and make decisions in the
future. Extreme environmental conditions, which could happen in the future, might require
unconventional “out of the box” solutions.

!

Why didn’t you look at different climate change solutions?

This project stemmed from an academic assignment to investigate space-based solutions for
geoengineering, thus other solutions for climate change fell outside the scope of the project. An
analysis of other solutions was performed in a literature review preceding this report and is available
by contacting publications@isu.isunet.edu.

!

What affect will the solar shield have on astronomical observations and other scientific work?

It will influence observations of the Sun from Earth and its orbits. The other bodies and/or stars will be
influenced only in rare cases such as eclipses if observed from locations distant from Earth like L4 or
L5. The shield being in between the Sun and Earth at all times, it will not be a problem for
astronomers observing other objects from the Earth. On the other hand, the scientific community will
benefit from a solar shield positioned at L1 as the 24 hour solar observation will be necessary for
monitoring of sudden solar activity that may endanger the shield. The second facility, the lunar base,
will also provide a great place for astronomical observations unhindered by Earth’s atmosphere, light
smog, etc.

CHAPTER 2
! Why did you rely so much on IPCC? Why not use more references and/or something more recent
than 2007?
The IPCC is a well recognized international organization dedicated to climate change research. Unlike
many smaller institutions of more diverse interests, the IPCC’s analysis of climate change is
exhaustive and takes account of relevant parameters such as demographic, energy, economic,
population, technology, and other projections that have bearing on climate change models. IPCC also
performs all analysis on a multi-model approach, meaning that several models are used for each
evaluation, allowing a more balanced understanding of the relative strength of predictions.
These characteristics are unmatched by any other organization. Consequently, we determined to rely
on this comprehensive approach as opposed to a collation of more recent but less consistent
publications.
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!

Why do you sometimes use models other than the IPCC’s?

The IPCC was used as a basis for the scenario that was developed, however IPCC does not
incorporate details needed for the solar shield development in all relevant disciplines. Although
exceedingly detailed with respect to everything relating to climate, ancillary disciplines such as
technology are dealt with less thoroughly by IPCC. When more detail was needed, we identified
supplementary sources that adhered to the same trend dictated by the selected IPCC scenario.

!

Why don’t you reference newer papers on temperature and sea level rise?

We utilized the latest available Assessment Report from the IPCC. IPCC’s analysis of climate change
is exhaustive and takes account of relevant parameters such as demographic, energy, economic,
population, technology, and other projections that have bearing on climate change models. IPCC also
performs all analysis on a multi-model approach, meaning that several models are used for each
evaluation, allowing a more balanced understanding of the relative strength of predictions.
These characteristics are unmatched by any other organization. Consequently, we determined to rely
on this comprehensive approach as opposed to a collation of more recent but less consistent
publications.

!

What is a fullerene?

A fullerene is any molecule composed entirely of carbon, in the form of a hollow sphere, ellipsoid, or
tube. Carbon nanotubes are cylindrical fullerenes. Spherical fullerenes are often referred to as “Bucky
balls”.

CHAPTER 3
!

How can glass absorb solar radiation, isn’t it transparent to visible light?

Glass is a generic term referring to an amorphous molecular configuration. It is a much broader class
of chemicals than is commonly thought. Although some glass is transparent to visible light, such as
the glass in your windows, that is by no means a characteristic of glass in general. While the exact
chemistry of the solar shield panes has not be established, there are any number of silicon based
glasses that could absorb in the solar radiation spectrum. The shield could be composed of one of
these amorphous glasses or a polymer consisting of ordered molecules.

!

What is SOHO?

The Solar and Heliospheric Observatory (SOHO) is a European spacecraft that is part of a solar
observation mission in cooperation between ESA and NASA. Originally a two-year mission, SOHO is
still continuing operations after fifteen years in space. This observatory has significantly improved our
knowledge of the Sun and our accuracy in predicting space weather.

CHAPTER 4
!

Why are two railguns needed on the Moon?

The launch frequency needed for our railgun on the Moon is very challenging as is the timeframe in
which the launches must be completed. Employing two railguns reduces the average frequency of
launches and increases reliability of a critical system. A single railgun could support the mission in the
event that one breaks down.
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!

What are Lyapunov criteria for orbit selection?

In control engineering as well as in mathematics, Lyapunov stability is part of the study of dynamic
systems. These criteria, proposed by Russian mathematician Aleksandr Lyapunov, simply states that
should a starting position and velocity exist that keep the spacecraft within a certain distance of the
orbit center over the time, the orbit is stable.
This criteria applies to any type of function, not only orbits. Consider the autonomous system:
! ! !!!!!!!, with !! ! ! !! supposed being a Lipschitz continouity on ! ! !! , and !!!! being the
state vector of the system. With ! ! ! the origin supposed to be a perfect equilibrium point (i.e.
! ! ! ! ! ! ! ! ! ! ), the system is considered stable if !! ! !,!! ! ! so that : !!!! ! ! !
!!!! ! !! !! ! !.

!

What is the expected lifetime of shield and what will be done with it at that point?

The shield is continually serviced with new materials to repair breaks and replace old sections as
required, therefore the shield can remain in operation until the terrestrial situation improves.
2

No specific plans are outlined in the EC LIPSE report, but one can see the structure and mirrors
being repurposed by the manufacturing facility and robots into structures useful in the future. If need
be, the shield can be put on a disposal orbit. The L1 region tends to be self-cleaning.

! How will you get all the payload transportation spacecraft to the Moon? That would be an extra
5
7"10 tons of materials to be launched from Earth?
The payload transportation spacecraft is built on the Moon from lunar materials. Only 20% of the
regolith extracted by our lunar facility is used to produce the shield material, the rest of the elements
of the regolith including iron, aluminum and oxygen, can be used to produce the spacecraft.

! Magnetoplasmadynamic thrusters have very low thrust. How will they provide the 0.6-0.8 km/s
needed to achieve lunar orbit after railgun launch?
As the Moon does not have an atmosphere, the idea is to achieve an orbit with a very high apoapsis
and a very low periapsis initially. To avoid the module crashing back on the railgun, the orbit periapsis
will be raised by 30 km on the first orbit by the propulsive module. The period of the orbit is several
days, which should allow plenty of time to raise the orbit.
The thrust level will be around 1 to 10 N for such a propulsion system. It will take over 4 months to get
to L1* after departure.

! How can you have something orbit L1* during construction phase when all the mass and surface
area for stationkeeping isn’t there yet?
During construction phases, facilities will be inserted at a position closer to the classical L1. As mass
is added to the system, it will naturally drift closer to the Sun. This drift can be controlled using the
system’s stationkeeping capabilities. When the entire mass of the shield is in place, the system
6
should be located at the final position, 2.36 10 km away from the Earth.

!

No crewed operations but plans for lunar base in 15 years – using what robots?

The field of robotics and artificial intelligence is a rapid growth sector, following an exponential
development-time relation. In 15 years, robotics capabilities should be significantly advanced from
today. There has been a great deal of interest in similar type of robots recently as proved by the
recent 2M$ DARPA autonomous robot competition. The competition called for the development of a
rescue robot capable of performing autonomous tasks such as the removal of debris blocking a door,
climbing ladders, using power tool to break through a concrete wall, finding and fixing a leaking pipe
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and others. These tasks are of the type that would be needed for the shield and its assembly.
Depending on the level of advances at that time, initial installation may make use of some
semiautonomous and telepresence elements. These elements should be updated to full autonomy
within the following decade.
The construction of the robotics elements is incorporated into the category of the lunar and L1*
facilities in terms of timing, cost, and transportation.

!

Why didn’t you design railguns and robots as well as the heavy launcher?

The current state of technology of railguns and autonomous robots makes an accurate design difficult.
For example, the most powerful available railgun today is military and data availability is limited. While
launcher technology and design has been long established and taught, one must consider that
textbooks on autonomous robots are scarce and those for railguns non-existent. This makes it hard to
make even a simple back-of-the-envelope calculation.
The team was able to design a launcher with more detail in the hope that work can be done by
specialized research to raise the technology readiness levels of railguns and autonomous robotics.

CHAPTER 5
!

Why do you replicate the IPCC report?

We do not. The IPCC report is used as a source for our scenario section, which forms the setting and
baseline for our study. The IPCC report focuses on climate change and the several effects that it will
have on Earth and on how to prevent it by reducing our carbon emissions. Our report focuses on
space-based geoengineering, aimed at reducing solar insolation, an option that is not explored in
much depth in IPCC publications.

CHAPTER 6
!

Is a worldwide effort realistic if even the Kyoto Protocol is not finding unanimity?

While it is true that the Kyoto Protocol has not been successful in addressing the root cause of climate
change there have been other issues and projects on which the nations of the world have come to
consensus in the past. In terms of changing behavior the only example related to climate is the
Montreal Protocol that due to consensus from leading nations has managed to nearly eradicate the
use of chlorofluorocarbons. The US, who was one of the protocol’s strongest advocates, did so
because it was fiscally in their benefit to reduce the destruction of the ozone layer. The Kyoto Protocol
places restrictions that create heavy fiscal burdens for states and their industries without providing
significant tangible benefits. In the case of climate change the US and many other countries stand to
lose land and resources. Should it be shown that it is to the general fiscal advantage states are likely
to participate in a worldwide effort.

CHAPTER 7
!

Why didn’t you use PRICE for cost estimations?

Parametric cost estimation as used by PRICE is the most widely used form of cost estimation for
space projects. Based on econometric analysis of historical data, the method develops sensitivity
parameters for the main cost drivers, such as weight or power. A high level of similarity between the
projects used for the econometric analysis and the project in question for which a parametric costestimation is to be performed is required in order to carry out parametric cost estimation. The
2
EC LIPSE shield bears no significant similarity to any existing space project in form, scale, or

124

International Space University, MSc 2012

construction method. Therefore there is little to no historical data available for creating a reliable
parametric cost analysis.

!

Why are electricity cost estimates based on Earth electricity? Isn’t electricity in space different?

Producing electricity in space is not significantly different than producing it on Earth. Currently space
technologies are more complicated and more expensive due to the inability to actively maintain them
once launched. This lack of maintenance opportunities increases the need for reliability and drives
cost. In addition, current launch costs make every kilogram count and therefore low mass to high
power output systems are needed, increasing the technical complexity. None of this applies to
2
EC LIPSE as the power plants constructed on the Moon are significantly closer to those on Earth than
those in space.

!

How can you use pre-2008 references for economic forecasts? That’s before the recent crisis!

We are using pre- and post-2008 references. These references agree on the broad global economical
trends. This leads us to conclude that the recent economic crisis might have upset the present state
(within 7 years) of global economics. However it will have little or no effect on future trends such as
global GDP growth or the shift of economic power forecasted for the next 30 to 100 years.

CHAPTER 9
!

Why are the error bars so big on survey results? Does this invalidate the results?

The “error bars” on the survey results represent one standard deviation as opposed to true error,
expressing the spread of responses from the individuals completing the survey. These spreads are
typical for social and biological sciences, in which there a larger degree of variability than is commonly
seen physics, chemistry, or other so-called hard sciences. Given the normal distribution of responses
and the high number of datapoints, these results are indeed valid and of academic quality.

! Is the survey representative of public perception? Respondents don’t seem to represent the
general public.
No, the survey is not truly representative of the global public. Nonetheless, the results provide an
approximation and an insight into public perceptions that did not previously exist. Considering the
study’s limitations in time and resources, it was decided that a non-probability method would be used
and convenience sampling was chosen. The distribution of the survey was non-random, relying
greatly on the personal and professional networks of those associated with the International Space
University. As a non-random survey, results cannot be extrapolated as a representation of the
broader public.

CHAPTER 10
!

Why is your timeline tied to a 2060 completion date?

The 2060 completion date resulted from a convergence of factors. Firstly, as a response to an
academic assignment, a roadmap was required spanning the next 30 years. Secondly, as a climate
change response, the concept of a shield is of most value if implemented before the end of the
century when climate change impacts are expected to intensify and become more catastrophic.
Thirdly, as a futures study, it is quite complex to make predictions over more than a 50 year time span
due to the high rate of development in fields such as technology. Therefore, in order to maintain a
standard of accuracy, it was decided that a 50 year project time span would be the outside possible
duration enabling a reasonably accurate and comprehensive study.
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!

Isn’t a roadmap for 2060 implementation unrealistic?

Without a doubt a 50 year timeframe is a very challenging goal, but it was chosen as explained
previously out of the necessity to take rapid action in the face of impending climate change impacts.
Much needs to be accomplished in the next 50 years to achieve this end goal. Assessing the risks of
such a venture is difficult and some of the inherent limitations have been expressed in the report.
However the authors’ intention with this report was to present one possible set of operations needed
over the next 50 years in the various disciplines and to identify milestones and key technologies.
Highlighting the aggressive developments needed provides a tool for decision makers to determine
whether investments are needed immediately in order to provide the real option of implementing such
a climate change mitigation within the century. It is not the intention of this report to advocate this
timeline as realistic. Bearing this in mind, it is worth noting that humankind has realized past projects
with limited know how that surpassed previous expectations. One example is the transition from
launching the first space object to landing humans on the Moon within a 12 year time period. This
demonstrates that with will and incentives, surprising endeavors can be realized.
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