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Abstract

ABSTRACT
The mission of SAFEN EARTH is to identify and assess the most viable ways in which Space
can increase the proportion of energy supplied by environmentally sustainable sources and
improve the efficiency of human energy use. The urgency for this project is that current and
future energy demands are being driven by a growing global population and continued socioeconomic development. This report gives special attention to the deleterious effects of current
energy generation, distribution, and consumption on the environment. For example, fossil fuel
combustion emits greenhouse gases, which results in global warming and the host of adverse
environmental impacts associated with it. In addition, demand for fossil fuels is increasing and given their non-renewable nature - indefinite exploitation of these resources is impossible.
This report presents a set of promising technological alternatives for addressing our energy
challenge. It focuses on space applications that can support the development of alternative
renewable energy sources while improving energy distribution and consumption in an
environmentally sustainable way. Specifically, this project analyzes technologies falling into three
specific categories: existing satellite applications, space spinoffs, and new and emerging space
capabilities.
SAFEN EARTH uses a multi-criteria evaluation matrix to assess the viability and benefits of 13
technologies. These alternatives are assessed with sets of interdisciplinary criteria from four
categories: technical, business, social impact, and policy and law.
The general findings indicate that satellite systems have a variety of promising applications for
the location and management of sustainable energy sources. Spinoff technologies, such as
thermal control materials and solar arrays, have reached a state of technological readiness where
they can be widely implemented in engineering and construction projects. Finally, while longerterm space capabilities like space-based solar power and carbon-free aerial transport may not be
technologically feasible today, they hold enough promise to warrant continued investment in
research and development.
The report concludes with a set of recommendations for government and intergovernmental
organizations about the best ways to research and implement these technologies.
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July and August at the NASA Ames Research Center in California. The SSP brought together
graduate students and space professionals from all over the world and immersed them in an
intensive nine-week, interdisciplinary, intercultural, and international curriculum of lectures,
workshops, site visits, and research.
A key component of every SSP is the Team Project in which the students undertake a space
project on a topic of international relevance. In 2009, three different Team Projects were carried
out. This report contains the findings of one of them: SAFEN EARTH, a project that
examines the ways in which the combined intellectual capabilities and expertise of the global
space community, as well as the facilities, infrastructure, and capabilities at its disposal, can assist
with terrestrial needs for sustainable energy.
Executed by a team of twenty-seven students from nineteen countries, SAFEN EARTH was
sponsored by The Boeing Company and supported by space and energy experts from around
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•
•
•
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Introduction

1 INTRODUCTION
The world is facing a major challenge. Increasing energy consumption and its environmental
impact are placing large pressures on the regenerative capabilities of the Earth. Despite these
pressures, people still need energy. Although oil and coal reserves will last for the next 30 years,
the consumption of these resources may be causing irreversible changes to our planet. If we
continue on this path, we could destroy the very environment that allowed human civilization to
flourish in the first place. Moving away from the use of fossil fuels and toward renewable
sources of energy is without a doubt one of humanity’s most pressing challenges.
1.1

Problem Statement

Energy is a fundamental prerequisite for substantial social and economic development.
Evidence is growing that the current system for energy production, distribution, and
consumption is unsustainable in the long run. The problem arises from two facts:
•
•

Humanity’s existing energy supplies are not sufficient to keep pace with increasing global
energy needs; and
Current energy sources, fossil fuels in particular, play a key role in deteriorating the
environment on Earth.

1.1.1

Energy Demand vs. Energy Supply

Efforts to resolve the global energy challenge must address both the supply and demand sides of
human energy use. The challenge on the supply side is to shift energy generation away from its
dependence on fossil fuels. On the demand side, the challenge is to improve the efficiency of
energy use.

Figure 1-1: Predicted world energy demand and illustrated energy mix (IEA, 2009).
Global energy demand is driven by population growth and socio-economic development.
According to the World Energy Outlook (2008), the world’s population is projected to grow by
1% per year on average, from 6.4 billion people in 2005 to almost 8.2 billion people in 2030.
The primary indicator of energy demand, gross world product (GWP), is expected to increase by
3.4% per year from 2004 to 2030. As a result, global energy demand is projected to increase by
53% during the same period. Figure 1-1 shows historical energy demand with projections up to
2030 (IEA, 2009). Currently, the world’s consumption of energy is around 146,600 TWh; by
1
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2030, it is estimated that this figure will rise by roughly one-third to 199 TWh, with the biggest
contributions coming from non-OECD (Organization for Economic Co-operation and
Development) countries, particularly fast growing economies in Asia.
Fossil fuels are non-renewable sources of energy. It is expected that by 2030, the world will face
an acute shortage of these resources. It is therefore important to seek out alternative options for
energy production. Current sources of energy can be divided into five categories: oil and
biofuels (accounting for 36% of total energy consumption), coal (29%), natural gas (23%),
renewable (10%), and nuclear (2%). Oil, coal, and natural gas largely dominate the market.
Figure 1-1 also shows the division of energy supply from various sources and the expected
requirements for these sources leading up to 2030.
Hydroelectricity, wind power, and solar power are examples of renewable energy resources,
which serve as possible alternatives to fossil fuel. However, they currently account for roughly
14% of total global energy consumption. There is an emerging need for technological advances
that can increase the production of sustainable energy.
1.1.2

Environmental Impact of Current Energy Sources

The impact of fossil fuels on the environment is a matter of concern for the international
community. The Kyoto Protocol is an international environmental treaty with the goal of
achieving “stabilization of greenhouse gas concentrations in the atmosphere at a level that would prevent
dangerous anthropogenic interference with the climate system” (UNPCCC, 2001). It has been ratified by
183 countries and is an example of a growing global acceptance that climate change is a
consequence of human activities. Fossil fuels are the main emitters of greenhouse gases, which
contribute to global warming. Nuclear power plants are considered by many to be a clean energy
source, but the processing and storage of nuclear waste and the potential for environmental
contamination are major concerns. Table 1-1 below provides a list of currently used energy
sources and their associated environmental impacts.
The effect of environmental degradation is reflected in global climatic changes, such as the
depletion of glaciers, coral bleaching, elevated sea levels, increased onset of floods and heavy
rains, and rising global temperatures. Future technological alternatives for the energy sector
must minimize these adverse environmental impacts if they are to adequately meet the energy
needs of future generations.
1.2

Past and Current Efforts

Significant efforts related to global energy issues have been made by several international
organizations:
United Nations Energy (UN-Energy, 2009)
UN-Energy, the interagency forum on energy, was established to help ensure coherence in the
United Nations’ (UN) multi-disciplinary response to the World Summit on Sustainable
Development (WSSD) and to ensure effective engagement of non-UN stakeholders in
implementing WSSD energy-related decision.
Division for Sustainable Development of UN Department of Economic and Social Affairs
In 2006 and 2007, the Commission on Sustainable Development (CSD) discussed energy for
2
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sustainable development and climate change (UN, 2007). This challenge of energy and
sustainable development was highlighted at the United Nations Conference on Environment
and Development, held in Rio de Janeiro as early as 1992. Agenda 21, a comprehensive plan of
action to be taken by the members of UN, highlighted the fact that the current levels of energy
consumption and production are not sustainable, especially if demand continues to increase. It
further stressed the importance of using energy resources in a way that is consistent with the
aims of protecting human health, the atmosphere, and the natural environment, (UN, 1992).
Energy
Sources
HYDROELECTRICITY

NATURAL GAS

Emissions and Environmental Impact
•
•
•
•
•
•
•
•

COAL

•
•
•
•
•
•

OIL

NUCLEAR
ENERGY
(fission)
BIOMASS

SOLAR

WIND

GEOTHERMAL

•
•
•

No fuels are burned during process
Has a finite number of suitable locations with limited potential
It disturbs ecosystems
Pipeline construction disturbs natural ecosystems and can interfere with animal migration
Methane sometimes emitted or leaked
Serious fire hazard at production and storage sites with potential loss of property and air
pollution
Fewer emissions than coal or oil. Burning produces mainly carbon dioxide and water
Burning produces air contaminants (carbon dioxide and sulfur) which contribute to the
green house effect and acid rain
Concentration of heavy metals in ash
Mining disturbs natural ecosystems(especially strip mining) and can produce hazardous
conditions for worker and surrounding communities
Larger reserves than oil and gas, but still finite
Methane produced from oil wells and equipment
Natural gas burned from oil production
Burning produces air contaminants, especially carbon dioxide which contribute to the
green house effect
Transportation by sea may result in oil spills
Pipeline construction disturbs natural ecosystems and can interfere with migration
Fire hazard at production and storage sites with potential loss of property and air
pollution

•
•
•

Risk of accidental release of radioactivity to atmosphere during electricity production
Waste material is highly radioactive and must be contained for decades
Technology available, although special handling and storage procedures are needed

•
•
•

•

Low energy density
Crop-based biomass may compete with food
Burning produces air contaminants (especially carbon dioxide), No net production of
carbon dioxide( amount released during energy production is equal to amount absorbed
during plant growth)
Fire hazard at storage sites with potential loss of property and air pollution.

•
•
•
•

Intermittent energy resource
Low conversion efficiency
Large arrays may affect ecosystems
Manufacturing of solar cells produces toxic waste

•
•
•
•
•
•
•

Limited suitable locations and potential
Intermittent resource
Very clean, no effect on atmosphere
Local noise
Moderate capacity
Limited suitable locations
Low technical maturity

Table 1-1: Environmental impacts of energy sources.
International Energy Agency (IEA)
The IEA is an intergovernmental organization which acts as energy policy advisor to 28 member
countries. Its mandate is to ensure reliable, affordable and clean energy for its member
countries’ citizens. Current work focuses on climate change policies, market reform, energy
technology collaboration, and outreach to the rest of the world, especially major consumers and
producers of energy such as China, India, Russia, and OPEC countries. The IEA conducts a
3
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broad program of energy research, data compilation, publications, and public dissemination of
the latest energy policy analyses and recommendations on best practices (IEA, 2009).
UNFCCC and Kyoto Protocol
192 countries have joined an international treaty called the United Nations Framework
Convention on Climate Change (UNFCCC) to consider what can be done to mitigate global
warming. All but nine nations have also approved the Kyoto Protocol, an addition to the treaty
with practical and binding measures. The Kyoto Protocol established goals for 37 industrialized
countries and the European community to reduce their greenhouse gas (GHG) emissions
(UNFCC, 2001) by 5.2% from their levels in 1990.
The World Energy Council (WEC)
WEC’s mission is “to promote the sustainable supply and use of energy for the greatest benefit of all people.” It
is the foremost multi-energy organization in the world today with member committees in nearly
100 countries, including most of the largest energy-producing and energy-consuming countries.
Established in 1923, the organization studies all types of energy resources, including coal, oil,
natural gas, nuclear, hydro, and renewable energy.
1.3

The Role of Space

The issues arising from increasing energy demand and its environmental impact are global
problems. All the international organizations focused on this problem agree that action must be
taken in order to limit permanent ecological damage. The measures they propose range from the
development of new technologies for clean energy to drastic changes in policy and law.
From a technology perspective, space can help in finding new ways to increase the proportion
of clean and sustainable energy sources, to improve energy distribution, and to improve the
efficiency of energy use.
As a field that requires consistent development of new knowledge and technology, the space
sector has already demonstrated its ability to overcome complex and seemingly impossible
challenges. Over the past forty years, its technological spinoffs have touched practically all
aspects of human activities.
Potential technological solutions from space for Earth’s energy needs generally fall into the
following three categories: satellite applications, spinoff technologies, and new and emerging
space capabilities.
1.3.1

Satellite Applications

Satellite applications are existing space assets that can contribute towards Earth’s energy needs.
While some have already been used with varying degrees of success, many others face barriers to
implementation. These can be further classified as remote sensing, telecommunication and
navigation applications.
1.3.2

Space Spinoffs

Space spinoffs refer to technologies and expertise that were originally developed as part of space
programs and later transferred to other industries, thereby generating benefits in other sectors of
4
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the economy.
1.3.3

New and Emerging Space Capabilities

New and emerging space capabilities refer to new concepts being developed by the space industry
which can have a significant impact on energy sources and energy use. Most of these
technologies are still in their conceptual phase but may have a high potential for the long term.
Figures 1-2 and 1-3 illustrate two examples of past spinoffs that have had significant impacts in
society.
Fuel Cells
A fuel cell is a device that produces electricity through the
reactions of chemicals. They were originally developed for use
in space. Today, fuel cell technology has a variety of
applications for sustainable transportation systems and,
according to NASA (2009), the fuel cell market is growing
rapidly. As an example, Lynntech, a spin-off company financed
by NASA, has started producing commercial fuel cell test
equipment. In its first year of operation, Lynntech earned
$750,000 in revenue.

[© Image courtesy ESA]

Figure 1-2: Fuel cell spinoff technology.
Solar Cells
Solar panels developed originally for space exploration are
being used to power many experimental vehicles on Earth.
One example is the Solar Impulse project, which aims to
develop a 100% solar-powered airplane. Furthermore, solar
cells used on the Hubble Space Telescope have been applied to
a fuel-efficient vehicle developed by the University of Delft.
Some of the cars that use this technology are 50 times more
efficient than normal family cars and can travel 1000 km at a
An artist’s concept of the fuel cost of US$3.5. Beside solar cells, new types of batteries,
Solar Impulse aircraft.
energy management systems, and extremely light composite
[© Image courtesy ESA]
materials - all initially built for space vehicles - are being widely
implemented in industry.
Figure 1-3: Solar cell spinoff technology.
1.4

Mission Statement

Believing that space can play a key role in addressing the energy problem, SAFEN Earth
adopted the following mission:
To identify and assess the most viable ways in which space can increase the proportion of energy supplied by
environmentally sustainable sources and improve the efficiency of human energy use.
Here space refers to the combined intellectual capabilities and expertise of the global space
5
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community in the broadest sense, as well as the facilities, infrastructure and capabilities at its
disposal. Environmentally sustainable sources are those that can be continuously used with
minimal long-term effects on the environment.
The energy challenge and climate change are global issues. No single country can address them
alone. This requires an effort to influence policy at an international level. The only way to do so
is to target key stakeholders that have influence over policy decisions. This implies the following
customers:
•

Governmental agencies: Government Departments/Ministries (e.g. Department of
Energy, Department of Transport, Department of Science and Technology)

•

International Organizations: United Nations (e.g. UN Framework Convention on
Climate Change, UN Committee on the Peaceful Uses of Outer Space).

1.5

Scope

SAFEN EARTH aims to influence all three segments of the energy chain:
•
•
•

Energy sources: the substances or processes from which energy is obtained,
Energy distribution: the system by which energy is transferred from the place where it is
generated to the place where it is consumed:
Energy consumption: the application and purpose by which energy is consumed.

The scope of this project is limited to technological solutions space can offer to the energy
problem, although they are addressed in a multidisciplinary approach. This includes legal,
business, social and any technical issues associated to its implementation.
Within the analysis performed, the assessed space aid solutions are by no means exhaustive.
However, as an exercise, the process serves a valuable function in demonstrating a methodology
for identifying the most promising space technologies and the providing recommendations to
overcome the challenges associated with them. For similar future projects, more research should
be performed in order to increase the number of potential solutions and to carry out a more
rigorous comparative assessment.
In order to assess the viability of each option, several aspects have been assessed. The evaluation
includes a quantitative and qualitative assessment of a number of critical parameters through a
review of existing literature. For currently available technologies, this includes experimentally
obtained data while for new and emerging technologies various design studies with estimated
data are used. This inevitably leads to a greater degree of uncertainty when assessing new
technologies. Evaluations by comparison are performed when the data is not quantifiable.
It must also be mentioned that no rationale was found to perform a case study or focus on one
particular theme or technology. Both developed and developing countries are subject to the
global system of energy production, distribution and consumption and space can provide
solutions for them all. To this effect, every alternative is approached from a global perspective;
although some criteria may require a more local approach. Further discussion is included in
Chapter 2.
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As far as the spinoffs are concerned, this study is restricted to those that have had in the past, or
may have in the future, a significant impact on the conversion, storage, and consumption of
energy, with due consideration for environmental impacts.
The criteria are collated into a matrix for comparison. Based on the relative performance the
most promising technologies are identified and a final set of recommendations is included to
deal with existing challenges each technology faces.
1.6

Structure of the Report

In this chapter, the problem has been identified. Some examples of past and current efforts to
try to solve it were given. A justification for space involvement has also been given.
In Chapter 2, the methodology used to accomplish the mission of this project is explained,
consisting of the overall approach, (with its main steps and scoring rationale detailed), the actual
criteria and the exposition of both the strengths and the limitations of the approach.
Chapters 3, 4 and 5 describe the assessment of space aid options. Chapter 3 focuses on the ways
space can help to increase the proportion of environmentally sustainable sources. In Chapter 4,
several space applications with potential for helping energy distribution are analyzed. Chapter 5
focuses on assessing the options space can provide to improve the efficiency of energy
consumption. Each of these chapters comprises a description of the technology evaluated,
followed by the explanation of the actual social, political and legal, technical, and economical
concerns. They provide the justification for the scores in the assessment matrices.
Chapter 6 is a key element in this report. It includes the actual assessment matrices and
subsequent findings.
Conclusions and recommendations are presented in Chapter 7. This includes the conclusions
reached after assessment and provides deeper insight into the most viable options. It also gives
recommendations concerning each of the alternatives analyzed with particular focus on the
identification of barriers and also feasible steps to be followed in order to overcome them.
References are listed in Chapter 8.

7

Space Aid for Energy Needs on Earth

8

Introduction

Space Aid for Energy Needs on Earth

Method

2 METHOD
This chapter outlines the project methodology, from the conceptualization of the scope to the
identification of the assessment criteria and the rationale behind the technology evaluation
matrix. An explanation of the system for formulating recommendations and a section detailing
the limitations of the study are also included here.
2.1

Overall Approach

The project mission statement requires the identification and assessment of the most viable
ways in which space can improve the availability and efficiency of sustainable energy generation,
distribution, and consumption. We define “assess” as “to judge or decide the amount, value, quality or
importance of something.” The assessment of the alternatives identified requires the use of an
objective tool to minimize subjective bias. This principle was an important determinant in the
design of the report and the primary reason for the creation of an interdisciplinary, multi-criteria
evaluation matrix.
As illustrated in Figure 2-1, the process undertaken is summarized by the following steps:
1. Identification: Initial research was conducted to identify ways in which space could
contribute beneficially to global energy challenges. In accordance with the scope of the
project, only technological solutions were considered. This step concluded with the
identification and characterization of thirteen technological alternatives.
2. Evaluation: Following the identification of the alternatives, it was necessary to evaluate
them in order to determine the most viable ones. A multi-criteria analysis was designed,
comprised of the following:
• The definition of evaluative criteria
• The formulation of a scoring rationale for each of the criteria
• The scoring of every option against the predefined criteria
3. Recommendations: Using an evaluative matrix, we constructed a technological continuum
from least promising to most promising. Recommendations were then developed to
indicate ways to reduce barriers to implementation for all alternatives.
Identification

Energy Source

Evaluation

Energy Distribution

Recommendations

Energy Use

Figure 2-1: Project process map.
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The evaluative criteria were classified into four disciplinary categories deemed important in the
implementation of a technological solution, namely:
1.
2.
3.
4.

Technical;
Business;
Social Impact; and
Policy and Law.

For each category, we identified either three or four criteria that collectively covered the
feasibility of implementing a technological solution. These criteria are defined in Chapter 2.3.
To improve the logical organization of our report, we separated the energy supply chain into
three distinct segments:
1. Sources: The substances or processes from which energy is generated. These can be
renewable or non-renewable.
2. Distribution: The system by which energy is transferred from the location where it is
generated to the location where it is used.
3. Consumption: The application and purpose for which energy is used.
Three separate multi-criteria analyses were performed, one for each one of these segments. For
each segment, the most viable ways in which space can contribute were identified. Different
technical criteria apply to different segments of the energy supply chain, so each segment uses a
unique combination of technical criteria.
2.1.1

Segmentation of Technology Options

The technology options proposed in this study were categorized as follows:

10

•

Sources
o
o
o
o
o
o

•

Distribution
o Short term resource prediction; and
o Electricity supply/demand measurement;

•

Consumption
o Transportation;
o Telecommunications to replace transportation;
o Monitoring waste energy;
o Carbon free aerial transport; and
o Thermal materials for improved combustion or insulation.

Resource location;
Space based solar power;
Mining from extraterrestrial sources;
Reflecting solar radiation;
Microbial fuel cells; and
Low power nuclear reactions;

Space Aid for Energy Needs on Earth
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Selection of Technology Options

Many technology options were identified for review and assessment, but given time and human
resource constraints, it was necessary to select only a limited number for in-depth analysis. In
selecting technologies for further study, it was important to choose options representing both
the different segments of the energy value chain (i.e. sources, distribution, and consumption)
and the different thematic areas in which space can contribute to Earth’s energy challenges (i.e.
existing satellite applications, spinoffs, and new and emerging space capabilities). In total, 13
technologies were chosen. These technology options were considered to have a clear, strong
relationship to the space industry, as well as a significant potential for providing sustainable
improvements to energy needs on Earth. Future studies could be extended to include
assessment of other technology options
2.2

Scoring Rationale

2.2.1

Criteria Evaluation

Each technology option is scored against a set of criteria. The scores range from one to five,
with one representing a high barrier or low benefit and five representing a low barrier or high
benefit. All scores are reduced to integers, which mean that scores can have a value of one, two,
three, four or five. Non-integer (i.e. decimal) scores would imply a higher degree of specificity,
but time constraints prevented the team from generating enough data to support such a level of
specificity. Further details on methodology can be found in Section 2.5.
At this point, there is a need to differentiate between two types of criteria:
•

Quantitative criteria: These are criteria that are quantifiable. Raw scores are translated into
normalized scores on a scale ranging from one to five. This is done as follows: raw
values for a given criterion are sorted in ascending order. A score of five is then given
to either the lowest or the highest value depending on whether it is a positively or
negatively framed criterion, and a score of one is assigned to the raw value on the
opposite extreme. All other intermediate values are assigned corresponding scores
linearly scaled between one and five. The output is rounded to the closest integer, e.g.
2.75 is rounded to 3. Figure 2-2 demonstrates the application of the scoring routine for
a negatively framed criterion.
It must be noted that this scoring method is relative, since the assigned score depends on
the range of values covering all alternatives within a particular segment of the energy
chain. If another technological alterative was added to the assessment and assigned a
raw score outside the existing maximum or minimum, it would establish new end limits
on the range of scores and force a re-evaluation of all other alternatives.

•

Qualitative criteria: These are criteria that cannot objectively be assigned a raw score. In
this case, scores are assigned for a given criterion through relative comparison across all
options within a particular segment. Again, due to the subjective nature of the scoring
routine, only integer scores are assigned.
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Figure 2-2: Demonstration of scoring routine for a negatively framed quantitative criterion.
2.2.2

Total Score

The multi-criteria alternative analysis calculates the final score of every alternative in the
following fashion:
•
•

An average is made with all criteria scores within a particular evaluative category, e.g.
policy and law. This results in four averaged scores, one for each category.
The four scores are then summed using equal weights to determine a total score.

All four categories are given the same level of importance in the final outcome of the evaluation
process, since each represents 25% of the total weight. Our project adopted the assumption that
all categories can represent equally strong barriers to implementation of a given technology
option and that the significance of each category changes according to context.
As for the average weighting of criteria within a category, this arises from the fact that one
category (i.e. technical) encompasses four criteria in some evaluative categories and three criteria
in others. The project team does not consider this to be a problem, because the results from
each category are averaged to provide a composite assessment.
2.3

Assessment Criteria

Below are the definitions of the evaluative criteria.
2.3.1

•

•

•
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Source Reliability: The degree to which an energy source can be controlled or predicted
and can consistently meet energy demand. A high rating indicates that a technology’s
supply of energy can be easily controlled or predicted.
Energy Capacity Improvement: The extent to which a technology can increase the energy
output of a given source, measured in TWhr. A high rating indicates that a technology
can greatly increase the energy output of a given source.
Transmission Efficiency: The ratio between the output and input power of a transmission
system. A high rating indicates a relatively high efficiency ratio.
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•

•

2.3.2

•
•
•

2.3.3

•

•

•

2.3.4

•
•

•

2.4
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Energy Consumption Savings: The reduction in energy consumed due to efficiencyimproving technologies. A high rating indicates a relatively large reduction in energy
consumed.
Technological Feasibility: The current operational readiness of a technology, as defined by
Technology Readiness Levels and the development required to overcome remaining
technical challenges. A high rating indicates that a technology is relatively close to
operational readiness.
Technological Reliability: The ability of a technology to perform its specified functions
under stated conditions for the duration of its lifetime. A high rating indicates that a
technology will function as specified for the duration of its lifetime.
Business

Total Cost: The amount of financial capital required to develop and implement a
technology. A high rating indicates a relatively low capital requirement.
Energy Value: The unit cost for a given amount of energy (e.g. $/liter of gas or $/kWh).
A high rating indicates a relatively low energy cost per unit.
Time to Market: The amount of time it would take from the present day for a technology
to reach full implementation. A high rating indicates a relatively short time period to
achieve implementation capability.
Social Impact

Economic Benefit: The potential for a technology to lead to an increase in GDP, an
improvement in the distribution of wealth and services, or job creation in a given
region. A high rating indicates a strong positive economic potential.
Environmental Impact: The impact a technology will have on the environment, including
its carbon footprint, emission of other pollutants including light and noise, and local
ecological influence. A high rating indicates a low overall negative impact.
Public Support: The degree to which a technology will receive support from the general
public, both in the implementing region and in other affected regions, based on
perceived risks and benefits. A high rating indicates high levels of public support.
Policy and Law

Liability: The potential risk for a technology to cause damage for which it could be held
legally liable. A high rating indicates low risk for liability issues.
Political Conflict: The potential for a technology to cause political conflict or instability
due to factors such as the dual-use nature of technology or the use of space assets to
gather nationally sensitive information. A high rating indicates low risk for resulting
political conflict or instability.
Technology Transfer: The ease with which a technology can be transferred between states
or parties considering intellectual property issues and other competitive forces. A high
rating indicates that a technology is easily transferable.

Guidelines for Recommendations

Identifying the most viable technology options and understanding their barriers for
implementation is considered a unique offering of this study. The analysis provided helps
highlight the barriers to implementation for viable technology options at the global level.
However, for implementation at a regional or national level proper consideration of the relative
13
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Policy and
Law

Business

Social
Impact

Technical

weights must be considered. Given the importance of this process, a suite of global
recommendations have been defined that is a function of the total score for any technology
option. These recommendations are shown in Table 2-1. Note that the table uses highs (H) and
lows (L), where H is assigned for a score of 3 and above and L for a score below 3.

L
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H
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H
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H
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H
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2.5

Implications for Innovation Policy and Suggested Government
Response

Do not adopt - no tangible benefits
Do not adopt - no tangible benefits
Do not adopt - should strengthen legislation prohibiting such activities
Evaluate the social issues to assess whether these can be mitigated; if
positive then only adopt by pursuing a research and development
program with private sector involvement
Do not adopt - limited potential for success
Adopt as a government initiative that includes a research and
development program
Adopt, following changes in government policy or amendment of
existing legislation and pursuing a research and development program
with private sector involvement
Adopt by pursuing a research and development program
Do not adopt - purely technology push with limited value proposition
Evaluate the social issues to assess whether these can be mitigated; if
positive then only adopt as a government initiative to mitigate the
financial/market risk
Evaluate the social issues to assess whether these can be mitigated; if
positive then only adopt with the involvement of private sector,
following changes in government policy or amendment of existing
legislation
Evaluate the social issues to assess whether these can be mitigated and
if positive then only adopt
Adopt as a government driven program, following changes in
government policy or amendment of existing legislation
Adopt as a government initiative to mitigate the financial/market risk
Adopt with private sector involvement, following changes in
government policy or amendment of existing legislation
Adopt technology option for implementation by the private sector
Table 2-1: Suite of global recommendations.

Methodology Limitations

The assessment tool must be used carefully, as it has both strengths and limitations. It is
therefore of prime importance to understand the boundaries of the analysis, since it was
intended to provide overall relative insight, not absolute measurements. These are several
particular issues that need to be taken into account.
The actual outcome of the assessment depends on the following parameters, which are potential
sources of error:
i. The defined criteria have been chosen with an understanding that they impact the
implementation of technology in general. However, evaluative criteria for any project
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depend on an organization’s priorities; relative importance changes from one evaluator to
the next. Another analysis could use different set of criteria, which would be appropriate
in their context, but which would lead to different outcomes. Future studies could use
additional criteria for more robust categorical evaluations.
ii. All criteria scores within a particular category have been assigned the same weighting and the average
category scores have also been assigned equal levels of importance in the total score of
each technology. A different approach could involve assigning weights to the criteria to
quantify their respective influence. This approach was not used in this study for two
reasons: firstly, a lack of information necessary to determine the overall relative
importance across criteria, and secondly, the fact that regional and situational factors will
further influence these weights. We recommend that similar future studies localize their
scope in order to derive a more applicable weighting system.
iii. Criteria scores will vary across assessors; public opinion on a technology, e.g. space-based solar
power, may be favorable in one country and unfavorable in another. Given its association
with the International Space University, this project attempts to calculate overall global
averages when a score is assigned. Furthermore, some of the criteria were, by nature,
subjective. Finally, it must be noted that this report scales quantitative criteria relative to
the other alternatives. If additional alternatives were added to the matrix, the relative
ranking of the alternatives in a particular criterion would not change but their scores
would. The fact that this is a comparative approach cannot be overlooked.
Despite these limitations of the method, we believe there is value in this assessment. Our
intention was to provide overview descriptions for a variety of space technologies and to
characterize these alternatives generally on a continuum from most useful to least useful (there
is no record of any previous studies that gathered such an array of existing and emerging space
solutions for Earth’s energy crisis, much less one that identified their barriers to
implementation), we have also created value by leveraging our analysis to provide
recommendations, both global and technology-specific, on how space can best contribute to
solving Earth’s energy crisis. The recommendations contained herein are meant as a starting
point for integrating space into the complex, interwoven solution that will one day lead to a
sustainable future. While actual technological scores may vary across assessors, it is our hope
that definitions and grading systems can be retained and improved in further studies, to be
applied regionally for local implementation.
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3 IMPROVING ENERGY SOURCES
Energy sources refer to materials or processes that have inherent potential energy to be
harnessed for human consumption. This is mainly achieved through energy conversion. Energy
sources include both renewable sources (e.g. solar radiation, wind, tide, biological fuel cells,
nuclear fuels, geothermal energy) and non-renewable sources (e.g. fossil fuels). The intent of this
section of the report is to investigate space aid solutions that can help increase the capacity of
renewable energy sources or the efficiency of their associated energy conversion processes.
3.1

Remote Sensing for Source Location

Determining the optimal location for power generation is critical to increasing the use of
renewable energy sources. The potential of renewable energy sources exceeds current energy
needs. Wind energy alone is estimated to have an annual potential of 72 TW (Archer &
Jacobson 2005). The power capacity, power density and power variability of each renewable
energy source varies greatly with location. Mapping these variables enables decision makers and
industry to reach an optimal energy mix at local and global scales. This ensures that energy yield
is maximized and the profitability required for market penetration is achieved. Remote sensing
platforms deliver a wide variety of data that offer a global view of the natural energy resources.
The use of remote sensing to identify clean energy sources has the immediate benefit that there
are already a large number of satellites monitoring the Earth across a range of spectra. The main
technical challenges lie in the analysis of these data and their dissemination to the relevant
actors.
Remote sensing data using synthetic aperture radar (SAR) have been used to map wind speeds
(C. B. Hasager et al. 2006) and investigate the effect of wind farms on downstream wind
patterns (Christiansen & Charlotte B. Hasager 2006). Data from the Shuttle Radar Topography
Mission (SRTM) have been integrated into wind models as surface topography and roughness
strongly influence the boundary layer effects that are important in wind behavior. SAR
technology has also been used to determine ocean wave energy (Li et al. 2008). The possible use
of reflected GPS to derive wind and wave information from the ocean surface has also been
investigated (Komjathy et al. 2004). Satellite imagery has been analyzed to produce solar flux
maps for photovoltaic (Súri et al. 2007) and solar thermal generation (Houborg et al. 2007).
Satellite imagery of snow cover has been used to estimate hydroelectric generation capacity (Hall
& Winther 1999). Imaging of biomass has been carried out to quantify the capacity of biomass
sources and also to gain a better understanding of the carbon balance (Hese et al. 2005). This
carbon 3D mission used LIDAR which enabled vegetation height and structure to be
determined. This is a critical parameter for accurately estimating biomass potential. Geothermal
prospecting has been carried out using the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER). Observation of the Earth’s surface in the infrared can help
identify thermal anomalies for geothermal exploitation (Gupta & Roy 2007).
Clearly there is no shortage of space-based assets to help identify clean energy sources. Deriving
accurate knowledge from the data is a complex task involving the space industry, governments
and a variety of operators in the energy sector. A number of space agencies have combined with
other national and intergovernmental agencies in an attempt to co-ordinate efforts in converting
the raw data from remote sensing satellites into useful information for the renewable energy
sector. The United Nations Energy Program (UNEP) implemented the Solar and Wind Energy
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Resource Assessment (SWERA) with the specific goal of improving the resolution of wind and
solar energy maps (Renné et al. 2005). Most of the data were taken from U.S. and European
satellites. Resource maps were created for 13 countries around the world. There is clear political
will to share knowledge relating to renewable energy across national borders. The program also
developed a range of software to allow users to access this knowledge. These include the
Renewable Resources Explorer (RREX) which provides online access to the relevant maps. The
Geospatial Toolkit – GsT is another application for decision making. It includes other relevant
information such as energy and transportation infrastructure, population centers and protected
environments. An optimization model for distributed power systems called HOMER is also
available for download. Another software package called RETScreen provided by NASA and
Natural Resource Canada aiming to help planners and decision makers implement renewable
energy projects is also available.
A project between NASA and Cisco is the development of a multilayer software interface called
Planetary Skin. This program intends to provide a seamless integration of remote sensing data
and analysis to enable decision making on a global scale (Castilla-Rubio & Willis 2009). ESA also
provides Earth observation data specifically targeted at the renewable energy sector. Through its
Earth observation market development program ESA provides assistance to the solar, wind and
hydroelectric energy generators. This information is integrated into commercially available
software such as the Wind Atlas Analysis and Application Program (WASP).
3.1.1

Technical Assessment

It is clear that remote sensing for energy source location can improve the energy return for
renewable energy generators and thus increase the overall energy capacity delivered in an
environmentally friendly way. The current focus is on wind, solar and hydroelectric power as
these are the most mature markets. Efforts should be made to develop similar commercial
information resources to facilitate ocean wave, tidal and geothermal energy sources as they
continue to develop. While renewable energy supplies are typically variable, using remote
sensing for long-term prediction can help suppliers develop strategies to cope with this
variability. The technology is already well proven and available in the market place. The main
challenge is to improve the accuracy of the analysis techniques and increasing market awareness
of the benefits of remote sensing. Space-based remote sensing platforms are a relatively mature
technology. Most observation platforms have long lifetimes and in the event of failure there is
generally backup redundancy provided by other satellites.
3.1.2

Business Assessment

The cost of operating an Earth observation satellite is in many cases provided by government
agencies. The cost of accessing source mapping data is often quite low as agencies seek to
improve renewable energy sources. Space based observation can provide detailed information
across huge areas, giving significant cost benefits when compared to ground based
measurement. Improved mapping is designed to find optimal locations for renewable energy.
The specific energy costs will depend on the type of source being optimized. For a source that
exhibits greater natural variation the saving offered by mapping will be greater. Remote sensing
technology for source mapping is a mature technology. Improving analysis to better meet
customer needs as the industry grows will be critical. This requires a mechanism to provide
feedback from customers to data providers. A good example of an existing system is the Earth
Observation Market Development program implemented by ESA (ESA, 2009).
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Social Impact Assessment

The maps generated from remote sensing data represent a valuable natural resource for
countries. Many countries with little previous natural resources have great renewable energy
potential. Unlocking this potential will provide real economic benefits both directly and
indirectly, through employment, a stable domestic energy source and the potential international
carbon trading. Any increase in renewable energy will benefit the environment by decoupling
energy production from CO2 emissions. All renewable energies will have some negative
environmental impacts such as noise and visual pollution and ecological disruption. Remote
sensing can play a role in monitoring and minimizing these secondary effects. The use of remote
sensing data will bring public relations benefits to the space industry as it is a clear
demonstration of the usefulness of committing public money to space science. The positive
high tech image of space can help broaden the public interest in environmental issues moving
from a negative problem oriented perception to an exciting solution orientated one.
3.1.4

Policy and Law Assessment

The current policy governing remote sensing data is based on directives that follow UN treaties.
As commercial use of such data increases different legal approaches will evolve in different
jurisdictions. Minimizing potential conflicts between these systems is a challenge that must be
dealt with as the market develops.
3.2

Microbial Fuel Cells

The decreasing amount of fossil fuel and increasing amount of waste are driving the search for
alternative energy sources and associated waste management processes. Different types of fuel
cells are on the market, mainly based on fermentable sources such as vegetables, methane and
hydrogen. Fuel cells have broadly been developed for and used in space programs from the very
beginning. Many space agencies support the development of more efficient fuel cells for both
terrestrial applications and long-term space missions. Microbial ecology is of high interest for
NASA with regard to planetary exploration missions. A membrane microbial fuel cell device is
currently being developed by a NASA-funded research team led by Dr. Bruce Rittmann of
Northwestern University. The objective is to develop a power source suitable for-long duration
planetary exploration missions (Miller, 2004).
Most bio fuels such as bio-ethanol and diesel require available cropland for producing energy.
This can be counterproductive for developing countries and certain parts of the Earth where
food must have precedence over fuel production. In the field of fuel cells the microbial ecology
and environmental biotechnology are of increasing relevance toward a sustainable human
society. In principle technological systems are needed to provide the following attributes:
creativity, sustainability, environmental quality improvement, security and the support of human
health. By extracting the materials from renewable resources and reducing reliance on nonrenewable resources, the Microbial Fuel Cell (MFC) technology is addressing the most
significant challenges today: fresh water and energy supply. That is one of the reasons MFCs
were selected for more in depth analysis as future long-term investments.
MFCs contain living microorganisms which are used as biocatalyst to produce electricity.
Chemical energy is converted to electricity. Usually there are two types of energy transfer from
the organism (generally bacteria) to the fuel cell anode: directly or indirectly. The bacteria are
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physically attached to an anode with the capability to conduct the electron transfer. Anodes are
typically platinum, but other metals are used as well, opening the market for more availability.
The fuel input consists of daily wastes, ranging from rotten vegetables, cellulose, algae or even
mosquitoes. The bacteria metabolize the organic fuel and release electrons, ions and CO2. MFCs
tend to consist of one or two electrolyte compartments. Figure 3-1 illustrates how the cathode
compartment connects with the external electrical circuit and where the electrons combine with
the ions and oxygen from the water and form a partially closed loop. Between the anode and
cathode is a membrane that is permeable to hydrogen protons. Oxygen supplied to the cathode
combines with the hydrogen to produce water. Direct contact between bacteria and the
electrode is limited and so the density of organisms is a key factor that influences achievable
power density.

Figure 3-1: Microbial fuel cells with direct contact to electrode (Copyright © 2006
American Chemical Society).
The basic advantages are that the fuel does not have to be clean to produce a reasonable amount
of energy and that it does not need a catalyst. The power generation by microbial fuel cells has
reached the kW range already. More development is necessary to power larger applications such
as household appliances, cars and power plants. Another advantage is that one of the byproducts is hydrogen, which has broad applications, such as hydrogen fuel cells.
3.2.1

Technical Assessment

The relatively low maturity of MFCs makes the assessment of this criterion difficult. So far, early
MFC prototypes do not provide a feature to control the energy output dynamically. It is
conceivable that mechanism could be developed to vary the surface area of the anode, thereby
providing some degree of control over the energy output. On the other hand, energy output is
continuous and relatively steady, which provides good predictability.
The energy capacity of this technology is currently low. According to Aelterman (2006):
“Depending on the calorific content of glucose in the substrate, an MFC can theoretically deliver 3kWh for every
kilogram of organic matter (dry weight) in one single fermentative step.” The power density will mainly
depend on the substrate and on the cathode material, and will vary between 1.7 and 42 W/m3.
20

Space Aid for Energy Needs on Earth

Improving Energy Sources

There are methods to increase the power density and enable more bacteria for this type of
energy source. The waste material necessary is virtually limitless and bacteria populations can
grow to a very large size. There is good confidence that this new fuel source has the potential
for high capacity over time.
MFCs have been used in low power electronic application. Wireless sensors in water monitoring
applications are very advantageous over the equivalent battery options. The MFC is basically
feasible and the overall efficiency reached is in the 80 % range. The last laboratory tests have
generated low electrical voltage (from 100mV to 2.1V). The Technology Readiness Level (TRL)
of MFC is assessed as TRL 6 for low power applications and TRL 2 for high-power
applications. Output power can be increased by augmenting the volume of the cells, by changing
and increasing the bacteria population, and also by increasing the conductivity of the electrodes,
but scaling issues need to be overcome. The bio-mechanical reaction between the organic matter
and the bacteria population, for example, still has to be completely understood.
There are several reasons to be confident about the reliability of MFCs. Their design and
hardware implementations are relatively simple, and reliability thrives on simplicity. MFCs do
not require overly complex electronics, nor do they include many mechanical moving parts. In
addition, bacteria are robust, reproduce easily and can survive fairly well even in the harshest
environment.
3.2.2

Business Assessment

According to Clean Energy Trend 2007 report, the market for renewable energy technologies
will grow from $55.4 billion in revenues to $226.5 billion by 2016. In general, the biofuel market
is bigger than the solar and wind technology market and is expected to grow from $20 billion to
$80 billion by 2016. The market for fuel cells and distributed hydrogen is expected to grow from
$1.4 billion in 2006 to $15.6 billion over the next decade.
Due to the inability of scaling up current prototype designs to the level of actual useful
applications, such as wastewater treatment plants (which require a reactor volume in the 100 m3
range), total cost estimates are difficult to obtain. Certainly, a fairly high capital investment
would be required for the improvement, expansion and implementation of the microbial fuel
technology.
Considering how this technology can be implemented with relatively simple components and
that fuel, or bacteria food, comes from waste product, it is quite conceivable to expect fairly low
cost per kilowatt. In addition, if waste water is used to feed bacteria, then this also leads to waste
water management cost savings that can further decrease the overall energy cost. There are
about 127 million housing units which would require approximately 936 kW/month (US Census
Bureau). Each US household spends approximately $500 per year for fresh water and
wastewater charges plus electricity costs. These costs could be reduced if each household had a
partially closed loop waste water-electricity system. Hence, even if initial investment costs would
be high, with the right trade off the overall costs per year could be advantageous.
The technology for high power applications is immature and requires further investment and
development to be capable of addressing a significant slice of the market. The technical
challenges to overcome are considered to be sizeable but solvable, given the proof of concept
already achieved for low power applications. While MFCs have not reached the power capacity
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range required for households, cars or other daily life applications, those possibilities for mass
market profits will be attractive to potential investors. Considering how the overall fuel cell
market is growing each year, it is reasonable to expect future operators to invest the funds
required to take MFCs to market within the next 10 years.
3.2.3

Social Impact Assessment

MFCs offer a relatively high energy conversion efficiency, which in the end translates into better
economic performance. According to Apblett (2005), “The efficiency of fuel conversion to power is 4060 % for fuel cells, while current internal combustion engines are only 20-30 % efficient.” By gradually
replacing existing fossil fuel energy production systems by fuel cells, energy production expenses
could be reduced significantly. This potential for savings on production can be a stimulant that
will encourage the creation of new small fuel cells producing companies, therefore creating
employment in this sector of the economy.
Since microbial fuel cells produce more output electricity for a certain amount of input energy,
the carbon footprint associated with their operation is relatively smaller than equivalent fossil
fuel alternatives. Since the waste material used as fuel can be found almost anywhere, and
particularly within cities and homes, the need to transmit the output energy over large distances
is greatly reduced. Considering how energy transmission over very large distances causes energy
losses due to the transmission lines resistivity, eliminating these long distances reduces losses
and associated emissions or pollutants. In addition, eliminating the need for thousand kilometer
long electric lines from distant power plants reduces the impact on the environment caused by
the additional manufacturing and maintenance of copper wires and associated steel towers. If
MFCs are also integrated with wastewater treatment facilities, it further reduces the overall
environmental impact. While MFCs also do produce CO2, they do so on a much smaller scale
than fossil-fuel-based equivalent sources. According to Patra (2008):
“MFCs can be up to 90% efficient in power production compared to 50% for typical fossil
fuel power plants. Furthermore MFCs that treat wastewater would not generate any more
CO2 than typical biological wastewater treatment processes. Thus their substitution for fossil
fuel power plants would result in a net reduction of CO2 emissions."
As mentioned above, MFCs have an obvious environmentally friendly aspect which will
resonate favorably in the minds of environmentally conscious people. They can be fueled
anywhere, a factor which will be attractive to developing countries which do not necessarily
have the funding to build huge and expensive electric energy distribution systems. Finally, they
also have a potential for job creation anywhere they are developed, especially if they become
household standard appliances. All these factors will probably contribute to give MFCs a very
high public support when they become available on the market. A minor inconvenience to
expect and manage may be the reluctance for some people to have in effect a partial sewage
treatment system in the house, with the perceived inconvenience of odors and risk of
contamination. Public support will increase over time as trust in the idea builds up with
technical progress.
3.2.4

Policy and Law Assessment

It is not foreseen that significant liability issues will arise from MFCs because there is no
significant risk associated with this technology. Similarly, it is unlikely that political conflicts may
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arise between states due to the use of the MFC technology as it does not have any obvious
military use potential.
MFC technology has already been registered as a patent in many countries, including the United
States. For this reason, any country or firm that wants to adopt this technology option has to
obtain a license from the company that has the patent right. With regard to export control, the
transfer of this technology will depend on two factors: first, the nationality of the company,
their laws and policies relating to technology transfer, and second, on the policy of the company
that has the patent right.
3.3

Low Energy Nuclear Reactors

In 1989, Fleischmann and Pons, two electrochemists from Utah University, claimed to have
produced nuclear power in an electrochemical cell. At room temperature, they electrolyzed
heavy water (D2O) on a Palladium (Pd) electrode. They reported an anomalous heat production
or “excess heat”, which they announced to be the results of deuterium ions fusing into Helium.
Physicists had speculated since 1950 that this process could take place at room temperature
(cold fusion), or at high temperature and pressure ('superhot' fusion), but the technology was
always considered controversial. The International Thermonuclear Experimental Reactor
(ITER) project is currently being built in Cadarache, France, in an attempt to prove that it is
possible to produce commercial energy from 'superhot' fusion.
Marc Millis of the NASA Glenn Research Centre made a presentation in June 2009 on the
current status of the so-called cold fusion and why it has experienced resurgence in interest in
the past decade. Since this reawakening of interest, the phenomenon of 'cold fusion' has come
to be known as “low energy nuclear reaction” (LENR). It is currently being re-investigated by
many researchers who say they have new evidence that LENR has evolved and is supported by
rigorous, repeatable experimental data (ScienceDaily, 2007). For example, at the Space and
Naval Warfare Systems Center in San Diego, California, researchers believe they have found
evidences that nuclear reactions are indeed occurring. NASA is also looking at the LENR for
long-duration missions to potentially replace their current radioisotope thermal generator (RTG)
technology.

Figure 3-2: Cold fusion reaction (Laboratory for Plasma Physics, Belgium).
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The principle of cold fusion is shown in Figure 3-2. The process involves the combination of a
Deuterium (2H) and Tritium (3H) nucleus at room temperature to form Helium-4. He-4 is
harmless and can be found readily in nature. Since the He-4 nucleus is less massive than the two
initial nuclei, the difference of mass is converted into energy in the form of heat. The WidomLarsen theory considers LENRs as weak interactions which produce neutrons at ordinary
pressure and temperature. These generated neutrons have low kinetic energy, and they cannot
interact strongly with matter. Particles emitted are stable and non-radioactive. If proven feasible,
LENR could be used as safe and sustainable source of energy; it does not produce radioactive or
toxic waste, no dangerous radiations are released, and no greenhouse gases are emitted.
3.3.1

Technical Assessment

Currently, the controllability of LENR experiment is limited and insufficient for commercial
exploitation. According to Larsen (2008):
“Commercial LENR-based power generation systems could be developed that have
unprecedented levels of energy density, longevity, and scalability. Such systems might eventually
allow a car or an airplane to travel around the world without re-fuelling. They would create
true energy independence, breaking oil's stranglehold on the global economy. LENRs could
also be used to radically improve existing nuclear fission technology and nuclear waste
remediation.”
LENR could provide an energy capacity exceeding all the known fossil reserves of the world. In
general, the energy released is comparable to nuclear reactions (fission and fusion), and would
be two million times the energy/mass of burning coal. In the case of LENR starting from
lithium, the density is estimated at a maximum 57 MWh/kg.
LENR is at a phase of experimental and theoretical scientific research. In the last few years,
several studies and experiments have been conducted to explain the low energy reactions, and
build a practical working model (237th National American Chemical Society (ACS) Meeting,
2009). Its TRL is therefore estimated at 2. LENR experiments require a range of expertise
including, nuclear physics, material science, and/or thermal engineering to conduct the nuclear
reactions and to quantify the output energy. There is a real need to create user-friendly
instrumentation to acquire and diagnose the data. The methods to amplify and apply the energy
produced are not yet discovered. Further studies have also to be made on the composition and
structure of electrode material. This is a critical step to conducting successful LENR. The fact
that energy is produced only in discrete and tiny spots is one drawback that must be overcome.
Another issue with LENR is reliability. The nuclear reaction occurs under certain conditions
which are not yet understood. Thus far, success rates for LENR experiments are around 70 %.
Over the years, this percentage might increase with the technology readiness level.
3.3.2

Business Assessment

Cold fusion knowledge is not broadly published, but is being used for competitive advantage.
Large political and economic drives for research programs do not exist at the moment.
The advantage of cold fusion is decentralized energy production. If households are producing
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their own energy, there will be less demand for big power plants and distribution lines. By the
time cold fusion products have reached the scale of a large power plant, almost every household
could install and operate fusion on a micro-level.
At the moment, the development budget for the technological realization of cold fusion is about
US$10 million/year. Since there are no costs yet given, the comparison with a nuclear fission
power plant has been used. The investment cost for a new nuclear power plant is approximately
US$14 billion. It is anticipated that the cost will be in the same range for a big power plant. The
costs are comparable since both systems require a high upfront investment capital. Furthermore
the operations depend on the uranium used (US$80/kg of Heavy Metal for natural uranium)
and the fabrication of uranium-oxide (US$250/kg of Heavy Metal for natural uranium). Heavy
water instead costs US$1000 per kilogram, which is a higher starting cost due to the amount of
effort necessary to separate it from normal water.
The energy value depends on the country, technological availability, and the political regime.
Due to missing information on cold fusion, the comparison is made to the nuclear power plant.
At a maximum, cold fusion produces about 57 MWh/kg, which is in the same range as a nuclear
power plant with 36 to 56 MWh/kg. Energy costs comprise of US 8.4 ¢/kWh for fission plants.
The cost for the cold fusion depends on the system size. It is possible to develop both small
modules for household application and large systems for centralized power plants. It is unclear
how price will develop for both of the systems. However, when compared with the power plant
scale, cold fusion system will be slightly more expensive due to higher installment costs for
heavy water.
Fusion reactor technology is in its infancy and shows no signs of application so far. However,
there are several programs started in Japan and Europe which estimate a market entry in 30 to
40 years, when the technology is mature enough for a prototype.
3.3.3

Social Impact Assessment

The successful commercialization of LENRs has the potential to develop a new era of
affordable and clean energy. Compared to other existing technologies (chemical batteries, fuel
cells etc) it has the capacity to provide a competitive advance in energy density, longevity and
cost per kWh. LENR also has the benefit of increasing the job market share. Furthermore
through providing a scalable and portable system of energy generation, the wealth and the
necessary services can be distributed over the entire world (Lattice Energy LLC, 2009).
Ultimately a truly independent energy system can be implemented that would break the reliance
on both in-house and imported oil consumption.
By providing a clean, safe and green energy generation source, LENR offers a system that does
not create any long-lived radioactive and/or toxic waste that are commonly generated through
hard fusion. Furthermore LENR does not release (as a waste or by-product of production) any
carbon dioxide or any other greenhouse gases within our atmosphere (nitrogen oxides, sulfur
oxides, dust etc) (Lipper, I. Stone, J. 2009).
From the 1980s LENR has been considered a controversial field of physical science. LENR has
suffered from the misplaced public and media perception that it provides a method of power
generation with significant environmental impact (generation of toxic waste and harmless gases).
Furthermore this perception is enhanced with little up-to-date and reliable media cover, and
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inclusion in both scientific press and mainstream journals (Lattice Energy LLC, 2009). These
factors significantly impede LENR’s entrance into the market place as an alternative
environmentally sustainable, green, safe and reliable energy source.
3.3.4

Policy and Law Assessment

From a legal perspective, it is not anticipated that LENR technology involves significant risk of
liability for damages, as there is no radioactive waste produced during cold fusion.
Article IV of the 1968 Treaty on the Non-Proliferation of Nuclear Weapons gives countries the
right to develop research, produce and use nuclear energy for peaceful purposes. Cold fusion
does not have dual use potential. Unlike nuclear fission, no real ‘nuclear weapon’ can be
developed from cold fusion, and as such it will not likely be a source of concern for states that
might lead to political conflicts.
The United States Patent Office has denied patent rights to this technology, based on the
decision of the United States Courts of Appeal for the Federal Court in Schwartz, where the
court held that the cold fusion technology is “found to be inoperative and therefore lacking in
utility” (United States Patent and Trademark, 2009). The University of Utah was also denied
patent rights for this technology in the U.S. (University of Utah Research Park, 2009); however
the European patent office issued a Notice of Intent to grant them a patent for cold fusion. In
December 1993, then University of Utah granted “exclusive worldwide licensing rights” to
ENECO Incorporated. With the United States Patent Office announcement of the denial of
Patent rights to Cold Fusion Technology, ENECO has cancelled her license agreement with
University of Utah. Cold fusion technology has also been patented by many companies in Japan.
With regard to export control, the current status is that there is no patent for cold fusion
technology, which should ease technology transfer between countries. However, this will
depend whether the transfer of this technology conflicts with the national laws and policies of
specific countries involved.
3.4

Mining Extraterrestrial Bodies

Mining extraterrestrial bodies to increase the proportion of energy supplied on Earth has been
considered for a number of potential candidates. This includes Helium-3 on the Moon, Heliumon Jupiter and Helium-3 on asteroids. Asteroids have too much variety in compositions to be
suitable as a supply of steady and continuous energy sources. Mining on Jupiter has much less
feasibility than on the Moon due to limitations on space transportation. Therefore Helium-3
mining on the Moon is considered to be the most viable candidate and will be addressed in this
section.
Helium-3 is an isotope of helium which has two protons and one neutron. It may be used as a
fuel for the “second generation” nuclear fusion reactions. This involves combining deuterium
and Helium-3 to get clean energy (no carbon emission). On Earth Helium-3 is rare but it is
abundant on the Moon where it is slowly accumulated in the regolith due to a continuous supply
in the passing solar wind. The amount of Helium-3 concentrated on the Moon is estimated to
be between 20 and 30 parts per billion in undisturbed, titanium-rich soils (ISU Masters, 2007).
This means that large amounts of lunar soil must be mined in order to return a significant
quantity of the isotope. Sviatoslavsky (1993) estimates 1 ton of Helium-3 for 100 million tons of
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regolith. However, neither the mining technology nor the method of refining Helium-3 from
lunar regolith exists. This first has to be demonstrated.
3.4.1

Technological Assessment

As given in the previous text, 100 million tons of regolith can deliver approximately 1 ton of
Helium-3. One gram of Helium-3 can deliver roughly 164 MWh of energy. The U.S. Energy
Information Administration stated that "Electricity consumption by 107 million U.S.
households in 2001 totaled 1,140 billion kWh". This would equal 6.7 tons of Helium-3 if a
100% efficiency of the process from nuclear fusion to electrical power is assumed.
100 kg of Helium-3 is necessary to service 1 GW of electric power using a deuterium and
Helium-3 power plant for a year. It provides 8.76 TWh of electrical energy and can meet the
electrical needs of a city with a population of a million persons for about a year (Schmitt, 2006).
Second generation Helium-3 power generation requires high power fusion densities of burning
plasma with magnets for confinement. This produces high heat fluxes on reactor walls. In
addition, the technologies for mining Helium-3 on the Moon are challenging. They include the
mining itself, processing and refining the lunar regolith; human settlement on the moon; low
cost and reliable transportation between the Earth and the Moon. It is estimated that these
technologies take over 30 years to be developed. Significant technological advances are required
before any Helium-3 power plant can be realized.
With the necessary research and development strategy D and Helium-3 fusing technology could
be developed within the next 40 years. It is a promising concept in energy generation. Within
this technological time frame, reliable and low cost launch systems, with an emphasis on lunar
habitats (mining and transportation) is be expected to be available.
3.4.2

Business Assessment

The total cost to develop the technology to mine Helium-3 on the Moon and to transport it
back to the Earth for fusion power generation will be tremendous. To mine 100 kg of Helium-3
per year over 15 years, a working area of 2 km2 with a depth of 3 m would need to be extracted.
A current cost estimation of the necessary facilities and infrastructure is given in Table 3-1.
Although it should be acknowledged that to reduce the cost much of the mining techniques and
technologies can be adapted from the coal and diamond extraction industry
Item
Cost
Helium-3 lunar facilities / production $500 million
/ transport R&D
Miner-processor
$100 million
Miner-processor support and delivery $980 million
(200 tones launch)
Settlement activation launches
$1000 million
(200 tones launch)
Total
$2580 million
Table 3-1: Estimated technology development costs.
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Additionally to support the Earth-side production of heluim-3 a 1 GW deuterium-Helium-3
fusion power plant would be required. Excluding the technology development costs the price
of such a service is calculated to be $0.02/kWh. To achieve such significant technological and
financial steps a minimum implementation time of 50 years is required.
3.4.3

Social Impact Assessment

Although still a distant concept, the potential gains achieved through lunar mining as an
alternative to Earth-based energy resources is still an area of contention. If developed fully
Moon mining would have large economic impact. Although it would have to be a product of
significantly cheaper launch vehicles and general access to space (mining technologies and
habitation).
Mining on the Moon has no immediate impact on the environment of Earth (apart from the
potential for increased launches); there is however the direct impact on the Moon that must be
considered. Furthermore the justification of the large development costs must be portrayed to
the taxpaying public. This may require a large change in public thinking: that ultimately the
Earth is no longer the only place in the Universe where humans can live and work. Instead of
seeing the Moon as a romantic object in the night sky, it will become a new energy resource for
Earth.
3.4.4

Policy and Law Assessment

The implementation of Helium-3 has significant legal issues. As defined in the 1967 Outer
Space Treaty (OST) and the 1972 Liability Convention, operations on the Moon, which include
mining, shall be “the province of all mankind” (Article I) and are therefore “not subject to national
appropriation…by any means.” The OST further states that nations “shall bear international
responsibility for national activities in outer space” (Article VI). In theory, a nation, legal person or
individual have no right to control activities on the Moon or claim property rights. Nor can the
Moon’s surface or subsurface become the property of any state, organization or person(s). This
would act as a significant legal barrier to commercial and public mining operations.
Additionally the 1972 Liability Convention establishes “fault liability” for damage caused in
outer space (Article II). Furthermore the 1979 Moon Agreement governs rights of ownership in
mining and other uses of the Moon. It seeks to distribute equally the use and allocation of lunar
and other space resources. Article 11 of the Moon Treaty provides that “the Moon and its natural
resources are the common heritage of mankind” and therefore no one nation can, in theory, mine
resources on its own. Accordingly, no adequate legal structure and regulations exist to regulate,
for example, leasehold rights to mining companies (Sadeh, 2002).
It is currently accepted that appropriation of territory is not acceptable (Article II of the OST),
but appropriation of resources might be possible due to the content of Article VI of the Moon
Treaty providing that “the States Parties shall have the right to collect on a remove from the Moon samples of
its mineral and other substances”. No explicit ban on selling such samples for economic gain is stated
(Full Moon, 2006/2007). Only five nations have signed the Moon Treaty thus far, making it less
applicable source of international law.
Besides the issue of operation on celestial bodies and mining there, all liabilities connected with
launching objects to space and operations is space as described under the SBSP section would
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apply. Private international law, involving contractual agreements among states and
corporations, governs procedures and practices assigning liability, responsibility and dispute
resolutions. If mining on the Moon were to become reality, private national laws will have to be
adopted between countries (Sadeh, 2002).
International space law addressing exploitation and use of the Moon resources by both states
and private entities leave room for different interpretations by states. As a result, future mining
of extraterrestrial resources by public or private entity will have to be governed by agreements
among states. These will need to address lunar activities-related issues, including property rights
in order to avoid political tensions.
Furthermore the OST also prohibits “harmful contamination” of the Moon and “adverse changes in the
environment of the Earth resulting from the introduction of extraterrestrial matter”. As there are currently no
legally-binding obligations for protection of the Moon and other celestial bodies by states,
mining activities on the Moon could potentially result in inter-governmental tensions.
International and national laws and policies on technology transfers and export controls are
targeted at protecting sensitive technologies and property rights. Most space-related
technologies are of “dual-use”, i.e. those that can have military applications, and could represent
a strategic military and economic asset. Under national regimes, there are restrictions on
exporting technologies that can be of dual-use. In the US, the export laws, especially the ITAR
regulations, will pose restrictions on equipment associated with mining resources on the Moon.
3.5

Space-Based Solar Power

The Sun has been a continuous source of energy for billions of years. Solar energy does not
produce air or water pollution and is cost-free, although minor impacts on Earth’s environment
exist. The main impediments to large-scale utilization of this unlimited energy source have been
technological and financial barriers. This section examines various aspects of space-based solar
power (SBSP) and evaluates its advantages over other technical solutions.
The process of transforming solar energy from space to electricity on Earth involves the
following steps:
• Solar radiation collection
• Conversion of the solar radiation into electricity
• Conversion of electricity into microwave energy beam
• Transmission of the energy to Earth
• Reception of the transmitted energy on ground and converting into electricity for the
grid
• Distribution of the electrical energy for consumption.
Studies on the process of collection and conversion of solar radiation to energy in space have
concentrated on two main options: photovoltaic and solar dynamic (Mori et al., 2006). The first
option uses photovoltaic cells to convert the solar radiation directly to electrical energy. It is
referred to as Space Solar Power Systems (SSPS). The latter option uses the Brayton Power
Conversion Unit (BPCU) to generate electricity from the thermal energy in the solar radiation
(Shaltens and Mason, 1996). This type of energy generation is called the Solar Dynamic Space
Power System (SDSPS). Both systems transmit the produced electrical energy to earth via power
beaming.
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The solar power can be transmitted to Earth in two ways by microwave or by laser radiation. A
microwave beam is received on ground by a rectifying antenna, converted into electricity and
transferred to the power utility’s distribution network. In the case of laser radiation, a solid-state
laser device converts the solar radiation into a laser beam. Mori et al. (2006), for example,
suggests that laser beam be used to produce hydrogen from sea water. The conversion station
receiving the energy would be located in the ocean and the hydrogen produced could be stored
and transported by ships to consumers.
3.5.1

Technical Assessment

Solar power predictability depends on the orbit and inclination of the solar power satellite. A
satellite in geo-stationary orbit is continuously irradiated by the Sun, except for a number of
hours during the time around the equinox (Solar Power Satellites, Aug. 1981). Accordingly, in
this case predictability is nearly hundred percent. Solar irradiance has an energy flux given by the
“solar constant” of 1367 W/m2 (PMOD, Green). The capacity of energy can be adjusted by
deploying a certain amount of collectors or receivers such as photovoltaic cells. In theory, there
is no limit to the amount of energy that could be captured by SPSS.
Komerath and Boecher (Oct 2006) suggested the use of solar satellites in low earth orbit (LEO).
Naturally, in this case a constellation of satellites would need to be deployed. They further
pointed out that considerations concerning the cost and time-frame to place the system in orbit
are different for the LEO than for the GEO. This report considers only satellites in GEO orbit
for the SSPS.
Due to the atmosphere and clouds, the solar radiation flux on the surface of the Earth is about a
half of the solar constant. The intensity and availability period of the solar radiation also varies
with the latitude and season. Accordingly, SSPS power generation is nearly five times as large in
comparison with the ground based solar power.
The main challenge for SPSS is the power transmission from space to Earth. Dickinson (2003),
for example reported that “a single rectifying antenna element developed by Bill Brown
demonstrated 91.4% efficiency. The comparable record for laser light to DC output power
conversion efficiency of photo-voltaics is 59%, for AlGaAs at 1.7 W and 826-nm wavelength.”
It can be assumed that power transmission efficiencies for commercial microwave power
beaming can be expected to reach more than 70%. The efficiency of laser power transmission is
expected to be significantly lower.
Current launching technology can place 13 ton of mass to geosynchronous transfer orbit (GTO
Atlas IV) (ULA). Higher payloads can be assembled in modular form. Photovoltaic (PV) cells
with efficiencies of about 20% are commercially available. Thin film PV technology that is
under development, promises efficiencies of solar radiation conversion to be approximately
40% and more. Microwave energy-beaming demonstrated efficiency of about 70%. However,
the real efficiencies for large power transmission over orbital distances still need to be evaluated
and demonstrated. In principle, solar dynamic systems have a turbine alternator system that
converts the thermal energy concentrated and collected from the sun into electrical energy. A
2kW system for LEO orbit conditions has been demonstrated on ground (Shaltens and Mason,
1995).
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Photovoltaic (PV) cells have been tested both on ground and in space and have been found to
be reliable in space just like solar arrays of satellites. Micro-meteors and space debris are
hazardous for the performance of PV cells in space. Launch vehicles reliabilities exceed 95%,
but reliability of high-power microwave antennae and transmitters still need to be accomplished.
There is insufficient experience with the assembly, integration and maintenance of large satellites
in orbit and therefore the reliability is not well understood.
3.5.2

Business Assessment

To build a microwave SBSP system which can generate 1GW electricity, the cost estimate is the
following:
A 10MW demonstration system and a 250MW pilot system need to be built and operated. For
each system, the initial costs are assumed proportional as demonstrated below in Table 3-2:

Space segment
-Microwave power transmitter
- Structures
- Solar panels

10MW SBSP

250MW SBSP

1GW SBSP

$ 67.5 million

$1.69 billion

$ 6.75 billion

$ 40.2 million
$ 23.0 million
$ 4.2 million

$1.01 billion
$0.58 billion
$0.11 billion

$ 4.02 billion
$ 2.30 billion
$ 0.42 billion

Launch cost
$ 29.8 million
$0.75 billion
$ 2.98 billion
Rectenna construction cost
$ 20.3 million
$0.51 billion
$ 2.03 billion
Total development cost
$ 117.6 million
$2.94 billion
$ 11.76 billion
Table 3-2: Cost estimates for a space-based solar power system.
The cost to implement the technology and build 1GW SBSP is estimated to be $ 11.76 billion.
When the development and implementation costs are added together, the total cost is $14.82
billion. This system could generate $0.18/kWh with a predicted lifetime of 40 years.
It is estimated that it will take over 15 years to fully implement this particular SBSP option. This
includes the time needed for technology development and construction of the system as there is
currently no feasible technology to build and operate such a large satellite.
3.5.3

Social Impact Assessment

Economic benefits of the SBSP seem to be favorable. As assessed by the National Security
Space Office (2007), the technology offers a number of potential economic opportunities,
including a global clean energy market, easy access to space (through the development of
reusable launch vehicles that would reduce the launch cost <500 dollar/kg), orbital
infrastructure (in-space transport, robotics), increasing wireless capabilities, and other. Rural and
remote areas without an electrical power grid could also be serviced from this energy source.
This may attract companies to those locations and stimulate economic development.
The SSP report of 1992 (SSPP, 1992) concluded that there would be no major environmental
impacts were a 5 GW microwave beam of 2.45 GHz (as proposed by NASA/DOE) were sent
to Earth from a geostationary orbit. Higher frequencies would lead to more absorption in the
atmosphere (in the form of water vapor) and increase the likelihood of local climate changes.
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Significant power leakage at the rectifying antenna site could occur, which could approximate
the heat output of a large city. All these factors could contribute to local climate and ecological
changes.
SBSP requires a relatively high radiation flux (~23 mW/cm2 in the center of the beam) to be
efficient (Dickinson, R.M., 2000). The power outside the beam is 1 mW/cm² (Hanley, 1980).
The U.S. standard for the maximum allowable microwave radiation is 10 mW/cm². Although no
evidence has yet been produced, being at the center of the beam could be potentially hazardous
to persons, animals and equipment. In any case, dedicated barriers and warning systems would
need to be introduced to avoid injury to humans and animals. Although the time in the beam is
relatively short, and the fact that the plane acts as a Faraday cage, would probably minimize riskrelated issues, proper air traffic management could also prove useful as it could help aircraft
avoid crossing the beam.
A survey carried out by (Matula and Loveland, 2006) to evaluate U.S. public opinion on
different goals of the U.S. space program, showed that SBSP achieved a high score. Although
the U.S. public exhibited a positive attitude toward the SBSP, the perceived risk profile could
increase with actual construction of this capability. Accordingly, special care should be exercised
to launch persuasive educational programs to convince the public of the safety of the SBSP.
3.5.4

Policy and Law Assessment

The U.S. Department of Energy conducted its first study of the SBSP in the 1970’s. In 1979, the
“cost to first power” was estimated to be $305 billion (in 2000 dollars) which discouraged
further research (Gibbs, 2006). NASA took on SBSP-related research again in the 1990’s and
between 1995 and 2003 studied various SBSP parts and architectures (Sofge, 2008). The goal
was to reduce the weight of the components to be placed in space to help lower costs (Gibbs,
2006). In 2007, another major study by the National Security Space Office of the U.S.
Department of Defence was completed and provided an optimistic outlook on the SBSP
(Marshall, 2009).
Several factors limit implementation and large-scale production of space-based solar energy.
Among them is the cost of launching a large number of solar arrays to a geostationary orbit
(Iannotta, 2009). Opponents of the SBSP argue that it is much cheaper to place solar panels on
the surface of the Earth, including the energy storage systems for the ground-based alternatives
(Gibbs, 2006). Other issues with SBSP implementation include international legal, political, and
social aspects, as well as environmental concerns associated with laser or microwave beaming
(David, 2001). Advantages include almost continuous sunshine and the green nature of
generating such energy (Shiga, 2008). A market-based approach has also been considered for
solar arrays in space. According to John Makings, progress in certain technologies such as
robotics, power generation and electronics, could contribute to the SBSP cost reduction
(Electric Perspectives, Jul/Aug 2000).
The changes in the SBSP approach were summarized in a National Research Council (NRC)
report entitled “Laying the Foundation for Space Solar Power: An Assessment of NASA’s Space
Solar Power Investment Strategy”. They include efficiency of solar cells, lightweight solar-cell
laden panels, wireless power transmission testing (in Japan and Canada), improvement in
robotics (e.g. manipulators, machine vision systems, hand-eye coordination, task planning and
reasoning), wider use of advanced composites, and finally advanced digital control systems. The
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idea is not to provide the ultimate solution to Earth’s energy challenges, but rather serve as a
“life support system” to areas with no power (David, 2001). A study entitled “An Economic
Assessment of Space Solar Power As a Source of Electricity for Space-Based Activities” by a
Washington D.C.-based Resources for the Future (RFF) identified potential customers of the
SBSP energy. RFF believes that there exists potentially large market (David, 2001).
The use of SBSP would be governed by the 1967 Outer Space Treaty (OST); the 1972 Liability
Convention; the 1975 Registration Convention; the UN Charter; the Geostationary Orbit; the
ITU regulations; and Contamination and Pollution rules (Diederiks – Verschoor, 1999).
According to international law, states are responsible and liable for their activities, including the
actions of their non-governmental entities. This is governed by the 1967 Outer Space Treaty
(OST) which states that nations “shall bear international responsibility for national activities in outer space”
(Article VI). Launching of objects to space is governed by Article VII of the OST and makes
state(s) that launch or procure the launch “internationally liable for damage to another State” as well as
to its citizens or legal persons. Article VI and VII would be relevant to space components of the
SBSP system.
Article I of the 1972 Liability Convention explains the term “damage” as “loss of life, personal injury
or other impairment of health; or loss of or damage to property to States”, their citizens and legal entities. It
establishes “absolute liability” for damage on ground and in air, and “fault liability” for damage
caused in outer space (Article II). Liability for damage to third parties is addressed by Article IV.
The 1975 Registration Convention makes launching state(s) undertake control, jurisdiction and
responsibility for registering the launch and spacecraft of its space objects with the UN (Sadeh,
2002). National governments bear the responsibility to adopt adequate registration legislation.
The Geostationary orbit (GEO) is the most suitable for space-based solar satellites. Accordingly,
these satellites will have to be placed among existing GEO satellites, including the use of the
radio spectrum that is regulated by the UN (Diederiks – Verschoor, 1999). Other space-related
norms and guidelines introduced by the UN, including the international application of the
International Telecommunication Union (ITU) standards and Inter-Agency Space Debris
Coordination Committee (IADC) requirements, would also need to be assessed with regard to
SBSP (UNISPACE III, 2004).
According to the OST, states are ultimately responsible for all activities in outer space. They are,
therefore, motivated to regulate activities of commercial and private entities, non-governmental
organizations, and individuals in space (Sadeh, 2002). In the U.S., for example, the U.S. Federal
Communications Union (FCC) governs launching and operation of domestic
telecommunications satellites. The Office of the Associate Administrator for Commercial Space
Transportation (The Office of Commercial Space Transportation) under the Federal Aviation
Administration (FAA) issues licenses for launch vehicles and launch sites (Sadeh, 2002). Such
licenses should be consistent with the international space regime, particularly Article VI and VII
of the OST.
Private international law involves contractual agreements among states and corporations. It
governs procedures and practices in an effort to assign liability, responsibility and dispute
resolution (Sadeh, 2002). Any SBSP-related agreement would introduce liability for activities
connected with collecting, transmitting and generating space solar power.
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With regard to policy issues, the primary goal of nations is to protect their fundamental interests
in the fields of foreign policy, international commitments, national security and other areas. The
SBSP could be controversial due to the dual-use character of its technology, that is having both
civilian and military applications (e.g. microwave and laser power transmission), pollution
resulting from energy conversion, and space debris (Lior, 2001).
Placing large structures like the space component of the SBSP in orbit could be of significant
concern as it potentially could increase the amount of space debris. The UNCOPUOS space
debris mitigation guidelines adopted in June of 2007 would need to be taken into account, for
example, in order to prevent any estrangement of other countries.
International and national laws and policies on technology transfers and export controls are
targeted at protecting sensitive technologies and property rights. The SBSP technology, like
most space-related technologies is of dual-use , and could represent a strategic military asset.
Accordingly, international regimes governing prevention of proliferation of dual-use space
technologies such as the Missile Technology Control Regime (MTCR) and the 2002 Hague
Code of Conduct Against Ballistic Missile Proliferation, could represent potential impediments
to promoting and implementing the SBSP technology.
Under national regimes, there are restrictions on exporting technologies that can be of dual-use.
In the U.S., such regime is represented by International Traffic in Arms Regulations (ITAR). It
restricts the U.S. and its allies from sharing certain space technologies. It also inhibits scientists
from countries other than the U.S. to participate in U.S. research and development programs.
Intellectual property rights with respect to satellite activities have to be considered if commercial
entities were to invest in new space-based energy technologies, including SBSP (DiedericksVerschoor, 1999).
3.6

Reflecting Solar Radiation

The first successful space-based operation of reflecting solar radiation was in 1992. This was
achieved through Znamya 2, a Russian Federation mission that consisted of a 20 m solar mirror.
Znayma 2 was operational for several hours. The reflected beam created a 5 km diameter bright
spot with luminosity equal to that of a full Moon. Unfortunately, a second, larger solar mirror,
Znamya 2.5, failed to open. This led to the cancellation of the program (Wade, 2008).
3.6.1

Technical Assessment

Orbiting reflectors (illustrated in Figures 3-3 and 3-4) could in principle provide a nearly
continuous intensity of about 1 kW/m² on Earth. The extra light could illuminate existing or
new solar cell farms and increase generated energy by a factor of about 5. In principle, no energy
storage requirements would be required anymore because of the continuous irradiation and
therefore continuous power delivery. These and other advantages can reduce the solar-farm
capital investment with a factor of ten and make solar power economically competitive with
alternative fossil and nuclear generation. The reflected solar energy from mirror(s) in space to a
terrestrial site is a function of altitude and orbit of the mirror. Ideally placement of these mirrors
would be in geostationary orbit. This would provide continuous illumination on a given area on
the Earth. But, this would lead to designing large size mirrors which are difficult to build, to test
and to launch. In order to have trade-off between the altitude and orbit, several mirrors placed
in Medium Earth Orbit (MEO, from 100 to 20000 km) with the required inclination and orbit
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phasing would provide continuous illumination of multiple areas on Earth. From the studies
conducted by K.W.Billman, W.P.Gilbreath,S.W.Bowmen (1979), it was found that ten mirrors
with 1km diameters, placed at an altitude of 4146 km with 45° inclination and with suitable
phasing, would provide sufficient insulation even at higher latitudes. Servicing multiple locations
sequentially is purely based on the ability to reorient the mirror at the shortest time to the next
geographical site.

Figure 3-4: Space-based solar mirror concept.
Figure 3-3: Znamya solar mirror
(Capcom Espace).
The mirrors would be controlled by the satellite bus which has sensors, gimbaled wheels and
other attitude control hardware and software. The orbit, Sun intensity prediction and other
disturbance factors like gravity gradient forces, Sun/Moon gravitational disturbance and
aerodynamic drag can be modeled and energy productions by these systems of satellites are
predictable. The limiting factor would be the Earth’s atmosphere, where cloud cover at the solar
power generation site (the collector) would result in reduced power generation and any upset in
pointing of the mirror would also result in loss of power generation.
The average reflected sunlight energy on earth at 1 kWh/m2 (at collector after accounting for
losses in mirror and atmosphere) would provide 0.298 kW/m2 of energy. This is assumed using
the best commercial photovoltaic cell efficiency of 30 %. Overall system efficiency, i.e. from the
total power input at the mirror to the power generated at the collector, depends on the
efficiency of the mirror, atmospheric conditions, and photovoltaic conversion.
The amount of energy saved by using space-based solar reflectors (SBSR) would be equal to 842
GW at each collector site of a 30 km radius. Yearly energy output at each site would be
2.36 * 1012 kWh. If six such sites are planned at different geographical locations then
14.16 * 1012 kWh energy would be generated annually (Shpakovsky, 2005).
Mirror structures with light weight polymers coated with aluminum have been tested and found
feasible for this application. However assembling, testing, launching and deploying any structure
of a radial diameter of 500 m and above are yet to be realized. According to studies made by
Billman et. al. (1979) the mass of the mirror system including the flywheel would be 6880 kg and
with optimal design the mass could be reduced to 4668 kg. Launching capability of such systems
presently exists, however accommodating huge structures stowed in the payload bay and
flawlessly deploying in the orbit would be technological challenge. With the current research in
these areas the technology could be realized in the next 15-20 years. Designs of photovoltaic
collectors with available efficiency of 30 % are already available, but the area to locate such huge
collectors has to be identified.
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From the time of launch, the mirror structure along with the satellite bus would support
operations for 10 years. Advanced propulsion would enhance the mission life by another 10
years. Mirror systems, however, are prone to punctures by meteoroid and space debris impacts.
This would result in performance degradation over time.
3.6.2

Business Assessment

The total cost to build a solar mirror system which consists of a mirror of 30 km radius at a
circular orbit of 4146 km is estimated in Table 3-3.
Item
Solar cells
Storage(battery)
Power conditioning

Cost
$75/m2
$16.67/m2
$7.8 /m2

Heat dispersal
Structure, site preparation
Total cost

$6.29 /m2
$10 /m2
$135.5 billion

(a mirror of 30 km radius on the 4146 km orbit)

Table 3-3: Cost estimation for a solar mirror system.

Assuming an energy generation of 2.36 x 1012 kWh on an annual basis (using the details listed in
Table 3-2) the estimated cost is $161/kW. This is equal to $0.06/kWh, in comparison with
$0.02/kWh in 2008 for nuclear energy or $0.18/kWh for oil (Ventyx Velocity Suite via World
Nuclear Association, 2009).
The time it takes from the present day to reach full implementation is estimated to be 15 years.
The technological capabilities to build such a large satellite, in addition to its control dynamics
does not currently exist.
3.6.3

Social Impact Assessment

Similar to SBSP and airborne reflectors (not discussed in this report), reflecting solar power with
orbiting satellite, is useful to serve urban, remote or rural areas. These technologies can stimulate
economic development, facilitate night work and/or provide support in disaster areas. The
strongest argument to put this system into space is however the possibility to increase the
efficiency of existing solar cell plants by providing a 24/7 irradiation and higher light flux.
Since no solar cells are used, but only reflector material, the satellites are lighter than those used
for SBSP. This makes them more economical than SBSP. The costs will be limited further if
existing solar cell plants are used.
Examples of economic opportunities related to this technology are light weight reflectors, low
cost spacecraft, and high efficiency of solar cells. Concerning the environmental impact, light
pollution and local warming must be addressed. Both may have local ecological changes as a
consequence. No direct studies on the topic have been found. Public opinion will be closely
related to the above concerns, especially in the amount of light pollution. It is therefore advised
to put the receiver sufficiently far from habitation.
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If countries increasingly use reflected solar energy, its effect on the energy balance on Earth and
the possible impact it may have on the climatic indicator, local as well as global, is a matter of
larger social consequence. Dedicated outreach programs in which the advantages of the
technology will be addressed, e.g. green energy, can help to gather public support and secure its
economic viability. This should invite attention from the local industry.
3.6.4

Policy and Law Assessment

Policy and legal issues connected with solar reflectors would be similar to those that apply for
space-based solar power (SBSP). The following legal regimes would have to be taken into
account: the Outer Space Treaty (OST), the Liability Convention, the UN Charter, the
Geostationary Orbit; the Registration Convention, the ITU rules, and Contamination and
Pollution Rules (Diedericks – Verschoor, 1999).
There are risks associated with operation of space-based solar reflectors. These reflectors could
collide with other space objects. Besides damage to other space objects, such collisions might
increase the amount of space debris. Moreover, if communication with control mechanism of
the space components were to fail, a risk of parts of the structure penetrating the atmosphere
could arise (Matte, 1984).
Before reflectors could be constructed and deployed, those countries that plan to use this
technology would have to establish relevant laws and regulations in accord with international
treaties. Moreover, agreements with countries affected by the technology would have to be
concluded. Issues include the possibility of sharing of the economic benefits to compensate for
any downsides connected with operation of solar reflectors. These penalties can include
transmitting continuous sunshine during nighttime or damage caused by reflected solar radiation
to Earth.
Liability connected with launching the large structure into space (including third party liability),
and operating such structure in space would be similar to those described in the space-based
solar power (SBSP) section.
Any space-based installations and equipment would have to be governed in accordance with
international space law. This would be needed in order to avoid potential conflict between
private use of these installations and free access to them as provided for in Article 1 of the
Outer Space Treaty (OST). Protection of space and the Earth environment would also have to
be accounted for (Diedericks-Verschoor, 1999), as well as dual-use nature of the technology. All
of these factors could serve as a potential source of conflict.
The same concerns as described in the space-based solar power (SBSP) section apply, with the
exception of laser or microwave beaming to Earth.
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4 IMPROVING ENERGY DISTRIBUTION
Energy distribution refers to the set of infrastructure and processes that bridge the distance
between the energy sources and the locations where energy is actually consumed. Energy
distribution includes elements such as: power lines, transformers, antennas, transmitters,
receivers, pipelines and pumps. All these systems have inherent energy leakages and losses that
are influenced by several factors, most significantly the distance between the source and the
location of consumption. The intent of this section of the report is to investigate space aid
solutions that can help improve the manner in which the energy is distributed and minimize
energy losses.
4.1

Short-Term Resource Prediction via Remote Sensing

The use of pre-existing space-based assets for the short-term prediction of energy resources
coupled with prediction of energy demand has many benefits. This is applicable for increasing
the reliance and proportion of renewable energy sources, while monitoring the status of nonrenewable resource extraction and distribution, thereby reducing the rate of CO2 emissions that
would otherwise adversely affect the environment.
Renewable energy sources such as solar (photovoltaic, solar thermal), hydropower (wave, tidal),
wind, biomass, etc., offer environmentally sustainable alternatives to fossil fuels. Their energy
generation capabilities are subject to variations in climate, weather and local topography.
Consistent power generation cannot be guaranteed. Examples of these dependencies are given
in Table 4-1.
Renewable Energy Source
Solar

Influence on Energy Production
Variation in solar irradiance
Cloud cover
Dust storms
High winds
Hydropower
Land elevation/contours
Speed/direction
Flow through capacity
Wind
Land elevation/contours
Temperature
Pressure
Land cover models
Biomass
Monitoring of agricultural sources (cornderived ethanol)
Table 4-1: Dependencies for renewable energy sources (CEOS, 2008; NOAA, 2009).
These variations directly affect power generation and distribution of renewable sources by
creating transmission noise on the electrical grid. The levels of energy can produce
unpredictable fluctuations causing periods of sporadic activity (Negnevitsky. M, 2006). Using
remote sensing data, for example high resolution meteorological data, distinct measurements
can be taken detailing the variations of weather and climate conditions, offering greater spatial,
temporal and spectral resolution for predicting these problematic variations. This reduces the in39
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situ variability in production and distribution. Estimations of both the supply and demand can
be achieved. Current satellite platforms include LandSat, ACRIMAT and SPOT.
This technique can also be applied to the non-renewable energy sources such as coal, gas and
oil. For example, the off-shore petroleum industry is particularly vulnerable to severe hurricanes
(Avery, 2004). Without the ability to accurately forecast, a power plant can incur significant costs
from deferred production, damage assessment and repairs. Keeping downtime to a minimum is
critical. Marine forecasts are also essential for the transportation management of oil and gas
through the pipeline or on ocean-going super-tankers. Information pertaining to ocean
conditions – wind, wave, surface temperature – is critical to ensuring the security of the raw
energy supply. Data sets can be provided with ERS, ENVISAT and QUICKSCAT. These
systems provide homogenous, global measurements of sea surface wind and wave-height
(Avery, 2004).
4.1.1

Technical Assessment

Short-term prediction via remote sensing ultimately enables an energy supply to be better
controlled and/or predicted, thereby increasing the reliability of the energy output and
distribution potential for both renewable and non-renewable energy sources. With an accurate
forecast of only 48 hours, the utilization (i.e. distribution) of energy sources could significantly
contribute to the proportion of energy applied to any electrical power requirement (Sanchez,
2006). However this can only be achieved through effective management and modeling of
reliable and frequently updated information. For renewable energy sources to significantly offset current fossil fuel plants, the operators must have complete confidence in forecast models.
This can only be achieved through advanced control and optimization strategies that place
renewable energy systems in the global energy market. This is of interest to energy generators,
operations, schedulers, distributors and energy traders.
As a result of providing a better data processing and distribution system for the pre-existing
satellite infrastructure, the energy capacity for both renewable and non-renewable sources can
be improved. This ultimately creates energy savings as less energy is lost in the
transmission/distribution, and there is an increase in supply consistency. Using currently
available capabilities provides the advantage of technologies that have been calibrated through
successful mission operations. This provides a technologically feasible and reliable system that
serves to increase the energy output and distribution potential for both renewable and nonrenewable sources.
4.1.2

Business Assessment

In applying short-term forecasting to both renewable and non-renewable sources a potential
exists for maximizing the economic extraction, distribution and consumption of energy. The
current inaccuracies in weather (i.e. temperature) forecast can result in local utilities generating
either too much or too little energy. Either way, profits are lost. Current estimates state that
imperfect forecasts can impact the electrical generation industry as much as US$1 million per
degree Fahrenheit per day (Avery, 2004). The exact cost of imperfect forecasting depends on
the market price of electricity. This is further dependent on the efficient consumption of energy
scheduling and electrical trading. With the implementation of a short-term prediction system, a
methodology would be in place for producers and distributors to effectively manage their
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resource, thereby reducing total energy costs. This would have the further effect of reducing the
end-user price.
Furthermore, using a pre-existing system in-orbit has the additional benefit of providing a
system with a negligible time to market. It must be acknowledged that potential adaptations in
the back-end data processing and distribution would be required, and these would require time
and capital investment. The most significant capital outlay required to develop and implement a
short-term prediction system would be its back-end processing and data-link availability.
Globally, a low capital investment would be required.
4.1.3

Social Impact Assessment

The universal requirement and application of energy has built a society whose quality of life is
dependent on reliable energy. Demand comes from every segment of industry, economy and
society. This need is common between developed and developing countries. Any deviation from
nominal supply poses direct risk to public health and welfare (Avery, 2004). Black outs can have
a disastrous effect on the transportation infrastructure (i.e. traffic lights, congestions), medical
facilities and any refrigeration systems. In 2003, the miscalculation of energy demand created a
widespread electrical black-out in Northern America and Canada. Approximately 50 million
people were affected and losses were estimated to peak at US$11.8 billion (Avery, 2004). The
blackout was due to a seasonal peak in energy demand when the desire for air conditioning
exceeded the in-situ capability of the electrical supply systems during summer.
The sharing of remotely sensed data can result in the generation of economic growth. The
majority of remotely sensed public data is sold on the commercial market. For example, each
Landsat image is sold for approximately US$600 each (Harris, 2003). To truly benefit from this
sector, each operator must not only acquire useful data, but also the necessary services and
infrastructure to transform this data into information. This provides the potential for
improvements in local services and the generation of employment within the technical domain.
Furthermore, the use of pre-existing satellite systems eliminates the need for additional launches.
This reduces carbon emissions and other negative ecological influences generated by the space
sector.
Based on the perceived benefits of remote sensing applications, day-to-day monitoring and
prediction of the atmospheric variables (i.e. through weather forecasting) is widely accepted. The
extent to which society supports the use of remote sensing is expected to increase with the
availability of public imagery and common assessment tools.
4.1.4

Policy and Law Assessment

Uncertainty about the availability of energy-producing resources can cause fluctuations in energy
prices and has the potential to exacerbate world-wide political tensions. Despite the fact that
principles of overflight dictate that multi-temporal coverage of data over large fields-of-views do
not compromise national sovereignty, this could lead to issues of national and international
security. Political conflict may arise from a lack of willingness to share remotely-sensed data,
particularly if the data relates to situations of national crisis or to militarily sensitive areas
(reasons relating to national security, foreign policy and/or international obligations). If the
latter is the case, then any privately owned remote sensing platform would be subject to ‘shutter
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control’ or government censoring of remote sensing data. Disputes relating to privacy, law
enforcement, ownership, and use can arise.
In the public sector, according to the 1986 UN Principles on Remote Sensing, once the data has
been processed and produced the sensed states shall have access to the data on a nondiscriminatory basis and at a reasonable cost. The former issue is a key point for developing
countries that may not have the financial or technological means to develop their own remote
sensing capabilities. With the common distribution of public data, the issue of liability arises.
This mainly focuses around the distributor(s) providing reliable, timely and accurate data. If
transmitted data is not accurate and monetary value has been exchanged, then contractual
obligations would need to be enforced to protect the customer’s rights.
4.2

Energy Management via Telecommunication and Navigation

Although telecommunication does not play an important role in energy resource location, it is
critical for orchestrating the balance between energy supply and demand. As the number of
renewable-energy sources grows, power transmission mechanisms of the future will become
more decentralized to cope with naturally dispersed and intermittent power systems (Buchholz
& Styczynski, 2006). This means physical energy sources, such as wind turbines and solar arrays,
will be smaller localized units dispersed over large populated and unpopulated areas.
A good example that demonstrates the importance of telecommunication in dispersed
renewable power sources is wind-powered energy. Wind is becoming a more significant power
source as it develops into the realm of multi-megawatt generation capability and significantly
contributes to overall power generation systems. The distributed nature of wind power often
covers large remote geographic areas, sometimes even offshore, and thus requires reliable
telecommunication and interconnections with the electrical grid in order to monitor and control
the produced energy. (Liu W., Zhang & Liu N., 2008).
Since wind power is becoming more significant as a source of energy, it is important to enhance
its reliability and lifetime because it is a significant driver of the cost of electricity. If equipment
failures are detected at an early stage, the resulting damage can be mitigated and the repair
requirements can be reduced. This is especially important for off-shore power plants that are
difficult to access and have a long lead time for new parts. Thus, telecommunication is not only
important for monitoring the output and control of the wind turbine, but also for condition
monitoring and early failure detection. (Anaya-Lara, Jenkins & McDonald, 2006)
Navigation systems also play an important role in site evaluation in coordination with remote
sensing data. For example, satellite navigation systems can help ground-truth remote sensing
data when trying to locate optimal solar flux for solar-concentrated thermal power sites. Having
precise ground coordinates to verify satellite data allows placement of arrays with a precision
sufficient to account for details such as obstacles creating shadows within a given field of view.
Shading from trees, hillsides and other obstructions are significant barriers to energy production,
so precise site evaluation is therefore one of the most critical aspects of the energy generation
process. Proper site evaluation can only be done by on site survey, in which handheld GPS is
used to collect the position, height and elevation of obstacles as inputs for shading analysis. In
the case of solar-concentrated thermal power sites, this allows for the determination of total
access time to the sun, array position, and optimal orientation to best predict and achieve total
power output. (Galli & Hoberg, 2009).
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As mentioned earlier, with the number of distributed generation plants increasing, humanity
needs new ways to monitor, control, and optimally dispatch electric energy from renewable
sources. Most of these renewable energy sources are effectively intermittent power sources.
Thus, it becomes important to design systems that can measure electricity quality from a
distributed area in a synchronized fashion. A synchronized source should have continuous
uninterrupted availability and be accessible to all sites among which the data are to be compared.
Currently, time-stamping with GPS is the only system that has the availability and precision for
most distributed monitoring and control systems. Time-stamping makes use of synchronized
phasor measurement units (PMU), which can be placed in a power plant and along transmission
lines to measure the magnitude and phase angle of electrical sine waves, thereby reflecting
power quality and system conditions (Carta, Locci, Muscas, & Sulis, 2008).
In terms of power services, telecommunication also plays an important role as a data collector
from remote areas that do not have telephone coverage or cellular networks, for example in the
case of Rio Grande Electric Cooperative which provides power across large barren terrain. Rio
Grande would have great difficulty checking and servicing manually its entire remote substation,
a task that would consume a lot of maintenance crew and driving time. In this case, the
companies concluded that satellite communication is more cost effective than installing longrange telephone lines (Schneider Electric, 2008).
Another area that telecommunication can help improve on energy exploitation is to act as a
back-up communication link for a power plant in case of an emergency or communication
system breakdown. For example, during Hurricane Katrina communication was disabled
immediately following the hurricane’s landing. In this case, it took several weeks before normal
communications were restored. It is vital for power plants to operate around the clock, so
communication networks are indispensable (Cisco System, 2005).
The future application of satellite communication is to promote real-time direct
electricity/energy usage feedback via distributed electricity measurement from each household,
between power providers and their household customers. This data can also help consumers
conserve by making the association between their behavior and their electricity/energy
expenditure more apparent. Currently, consumer feedback occurs only once a month by means
of an electricity bill, which is an indirect and reactive feedback mechanism (Electric Power
Research Institute, 2009).
4.2.1

Technical Assessment

Telecommunication technology helps in the monitoring and control of increasingly dispersed
power generation plants for more accurate power dispatch. This reduces losses in the system
and also helps to monitor plant conditions for early failure detection, thus improving the useful
life and efficiency of distributed energy generation systems and essentially reducing the cost of
electricity.
Beyond traditional navigation purposes, GPS has a side benefit in the usage of its very accurate
atomic clock. It can be used as synchronization for phasor measurement units (PMUs),
instruments used to monitor electrical consumption and quality. These PMUs are distributed all
over electrical transmission networks to detect electrical usage anomalies and blackouts. Thus,
GPS plays an important role in efficient electrical generation and distribution. GPS can also be
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used in power plant site surveys that are sensitive to location considerations, such as solar
thermal plants whose power output directly relates to access time to the sun and shading from
the plant’s surrounding.
Neither communication satellites nor GPS are new technologies, and their applications are
increasingly more accessible due to wide societal use and decreasing price. With the complement
of traditional wide-area networks currently used, satellite communication is also an alternative
communication choice in areas that do not have cellular or phone coverage. Satellite technology
also has good reliability once it achieves orbit, since it has relatively low interference risks, unlike
ground networks that are susceptible to damage due to ecological changes and natural disasters.
4.2.2

Business Assessment

Satellite communication and navigation technology is readily available, but it is relatively
expensive compared to conventional ground based solutions such as LAN/WAN systems. As
prices descend, these technologies will gain potential for use in continental wide-area
applications such as data collection and broadcasting. In some cases, using satellite
communication is cheaper than installing a landline in remote areas. The decreasing cost of
launch vehicles and the development of new technology that improves the efficiency of satellites
will be significant factors in driving the cost down.
4.2.3

Social Impact Assessment

Support technologies for the distribution of power generation plants that can be connected to
power grids translate into new business opportunities and job creation for people that live in
remote areas. Navigation systems also provide economic value in terms of services and
applications, leading to the emergence of new enterprise and business opportunities. Satellite
communication is currently the biggest economic sector in the space industry and has been
forecast to continue growing in the future.
In terms of environmental impact, despite the fact that telecommunication and navigation
satellites require a high orbital altitude, around 20,000-30,000 km from Earth’s surface, and thus
require a rocket launch with ecologically harmful fuels, these satellites play an important role in
many environmental initiatives and emit no pollution at their application site.
4.2.4

Policy and Law Assessment

In the case of communication satellites liability issues arise during launch, and in the event of a
collision of space objects. The legal and political consequences are regulated by the Liability
Convention of 1972. It is regulated by the International Telecommunication Union (ITU) which
provides frequencies and slot allocations. Without ITU permission no satellites can operate. The
ITU Regime is also used to mitigate interference of the channels used.
Space technology is inherently dual-use and technology transfer is regulated mainly on a national
level. There are several countries that adopted some policies and laws related to technology
transfer. While in general several peaceful technologies do not pose significant issues, export
control varies largely by country.
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5 IMPROVING ENERGY CONSUMPTION
Energy consumption refers to the myriad ways by which energy is used in order to achieve a
particular purpose. This consumption inherently involves inefficiencies, which by definition do
not serve an immediate useful purpose and can actually have harmful products, such as emitted
pollution. Energy consumption includes activities such as transporting goods and people,
heating, cooling, lighting, and powering machinery or equipment. The intent of this section of
the report is to investigate space aid solutions that can improve the efficiency of energy use in
these activities and to minimize the overall amount of energy energy consumed.
5.1

Traffic Management

Currently, space assets that are directly related to transportation are global positioning systems
(GPS) integrated with geographic information systems (GIS) for route planning. These are the
GPS units commonly available for purchase that use current location measurement via GPS to
determine a route to a destination in coordination with GIS maps that include roads. This
integration has been rapidly developed and widely used in recent years. It has resulted in reduced
time of travel and overall energy usage from transportation.
GPS/GIS not only benefits individual usage but can be applied to vehicle fleet management
where owners of several vehicles want to monitor the usage and progress of the transportation
at any given time. A good example of this is a public transportation system that has a large
number of vehicles in the fleet. For example, DART (Dallas area rapid transit) has 2,500
vehicles of which 1,420 are buses and carries a total of 175,000 passenger on weekdays over 700
square miles. In this system efficiency can be improved with better planning and management.
The same benefits are available to taxi and emergency vehicle fleet management, where data is
used to select the vehicle that is nearest to the customer (G.Mintsis, S.Basbas, P.Papaioannou,
C.Taxiltaris and I.N. Tziavos, 2003).
Another application of the technology is mapping of national and provincial roads and train
networks with centimeter or better spatial resolution. This is possible when a vehicle is
equipped with a GPS receiver and an additional dead reckoning device (G.Mintsis, S.Basbas,
P.Papaioannou, C.Taxiltaris and I.N. Tziavos, 2003).
As the automobile industry is one of the major energy consumers, there is a lot of work that can
be done to reduce energy usage. City traffic jams are a significant waste of energy. The problem
usually occurs due to overload of main city streets when alternative routes are not well known to
drivers. With current navigation systems, the problem becomes even worse. On board GPS
devices tend to choose the route considered most direct for drivers. However, most GPS units
have similar path creating algorithms. This results in a concentration of cars on main streets and
can worsen the traffic situation of a city.
The problem occurs because there is no feedback to the on board GPS about the current traffic
information and destinations of other travelers. The planned route of a GPS cannot be
optimized for the individual user without considering the global traffic route. This system would
require a new model for city navigation systems including a space component, ground
infrastructure, and end user.
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The space section consists of GPS/GNSS systems, and satellite communication systems.
GPS/GNSS systems provide vehicle position information. Satellite communication systems
provide the communication between cars and a traffic control center.
The ground infrastructure required consists of Traffic Control Centers (TCC) and terrestrial
wireless communication systems (usually GPRS/3G network). TCC is the location where traffic
information is gathered from individual cars. That information is processed together with an
existing traffic management system. Then the resulting information is broadcast back to cars
through either a ground network or satellite communication network.
The end user or vehicle has an integrated navigation device and a satellite transmitter and
receiver. Navigation devices are not only fed with the GPS/GNSS data, but also the traffic
management data from TCC. In the end, street selections will be made using data on possible
routes and other vehicle behavior.
5.1.1

Technical Assessment

For the space part of this system, all necessary infrastructures already exist and GPS navigation
is already commonly used in vehicles. There are many satellite communications providers and
this technology is also at a high technology readiness level. Inmarsat provides Broadband Global
Area Network (BGAN) service that can be used for this purpose. BGAN is a mobile broadband
access service. Short message information from each terminal (vehicle) can be sent to the
control center via BGAN, in additional to land-based wireless communication systems.
On the ground, TCC infrastructure requires significant development. An intelligent system
needs to be designed that can gather information from vehicles, and process data automatically.
End user devices will not need significant changes from current GPS route planning units. It is
the integration of current GPS techniques, satellite terminals, GPRS/3G terminals, and software
that is the challenge to implementing this system for traffic management.
5.1.2

Business Assessment

Since the space section consists of GPS and telecommunication satellites, both systems are
already built and running fully functionally. They are already in the market. However, the
required communication satellite systems might need to be adapted to the proposed scenario.
One year will be sufficient time to implement this infrastructure.
The end user section consists of GPS devices that already exist. It is necessary to develop new
navigation systems that integrate with current GPS, and the information that would come from
communication with TCC. Also intelligent mapping software must be developed. One year will
also be sufficient to develop this technology.
The ground section transmits data to the Traffic Control Center through the Internet by satellite
service providers. It is also integrated with ground wireless communication terminals
(GPRS/3G). Data centers must be built for storing huge amounts of traffic data. Intelligent
software for traffic management must be developed. Redundant communication systems must
also be developed. Regarding this criteria, it is assumed time to market is two years.
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The total cost for a city to build this system will consist of:
•
•
•
•
•
•
•
5.1.3

Building the infrastructure of TCC
Computing and Data Centers
Leasing of the Satellite communication
Leasing of GPRS/3G communication
TCC Software development
GPS communication terminal (Satellite and GPRS/3G)
Intelligent GPS navigation software

Social Impact Assessment

Minimizing vehicle operation on the street is a key point in saving energy. Every 30 minutes a
car idles consumes around 0.3 liters of gasoline. A car with an eight-cylinder engine will
consume 3 times more fuel, almost 1 liter. With certain assumptions an estimate of the gas and
emissions savings can be made.
Assume a scenario of virtual city traffic:
•
•
•
•
•
•

Main streets of the city are loaded to 50% of their designed maximum traffic load.
During rush hour, this traffic is the maximum load for maintaining continuous
driving
Average normal driving time for a car in this city is 1 hour
During rush hours there are 500,000 cars in the streets
If using current GPS for navigation. 80% of the cars will be directed to main streets
If using the proposed feedback GPS navigation main streets’ traffic will be reduced
back to the normal level of 50% of traffic
Idle time gas consumption is 0.6 litre per hour

A calculation of energy savings on this virtual city shows 80% of the main street traffic will
make the average driving time extend 30% more on main streets. That will be around 20
minutes idle time for each car. Considering an hourly consumption of fuel is 0.6 liter, the city
could save up to: 500,000 x 20 / 60 x 0.6 = 80,000 liters.
80,000 liters of gas every day will be saved in this city if this feedback navigation system is
implemented. That is about 29,000,000 liters every year. Assuming about 1.2 Euro/Liter, It can
save about 35 million Euros each year. From an environmental impact point of view, this
technology will significantly reduce CO2 emissions. Each liter of gas generates about 2.3 kg of
CO2 so 80,000 liters of gas will save 66,700,000 kg CO2.
Economically, this system will directly save people gas by reducing traffic. However the impact
extends to the new industry that will be created by the development required for ground
infrastructure. Software development and operation of TCC will require manpower and create
jobs that did not previously exist.
There are no barriers to implementation from a public support viewpoint. The technology is
already in use and GPS units are widely considered a beneficial tool. Improving the current
system to make it work better should not create a negative reaction to the technology.
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Policy and Law Assessment

In 1991 the US government revised export regulations, making a clear delineation between
military and civil GPS receivers. Under the revised regulations, military receivers continue to be
treated as “munitions” with strict export restrictions, while civilian receivers are designated as
“general destination items” available for export without restrictions. (Pace et al., 1995)
There will be some concerns regarding privacy issues. There is potential of tracking vehicles in
real time, since this data is sent to TCC. However this can be avoided by in two ways:
•
•

Policy should be made in advance. Limit the access of this system only to
authorized organizations
Use encryption for data transmission

The data that is available to operators at any given moment will be limited for security reasons.
Complete raw data sets should be classified and will require higher authorization for access.
5.2

Telepresence

Space assets can reduce the overall need for transportation by using satellite communication for
data transmission and collection in remote areas where phone/cellular networks are not
available. One example is a power company that provides the electricity to over approximately
70,000 km2 of barren terrain. For standard upkeep services remote substation maintenance
crews routinely must drive seven hours each way. The company found out that the cost to
running a phone line to each of these remote substations plus the usage fees of these lines is
more expensive than employing a satellite communication service. This lowers the cost of
travelling and services and improves the monitoring of remote substations (Schneider Electric,
2008).
Finally, road travel can be greatly reduced by the use of telecommunication systems called
telepresence. One example is a Colorado Department of transportation (CDOT) employee who
had to regularly drive to other offices throughout the state to meet senior management or
engineering specialists. He regularly faced at least 7 hour drives with good weather and full days
of driving with poor weather conditions. Telepresence technology allowed his office to save
about 1 million US dollars a year on travel cost alone before considering the productivity of the
employee and integrity of the companies (Polycom, 2009).
Teleconferences can be particularly beneficial for short duration communication without
significant planning as opposed to spending time and money coordinating travel plans for
several people.
5.2.1

Technical Assessment

The technologies are readily available and widely implemented in both big and small companies.
Teleconferencing can be implemented with free software through the internet or more
professional systems that include high definition sound and video via satellite communication.
With advances in mobile and personal computing, it is also possible to reduce expenses by
letting employees work at home. This reduces traveling cost and office space, saving both
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money and energy at the same time.
5.2.2

Business Assessment

As mentioned earlier, users can choose either to use freeware from the internet or pay for more
professional systems. This will determine if the time to implementation is minutes or weeks.
Since the technology is currently ready, there is no time to wait. Businesses must take advantage
of these systems for the financial gain they offer.
5.2.3

Social Impact Assessment

The reduction of traveling is not only for the benefit of the companies or individuals involved
but it also benefits the global energy and climate situation. Traveling is a significant contributor
to carbon emissions. For example, airplanes contribute 3.5% of human greenhouse gas
emissions. A flight from London to New York, (11,000 kilometers), releases 1.4 tons of carbon
dioxide.
In particular for businesses, money saved on transportation can be significant. Especially since
divisions such as information technology and manufacturing often have separate locations, high
fidelity telecommunication can eliminate the need to have people physically travel from one to
the other.
It is difficult to assess the public opinion of telecommunication to replace transportation. While
many people want to be able to work from home to save money and be with their families,
people are inherently social. Businesses often rely on human interaction for success. The energy
and environmental reasons to reduce travel are compelling and there is great opportunity for
positive impact due to the amount of non-critical travel that could be eliminated. However this
technology has been available and inexpensive for several years. The lack of significant
transformation from transportation to telepresence indicates there will probably never be a
complete replacement to physical transportation.
5.2.4

Policy and Law Assessment

There is no policy or law that regulates the use of telepresence/teleconference technology but
there are increasing concerns in the carbon footprint generated by transportation. It is becoming
more common for people to calculate the carbon footprint of their travels. It could potentially
be extremely beneficial to have a policy of regulating carbon dioxide emissions from travel. One
way to implement this would be to add the price of the necessary carbon offset into
transportation tickets.
5.3

Monitoring Waste Energy

No energy source is 100% efficiently used. All modes of energy usage produce some waste. For
example, illumination and fuel combustion, and their energy waste will create light and heat.
Creating maps of night-time light and waste heat on Earth can provide information on human
economic activity, and help to locate significant energy consumption inefficiencies. Remote
sensing technology can play an important role in this area.
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Technical Assessment

The Defense Meteorological Satellite Program (DMSP) Operational Linescan System (OLS)
sensor is currently the most important space borne sensor imaging settlements at night on a
consistent and regular basis. It was originally designed to measure lunar illumination reflecting
off of clouds at night in order to aid night-time aircraft navigation. However it was found that
on evenings when there was a new moon, the satellites were sensitive enough to record the
illumination from city lights (Christopher, 2008).

Figure 5-1: Global night-time light imagery (NGDC, 2004).
The other space borne source of night-time light imagery comes from astronauts aboard the
International Space Station (ISS), using a handheld camera Kodak DSC 760 camera. Although
drawbacks of this include a lack of consistent spatial resolution, the night-time light images from
ISS are more clear and bright than those produced by DMSP (Christopher, 2008). An example
of global night time light imagery is shown in Figure 5-1.

Figure 5-2: Light pollution from London (NASA, 2008).
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With night-time light imagery, economic activities and energy consumption on a global scale can
be mapped clearly. Combined with data on the population and economic level, the energy usage
efficiency in a certain area can be estimated. For example, the U.S. was found to have highest
amount of lighting per unit of economic activity (Christopher, 2008), see Figure 5- above.
In the future, systems that have higher spatial resolution and less vulnerability to cloud cover
will allow for improved night-light remote sensing. The models used for integrating this data
with other geographic, economic, and social datasets must also be improved.
An urban heat island (UHI) is an urban area with a higher thermal footprint than surrounding
rural areas. This effect is generally caused by changes to land due to urban development. Waste
heat generated by energy usage from factories, buildings, and transportation is a secondary
contributor. Furthermore, the urban heat island effect often results in a higher energy demand
for air conditioning and refrigeration since the local environment becomes unnaturally warm.
There are estimates that a dense city such as Los Angeles loses approximately US$100 million
per year in energy due to UHI. (Sheng-chieh Chang, 2000), see Figure 5- below.
Since waste energy is an important contributor of UHI, remote sensing UHI can help to
determine the energy use efficiency in certain areas. High spatial resolution remote sensing
satellites allow detailed analysis of the Earth’s surface and detection of phenomena such as UHI.
Gallo et al. (1993) used the Advanced Very High Resolution Radiometer (AVHRR) to study the
correlation between surface temperature and vegetation index and urban and rural areas for 37
U.S. cities. The use of satellite sensor data allowed for more consistent and higher spatial and
temporal resolutions of sampling as compared to in situ data or airborne sensors.

Figure 5-3: Sketch of an urban heat-island profile (NASA/GSFC).
Though there are many advantages to using remote sensing techniques, several considerations
must be made when applying such methods to study the urban heat island effect. Remote
sensing satellites produce datasets on Earth surface temperatures- not air temperatures as
51

Space Aid for Energy Needs on Earth

Improving Energy Consumption

ground based measurements often are. There are several factors that make thermal remote
sensing difficult to accomplish accurately. Surface composition, angle, and reflectivity vary
widely, over the earth’s surface and especially man-made objects. In addition topographic
variations make data sensitive to satellite azimuth angle and require precise knowledge of
satellite position and orientation for calibration. Overall this makes thermal remote sensing data
easy to obtain but difficult to calibrate (David R. Streutker, 2002).
After getting the remote sensing data of UHI, how to separate anthropogenic heat discharge
with natural heat radiation is still a challenge. There have been some methods developed to
overcome this issue, for example, as explained by Soushi Kato’s (2005) article “Analysis of
urban heat-island effect using ASTER and ETM+ Data”.
5.3.2

Business Assessment

There are no obvious business obstacles for monitoring waste energy with remote sensing
technology. All the launch vehicles, satellite platforms and service payloads are mature
technologies for the space industry, despite the need to improve resolution capability. The most
accurate analysis models for calibrating remote sensing data are able to predict absolute energy
consumption. This is an essential step to making this technology particularly useful in the public
market. As it is difficult to consistently account for all the various factors effecting data, it may
still be 2 to 3 years before this process can be automated.
5.3.3

Social Impact Assessment

Remote sensing waste energy has limited negative environmental impact, limited to the costs of
manufacturing and launching satellites. However this technology provides essential information
necessary to quantify and help reduce the energy problem by looking directly at human energy
consumption. In addition night-time light imagery can contribute to mapping and monitoring of
greenhouse gas emissions by correlating light output to carbon dioxide (CO2) emissions Elvidge
et al. (1997). More broadly, Toenges-Schuller et al (2006) used the stable light data set as a proxy
for the pattern of NOx emissions.
One thing that may reduce public support of this technology is increasing resolution for remote
sensing satellites creating concerns of invasion of privacy. It also would allow individual
consumers to be pointed out as wasteful. Saving energy sometimes means giving up the
conveniences of everyday life, and holding people responsible for wasteful behavior may be
difficult to enforce. However, energy security is a global issue related to human sustainability. It
is expected that public support for this sort of technology will increase with more education and
promotion of current energy issues.
5.3.4

Policy and Law Assessment

The individual privacy concern for remote sensing energy consumption can be solved by a
special law to authorize the data access. The more difficult issue is to determine an energy usage
quota for a certain region according to its area, population, and economic level. There is
incomplete data in these fields, and there is no set algorithm for predicting a reasonable amount
of energy for a given population to use. Scientists may measure the energy waste in a given area,
and look to optimize energy usage efficiency. In creating an energy quota of some kind it is
necessary to balance the different needs of developed and developing countries. It would also
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be necessary to determine how to enforce this quota and the appropriate punishments for
violating a determined energy allotment.
5.4

Thermal Materials

Another spin-off of the Space industry is the utilization of material with high insulation
capabilities for various terrestrial applications. NASA has developed a new aerogel material in
partnership with a private company in order to protect parts of the US Space Shuttle. The
material is made of an aerogel composite and a unique fibre matrix. The aerogel is a highly
effective insulation material for houses. When sandwiched between the stud and a dry wall it
separates the thermal bridging, breaking the thermal conductivity. This material provides the
highest known thermal protection on the market. The aerogel increases the insulation factor by
42%. It can provide interesting savings on energy costs and decrease energy related CO2
emissions (Ernest, 2009).

5.4.1

Technical Assessment

In the US, approximately 50% of the total annual energy consumption and greenhouse gas
emissions are a direct result of the construction industry. 40% of energy consumption within
dwellings and offices are used to control the temperature. Furthermore, 30% of the total energy
currently escapes through the conventionally accepted insulation practices of stud/dry walls.
This loss is known as thermal bridging (Ernest, 2009). Thus, through improved transmission
efficiency and energy capacity improvement a significant amount of energy saving can be
achieved.
The aerogel is a fully developed and verified technological solution for enhancing the thermal
insulation properties of buildings. The product is currently available on the market. Through
applicable testing necessary for release onto the open market, the aerogel offers a reliable
solution to reducing energy waste. The thermal properties do not react with moisture, mould or
water. This creates an end product with a large lifetime.
5.4.2

Business Assessment

According to LJ Avalon LCC (2008), “... adding the aerogel to a 2400 ft2 Las Vegas residential home
with […] wood siding should result in a $746.00 annual energy cost savings.” It has unfortunately not
been possible to obtain a pricing for the installation price of this insulation on such a house.
However, if the return on investment time is approximated to about 2 years, then the
installation price of such an insulation system on a household is about $1,500.
Data from the U.S. Department of Energy (2008) states that the average energy consumption of
a household in the U.S. is 936 kWh/month. On average, the energy cost is about $0.12/kWh.
As mentioned above, insulating a typical Las Vegas house with this aerogel foam results in about
$746 energy savings per year. A quick calculation with these values reveals that these savings are
equivalent to 6.177 kWh/year of saving. If the total installation cost mentioned above is divided
by this energy consumption, the annual energy saving is approximately 4.11 kWh/$.
The aerogel insulation technology was developed as a joint project between Aerogel Energy and
NASA. An approximation of the time to market for this product can be made by looking at the
53

Space Aid for Energy Needs on Earth

Improving Energy Consumption

development time of the first Space Shuttle since that is when work may have started on the
material. According to Century of Flight (2009), four and a half years passed between the
beginning of the space shuttle program and the first shuttle launch. This time to market is of the
order of 4½ years.
5.4.3

Social Impact Assessment

In the marketing, manufacturing and distribution of aerogel the potential exists for increasing
jobs and the wealth of the insulation market segment.
Aerogel offers a method of providing a thermal effective insulation material. This material is
marketed as being 100 % recycled and in addition to its thermal properties, contains no ozone
depleting substances.
Since the aerogel is a commercially available product, its current implementation onto the
construction industry is highly dependent on the consumer choice and furthermore their desire
to choose (and afford) an environmentally sustainable product.
5.4.4

Policy and Law Assessment

Thermal insulation technology does not pose any risk for liability. The technology is
environmentally friendly and contains no substances which could be harmful to the health of
humans. The chances of political conflict arising is not foreseen, as this technology does not
have dual use capacity, and does not contain materials that may be classified as dangerous
substances. Thermal Insulation has already been registered as a patent with the United Patent
and Trademark Office, as a result, any company that desires to adopt this technology, especially
for commercial reproduction of the technology has to apply to Acoustiblok Corporation the
company that owns the license for the technology. The consequence of this is that the transfer
of technology will depend on Acoustiblok policies on technology transfer, the United States’
numerous laws on technology transfer, and obtaining approval from the Federal Trade
Commission, the Department of Commerce, and the International Trade Association. This
process is cumbersome and will make transfer of technology difficult.
5.5

Carbon-Free Aerial Transport

Solar-powered aircraft provide a unique perspective for emission free air transport drawing
energy from space. While this is a significant advantage because of the energy savings, the fact
that the air transport system would be dependent on continuous visibility of the sun imposes
serious challenges. For example, the flight duration and range would get constrained by the
availability of solar power and its power storage capability. Solar power is not or sparingly
available during night, due to clouds, haze and at high latitudes. Hence, in order to make the
technology viable and sustainable, there is a need to supplement the solar derived energy
through onboard energy storage or supply from land or space. There are two primary ways to
do this:
1. Energy for flight from solar arrays (photovoltaic system) mounted on wings and fuselage
2. Energy augmentation devices for night/high latitudes/high energy mission operations, such
as rechargeable batteries, on-board fuel cells, power beaming from ground stations, or
power beaming from satellites that collect solar energy
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The solar-powered aircraft would be a standard wings-fuselage arrangement with an electric
motor driven propeller-based propulsion system. The main components of the propulsion
system consist of the solar array (photovoltaic array to generate power from the sun), rechargeable battery, fuel cells, power controller, electric motor, gear box and propeller system.
Photovoltaic cells, which are located in the wings, tails and fuselage, convert incident sunlight
into electricity. This is directly utilized for aircraft operations and when in surplus, stored in the
batteries. The power requirements are determined by the thrust requirement, required lift to
drag ratio, wing and propulsion system efficiency, the control power requirements,
communication, navigation and payload power loads. The power availability is fixed by the array
sizing, cell efficiency for the given ambient temperature, latitude, atmospheric attenuation and
time of the year. Because both the aircraft’s available power (available solar flux) and its required
power (wind velocity to maintain station) are dependent on the environment, sizing the aircraft
for flight is an iterative process between variations in flight altitude and latitude and in the
geometry of the aircraft. The iterative sequence of the aircraft sizing is illustrated in Figure 5-4.
This figure shows the trade-off for the required and available power along with the aircraft
sizing and its flight environments.
Fairly large surface area (span typically 80–100 m) is required for generating power for cruise
velocities typically of the order 30 m/s (Flittie & Curtin, 1998). To offset this limitation, the
efficiency of the solar cells has to be increased to achieve a reduction in weight to unit energy
ratio. This allows for less surface area on the aircraft and lower drag, which permits better
controllability and a larger propulsive margin for acceleration. Ability for uninterrupted flight
has to be attained by collecting and storing more energy than that is lost during unlit conditions.
In short, the coupling of aircraft kinetics and energetics has to be optimized for establishing
uninterrupted flight and overall feasibility of the option (Colozza, 2000; Spangelo et. al., 2009).
Flight Environments
(Altitude, Latitude, temp. etc)

Power
Requirements

Available
Power
Design Parameters (wing
area, mass, aero efficiency)

Figure 5-4: Sizing of the carbon-free aerial system (Source: Colozza, 2004).
Fuel cells are electrochemical devices that convert chemical energy directly into useful electrical
energy. Fuel cells deliver electrical energy without any combustion products and hence are
suitable for tandem operations along with solar power for eliminating emissions. Fuel cells can
use gaseous hydrogen and oxygen as reactants and are cooled using heat pipes. For greater
sustainability, approaching uninterrupted flight, power from radio isotopes (Colozza A., 2000) is
also an option. This again is an emission free propulsive option. The two main radio isotopes
for this use are plutonium 238 and curium 244. Plutonium-238 is a standard material for general
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purpose heat generation and has a specific energy of 73.53 W/kg and a half-life of 87 years. As a
result there is little effect on the fuel depletion over a mission time of 2 to 3 years. On the other
hand curium-244 is not presently in production for heat production, but it has a high specific
energy (534.76 W/kg) and half-life of 18 years.
Another option to propel an aircraft without carbon emissions is to beam energy from the
ground to the rectenna/laser detector receiver mounted on the belly of the aircraft. The two
technologies that appeared suitable for beaming power are microwave and laser. Microwave
beams cannot be focused, which decreases the power delivered to the rectenna especially at long
distances. Thus, laser or clustered laser technology is a more viable option for beaming power.
One particular advantage of power beaming is the possibility to charge batteries or allow
recharging via fuel cells. Power beaming can even be used for augmenting the photo-voltaic
power during high power demand mission operations. Inclement weather conditions pose
severe limitations on power beaming to an aircraft but this could be offset by setting up several
ground stations along the track with adequate line of sight visibility. Selection and tuning of the
laser wavelength could allow the ground station to compensate for atmospheric losses. Another
option is to beam the power down from an orbiting satellite using a laser source (again microwave involves losses due to limited area of the collector in the aircraft). The orbiting power
station would be generating energy by solar photo-voltaic or solar thermal power, and directly
view the aircraft above the clouds. This is particularly applicable for high-altitude airships and
long endurance unmanned aircraft.
5.5.1

Technical Assessment

For air transport solar power is always available in a predictable form since the air transport
system is envisaged to cruise above cloud cover. At this altitude the atmospheric pollution is
extremely small and hence uncertainty due to atmospheric losses is very low. Variability in
power availability varies with day and night, latitude changes, and seasons. These are all
predictable variations and the vehicle would require relying on stored energy or fuel cells. This is
a disadvantage to an otherwise perfectly predictable and steady power supply.
The possibility for improving energy capacity is achieved by increasing the area of solar cells
(larger wing area). However this adversely affects aerodynamic efficiency and increases the
weight of the vehicle. The power available from the sun is limited to a fixed value of 1371
W/m2 (with predictable variations) so the possibility for capacity improvement is limited to
changing surface area and efficiency.
Today, a large surface area (span of the order of 80 – 100m) is required for generating power,
even for cruise velocities typically about 30 m/s. To offset this limitation, the efficiency of the
solar cells has to be improved while decreasing weight. Current photovoltaics have efficiencies
of the order of 30%. This is the greatest challenge of solar based propulsion for long-term
economic viability. Higher cell efficiency would reduce the array area and allow for lower drag
and larger power margin. On the other hand, improvement in energy density of batteries is
essential for optimizing the whole energy chain. This is to maximize the aerodynamic
performance provided by a larger wing span leading to more payload.
This technology is fully proven and has been used on more than 90 demonstration aircraft. The
technology to carry a meaningful payload on a commercial basis is not proven. Solar cells are
also very reliable, operating consistently for specified mission durations at designed conditions.
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Fuel cells, especially radio isotopes, require a lengthy and expensive development, and
production and certification processes would have to be completed.
5.5.2

Business Assessment

This transportation system has been studied for a long time, but at this moment the solar power
planes which have been demonstrated are too small to use for transportation services. The
speed of aircraft is not competitive to current transportation aircraft. Only technical issues have
been studied and it seems to be early to discuss details of making this technology financially
feasible. (NASA Dryden Fact Sheet (a), 2008).
If this technology can be developed to serve for transportation, the cost of it can be estimated
from $1 billion to $15 billion. This is the range of current cost for conventional aircraft
development (NASA Dryden Fact Sheet (b), 2008).
The quantity of energy which can be saved by these technologies will be changed by the scale of
aircraft and services. However if every airplane converted to solar power, the potential ability to
save energy is tremendous. The amount of time it would take from the present day for a
technology to reach full implementation can be estimated over 15 years.
5.5.3

Social Impact Assessment

The first solar powered airplane that flew was the Sunrise I designed by R. Boucher of
Astroflight Inc. (Newcome, 2004) in 1974. After that, numerous solar powered planes, manned
and unmanned have flown. The latest was QinetiQ Zephyr (QinetiQ Group PLC, 2008), an
unmanned solar power driven plane from the UK. A recent development is the use of a
regenerative soaring feature to save and collect energy. Already since the start of the
development of solar and fuel cell driven planes, a large part of the R&D has been done by
private companies often related to defense. Since the 70’s more and more companies became
involved and a small world market has emerged. Large scale cargo and human transport is not
possible yet, due to the low power delivered by solar cells, but the concept offers potential
commercial value to the remote sensing and telecommunication industry (SpaceRef, 2003).
Technology transfer from research institutes such as NASA to industry can help to increase this
commercial value. In the future it may eventually lead to ‘green’ aircraft which receive part of
their energy by solar power. Solar powered aircraft could support disaster monitoring and
similar beneficial services.
The development of solar airplanes (with or without additional fuel cells) perfectly fits into the
present efforts to reduce greenhouse gasses. The aircraft emits no carbon during flight and has
no direct environmental impact. At this moment only applications for remote sensing and
communication are foreseen. However, now serious efforts have been undertaken to make
commercial airplanes more environmentally friendly, by improving aerodynamics and decreasing
weight (e.g. Easyjet’s Ecojet, Boeing’s Dreamliner).
Solar-powered planes have a positive effect on public opinion. Not surprisingly, EasyJet and
Boeing use their more environmentally-friendly planes as a publicity tool. If people have the
possibility to fly “green” and if prices can compete with normal flight rates, solar planes have a
promising future ahead.
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Policy and Law Assessment

Policy issues exist with using beaming technology for powering airplanes. It is likely that a large
number of beams will be necessary for economic operations and accordingly, wireless power
transition regulations would be necessary to address interference, safety and other issues
(Dickinson, 2000).
The liability connected with wireless powering of airplanes would likely be governed primarily
by international and national aviation laws. The international regime would fall under the
International Civil Aviation Organization (ICAO). ICAO is a specialized agency of the United
Nations (UN). On the national level, each country has its own agency. Most countries regulate
aviation on the federal/state level. Relevant government organizations would have to issue
licenses for the use WPT. In the U.S., for example, the air traffic is governed by the Federal
Aviation Administration (FAA).
Liability could also be connected to disruption or interference with spacecraft- or aircraft
operations. For example, satellites are connected to ground stations via electromagnetic links.
These links are based on radio frequency (RF) or optical segments of electromagnetic spectrum.
Disruption of such links could lead to damage producing liability obligations (Baines, 2003).
Carbon-free aircraft technologies could be considered as dual-use, especially the laser- or
microwave-powering components. High-energy lasers (HEL) can degrade, even destroy, an
object on Earth or in space (e.g. sensitive components of satellites such as optical sensors).
Ground-based lasers could serve as a directed energy weapon. Specifically, lasers could, for
example, serve as an anti-satellite weapon (Colson, Johnson, Kelley and Schwettman, 2002).
Microwave beams can also pose security issues. High-Power Microwave (HPM) weapons
produce directed beams of microwave radio-frequency (RF) radiation. At a higher power levels,
satellite’s electronics can be overloaded and damaged. RF weapons systems can put at risk
geostationary and other satellites (Tellis, 2007).
Multilateral export control agreements as well as individual countries regulate the export and
import of certain dual-use technologies. The Wassenaar Arrangement on Export Controls for
Conventional Arms and Dual Use Goods and Technologies (Wassenaar Arrangement) list, for
example, includes high-powered lasers as an item to be subject to such control. In 2006, for
example, as a response to the emergence of new technologies (e.g. fiber lasers), the Wassenaar
Arrangement amended laser control to concentrate on the performance of the laser beam rather
than on specifying individual types (Overton, 2008). Accordingly, the Wassenaar Arrangement
and other multilateral export control regimes, as well as national import and export control
regulations compliance will be a necessary component for transferring wireless power
transmission technologies.
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6 TECHNOLOGICAL ASSESSMENT
This chapter presents the results for the scoring of the criteria for each technology option,
segmented into sources, distribution and consumption. Total scores are presented, followed by
general findings for each of the segments and broad policy responses are then suggested in line
with these findings. A caveat is also noted wherein long-term options are biased against and for
which special focus is given. The long-term options are of specific note, as they present the
potential for use as future technology options that can address our energy challenge.
6.1

Results

6.1.1

Calculation of Discipline Scores

Post-assessment, relative scores, ranging between 1 and 5, were assigned for all pre-identified
criteria for each of the options within a particular segment. The intermediate scores are linearly
scaled between 1 and 5. The practical implication of this is that there were three groups
separately assessing the options under each of the segments mentioned above. The outcome for
this exercise is presented in Table 6-1 for sources, Table 6-2 for distribution, and Table 6-3 for
consumption.

5
2
1
2
4
1

Technological
Reliability

3
5
4
4
3
5

Source Reliability

4
4
5
5
4
5
4
5
5
Resource Location
3
1
1
2
2
2
2
2
2
Space-Based Solar Power
1
1
3
1
1
1
3
4
3
Mining from Extraterrestrial Bodies
2
2
3
2
2
3
3
1
1
Reflecting Solar Radiation
5
5
4
4
5
3
4
5
5
Microbial Fuel Cells
4
5
4
2
3
1
4
4
3
Low Power Nuclear Reactors
Table 6-1: Criteria scores for energy source related technologies.

Technical
Energy Capacity
Improvement
Technological
Feasibility

Public Support

Economic Benefit

Time to Market

Energy Value

Environmental
Impact

Social
Impact

Business

Total Cost

Technology Transfer

Political Conflict

Improving Energy Sources

Liability

Policy and
Law

4
3
2
3
3
2

4
2
1
2
5
3

Table 6-1 shows the relative scoring for technology options classified as energy source, i.e.
options that have the potential to influence the net supply of energy. All criteria for policy and
law, business, and social impact were scored. For the technical discipline only the most relevant
criteria were scored and these included:
•
•
•
•

Technology capacity
Technology feasibility
Predictability
Reliability
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Technological
Feasibility

Energy Use Savings

Technological
Reliability

Technical

Public Support

Economic Benefit

Time to Market

Energy Value

Total Cost

Environmental Impact

Social
Impact

Business

Technology Transfer

Liability

Improving Energy Distribution

Political Conflict

Policy and
Law

4
4

4
5

4
3

4
4

5
3
3
5
3
5
4
5
Short-Term Resource Prediction
5
4
3
3
3
5
4
4
Electricity Management
Table 6-2: Criteria scores for distribution related technologies.

Table 6-2 shows the relative scoring for technology options classified as energy distribution, i.e.
options which have the potential to influence the energy carrying capacity. Again, all criteria for
policy and law, business, and social impact were scored. The most relevant criteria for the
technical discipline included the following:
Technology feasibility
Energy use savings
Reliability

Technological Feasibility

Technological Reliability

3
5
5
3
4
5
4
5
Traffic Management
4
5
5
4
4
2
2
2
Telepresence
4
3
3
5
5
4
5
3
Monitoring Waste Energy
1
2
2
1
1
2
4
3
Carbon-Free Aerial Transport
5
5
3
2
5
3
3
4
Improved Thermal Materials
Table 6-3: Criteria scores for consumption related technologies.

Technical
Energy Consumption
Savings

Public Support

Economic Benefit

Environmental Impact

Social
Impact

Business

Time to Market

Technology Transfer

Political Conflict

Improving Energy Consumption

Liability

Policy and
Law

Total Cost

•
•
•

4
5
3
2
4

5
5
4
1
4

4
3
3
2
5

Table 6-3 shows the relative scoring for technology options classified as energy consumption,
i.e. options that have the potential to improve the consumption efficiency. All criteria for policy
and law, and social impact were scored as usual. For business and management, however, it was
difficult to assess “energy cost”, as it was problematic to assign such a cost to technology
options, which in most cases do not form part of the energy value chain. For example, it is
difficult to assign an energy cost to the impact satellite applications will have on transportation,
as this depends on factors outside the scope of this study. The most relevant criteria for the
technical discipline included the following:
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Energy consumption savings;
Technological feasibility; and
Reliability.
Calculation of Total Scores

The total score for each technology option was obtained by calculating the average for each of
the four categories, i.e. averages for policy and law, business and management, social, and
technical, respectively. The four averages were then summed (without weighting) to obtain the
total score for the particular technology option under review. The total scores sorted in
ascending order for sources, distribution and consumption are presented in Table 6-4 along with
the associated average per discipline. Note that for ease of comparison, the averages and sums
are retained up to the second decimal place.
Policy and
Business
Law
Resource Location
4.33
4.67
Microbial Fuel Cells
4.67
4.00
Low Power Nuclear Reactors
4.33
2.00
Reflecting Solar Radiation
2.33
2.33
Space-Based Solar Power
1.67
2.00
Mining from Extraterrestrial Sources
1.67
1.00
Short-Term Resource Prediction
3.67
4.33
Electricity Management
4.00
3.67
Traffic Management
4.33
3.50
Monitoring Waste Energy
3.33
5.00
Improved Thermal Materials
4.33
3.50
Telepresence
4.67
4.00
Carbon-Free Aerial Transport
1.67
1.00

Segment

Options

Improving Energy
Sources

Improving Energy
Distribution
Improving Energy
Consumption

Social
Technical Total Score
Impact
4.67
4.00
17.67
4.67
3.75
17.08
3.67
2.75
12.75
1.67
2.75
9.08
2.00
3.00
8.67
3.33
2.00
8.00
4.33
4.00
16.33
4.00
4.00
15.67
4.67
4.33
16.83
4.00
3.33
15.67
3.33
4.33
15.50
2.00
4.33
15.00
3.00
1.67
7.33

Table 6-4: Averages per discipline and total scores per technology.
One should interpret the total scores with some caution, as different criteria were used in a
particular discipline for different segments. For example, “technical capacity” and
“predictability” were used in the technical discipline for energy source, but not in energy
distribution and energy consumption, whereas “energy savings” was used in energy distribution
and energy consumption, but not in energy source. The results are still useful, as they allow a
global perspective over the respective disciplines while taking stock of specific issues.
6.2
6.2.1

Findings
Improving Energy Sources

The general findings for energy sources can be summarized as follows:

ES-1

The most promising technology options are, (i) resource location and (ii) microbial fuel
cells. These options score high across all disciplines.

ES-2

For the low power nuclear reactor option the challenges lie in business and
management, and technical. Given the international trend and the security issues
associated with nuclear options, they are generally government-driven platforms, so
even though, business and management scored low, it is not an issue. The challenge
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with technical can be resolved by embarking on a strong research and development
drive.

ES-3

The remaining three options (mining from extraterrestrial sources, space-based solar
power and reflecting solar radiation) scored low in all disciplines. There are hurdles to
be overcome in policy and law, which could be resolved through refinement of the
existing legal instruments, especially at the multilateral level. The costs associated with
implementing these options, which are technically still in the development phase, are
expected to be exorbitant, and are high risk business ventures. Socially, people will need
to adopt these options. An awareness drive could help promote better public
understanding. The relatively low scores are somewhat biased, and these options could
be seen as long-term solutions that still need refinement.

6.2.2

Improving Energy Distribution

ED-1 There were only two options (electricity supply/demand measurement and short-term

resource prediction) for energy distribution. Both scored relatively high across all
disciplines. These options are currently being pursued at national levels in many
countries, but need to be embedded into the national energy system. Both options hold
promise and should be pursued and strengthened.

6.2.3

Improving Energy Consumption

Apart from carbon-free aerial transport, all other options scored relatively highly across all
disciplines. The findings can be summarized as follows:

EC-1

Carbon-free aerial transport scored relatively low across all disciplines. Enforcing
carbon-free aerial transport could be a contentious issue - it implies major investments
within the transport sector and would be purely voluntary given that there is no legally
binding instrument. Technically, although it conforms to the Clean Development
Mechanism under the Kyoto Protocol, it is not ready for implementation.

EC-2

The use of telecommunications to replace transportation performed relatively well
across all disciplines except social. Human nature and culture are overwhelmed by the
need for interaction at a personal level. Even though it makes sense in all other ways the
question remains as to whether it will be socially acceptable.

EC-3

Thermal material for improved insulation, monitoring waste energy, and traffic
management scored highly across all disciplines and are ready for implementation.
These options should be pursued as private sector initiatives given the underlying
business potential.

6.3
6.3.1

Analysis
Proposed Policy Responses

The primary customers for this study are national governments and international organizations.
These entities operate at the policy and strategic level. The method touches on a set of policy
options that is dependent on the relative scores of the respective disciplines. For this purpose,
the scores were transformed to “high” and “low”, high being 3 and above and low below 3. The
proposed policy options are shown in Table 6-5.
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Policy Response

Adopt technology option for implementation
by the private sector

Adopt as a government initiative that includes a research and
development program
Evaluate the social issues to assess whether these can be
mitigated and if positive then only adopt

Technological Assessment

Technology Options
Resource Location
Microbial Fuel Cells
Short-Term Resource Prediction
Electricity Management
Traffic Management
Monitoring Waste Energy
Improved Thermal Materials
Low Power Nuclear Reactors
Telepresence

Do not adopt - limited potential for success

Carbon-Free Aerial Transport
Space-Based Solar Power
Do not adopt - no tangible benefits
Mining from Extraterrestrial Sources
Reflecting Solar Radiation
Table 6-5: Policy responses for technology options.

Technology options that can be implemented immediately, as shown in Table 6-5, fall into two
categories namely:
•
•

Implementation by private sector – these options have business potential and should be
implemented by the private sector, which is more innovation driven than the public
sector.
Implementation as a government initiative – these options have limited business
potential, but yet hold promise in addressing the energy challenge. Government needs
to invest in order to mitigate some of the financial/market risk. Low power nuclear
reactors also present a security risk and should not fall into the hands of non-state
actors.

Telecommunications to replace transportation is an option that needs to be assessed from a
social perspective. If public support can be solicited for such an approach then the option can
be adopted for implementation. This obviously requires general public support for which
advocacy initiatives are critical for changing peoples’ mindset.
The options for which “do no adopt” responses are given should be looked at with caution, as
there is a bias in the analysis toward short-term solution sets. This bias is discussed further in
the next section.
6.3.2

Long-Term Technology Options

We note that our findings are biased toward short-term solutions. For example, the time to
market and technology readiness level criteria favor short-term solution sets, resulting in bias
against long-term technology options. Figure 6-1 maps the “Time to Market” scores against the
“Total Scores” and it is quite evident that there are two clusters of technology options. The
options that have lower “Total Scores” also have relatively low scores for “Time to Market” and
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are classified as long-term options. Likewise, options that have higher “Total Scores” also have
relatively high scores for “Time to Market”, and are classified as short- to medium-term options.
Relative Score for the Time to Market

6
5
4
3
Short to Medium Term

2
1
Long Term

0
0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

20.00

Total Score

Figure 6-1: Delineation of short- to medium-term vs. long-term technologies.
Table 6.6 below shows the long-term solutions and the short-term solutions that belong to the
respective clusters depicted in Figure 6-1. The recommendations proposed in this study for the
short- to medium-term technology options will apply, as suggested. The long-term technology
options warrant a special discussion and this could be summarized as follows (with the
exception of carbon-free aerial transport):
•
•
•

•

Technical – the technology options are also still in the development phase and require
substantial investment for research and development that will transform the technology
options into higher levels of maturity (technology readiness)
Business – these options are in the pre-competitive phase and provide limited return for
the level of capital investment required. The options can only be pursued as
government driven programs to mitigate the financial/market risks
Social Impact – there is a need to advocate for these technology options, as these ideas
might not have fully filtered into the public domain and the limited public opinion
might be negative. For example, beaming space-based solar power using microwaves or
laser beams might be perceived as dangerous
Policy and Law – there is a need for revision and refinement of international treaties and
conventions. For example, the Outer Space Treaty advocates for the peaceful use of
outer space, whereas some of the proposed technology options have potential for the
militarization of space
Microbial fuel cells
Resource location
Electricity supply/demand measurement
Short to Medium Term Short term resource prediction
Technology Options
Telecom to replace transportation
Thermal material for improved combustion
Monitoring waste energy
Transportation
Mining from extraterrestrial sources
Long Term Technology Space based solar power
Options
Reflecting solar radiation
Carbon free aerial transport
Table 6-6: Categorization of short- to medium-term vs. long-term technologies.
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For the carbon-free aerial transport option we note the following:
•

•
•
•

Technical – there are still some technical challenges that need to be overcome before
proper implementation. The development of such technology should be pursued at the
global level in order level
Business – there is no pressure to transform to cleaner aerial transport, so the business
opportunity is limited
Social Impact – socially, this solution would be welcome, as it would reduce greenhouse
emissions, which are of global concern
Policy and Law – implement this option, international standardization that sets ultimate
carbon emission thresholds for aerial transport must be established
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7 RECOMMENDATIONS AND CONCLUSIONS
This chapter is divided into three sections. The first section presents overarching
recommendations aimed at promoting the use and development of space aid solutions in
general and assisting decision makers in governments and international energy forums include
and prioritize space-related elements in their energy and environmental strategies. The second
section presents more specific recommendations aimed at promoting the development and
implementation of each option. The seven general recommendations are labelled ‘Rec I’ to ‘RecVII’ and the fifty specific recommendations are labelled ‘Rec 1’ to ‘Rec 50’. The last section
presents closing remarks on the study as a whole, a summary of findings and their significance
in the larger context.
7.1

Overall Recommendations

At the global level, decision makers wrestle with the dilemma of whether to invest efforts in
solutions that have a strong likelihood of generating useful benefits in the short-term or in
solutions that have tremendous potential, albeit of a somewhat uncertain nature, of generating
significantly higher benefits in the long term. This study recommends a balanced approach that
promotes a) the implementation of a subset of options that can have an impact on the problem
relatively quickly and b) investments in short-term intermediate steps that contribute to the
development of future solutions.
7.1.1

Short-Term Impact

Rec-I In order to have an impact on the energy and environmental problem in the short-term,
the space aid solution options selected for implementation must be effective and
sufficiently mature. From the thirteen options studied, the results of this study point to
the following four options, as the most promising solutions to make progress in the
near term:
1- Remote Sensing for mapping renewable energy sources
2- Microbial Fuel Cells
3- Traffic Management
4- Short-Term Resource Prediction
There are no significant road blocks on their path. They are technologically feasible and there is
sufficient business potential for them to be successful. They should be actively pursued right
away. Specific recommendations on how to promote the implementation of these options can
be found in section 7.2.

Rec-II Space agencies and departments of energy should collaborate more closely to conduct
comprehensive studies of this type frequently in order to keep abreast of energy-related
challenges, new space capabilities and potential spinoffs that could support energy,
environmental and space strategies. This would also allow for differences between
nations, in terms policy priorities, state of economy, and technological capabilities to be
better taken into account.
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Long-Term Impact

Rec-III

In order to have an impact on the energy and environmental problem in the long
term, the space aid solution options to pursue must have a very high potential for
impact and reasonable technological feasibility in order to warrant the investment.
The results of this study point to the following four options, amongst the thirteen
studied, as potential solutions most worthy of further development via intermediate
incremental steps:

1-

Reflecting solar radiation

2-

Space-based solar power;

3-

Low power nuclear reactions

4-

Mining resources from extraterrestrial bodies;

Rec-IV

Governments should invest in R&D in order to overcome the main technical
challenges and barriers to a point where the risk/benefit ratio is attractive for
private investors. Specific recommendations on how to promote the
implementation of these options can be found in section 7.2.

Rec-V

Governments should refrain from launching massive programs aimed at delivering
these hugely complex and risky systems in 20-25 years time. Instead, an
incremental approach that sets out to retire specific risks and technical challenges
successively over shorter time frames should be selected;

Rec-VI

Efforts towards achieving more affordable access to space should be pursued, as it
will increase the feasibility of the above options and conceivably open-up other
ambitious ground-breaking options that will likely require significant mass to be
placed in orbit;

7.2
7.2.1

Improving Energy Sources
Remote Sensing for Source Location

The main recommendations related to remote sensing for mapping renewable energy source are
centered on improving IT systems, developing the market and implementing a global strategy to
allow full exploitation of the technology. More specifically:

Rec-1 A wide ranging strategy that defines the roles and responsibilities of all participants
should be implemented in order to avoid duplication of effort and prevent overlap and
inefficiencies across related project.

Rec-2 Agencies and governments should support programs to develop IT systems and visual
processing that efficiently and quickly deliver the required knowledge at a reasonable
cost.

Rec-3 Data providers should focus on developing public-private partnerships that monetize
energy- mapping data and share any costs associated with data archiving.

68

Space Aid for Energy Needs on Earth

Recommendations and Conclusions

Rec-4 As the market develops, different legislations relating to remote sensing data will
emerge in each jurisdiction. An international organization should coordinate between
the different legal systems to create a coherent legal framework.

Rec-5 Space and energy agencies should make a coordinated effort to promote the benefits
that remote sensing can bring to renewable energy companies.

Rec-6 While international co-operation is already ongoing, efforts need to be made so that
countries without direct access to remote sensing assets can nevertheless obtain data
through international partners.

7.2.2

Microbial Fuel Cells

Rec-7 Governments should design and prepare to launch incentive programs to encourage

installation companies and home owners to adopt MFC-based dual electricitygenerating and waste management systems. The program could be two-phased:

•

Phase 1: subsidize small low-power MFC-based systems capable of providing a
fraction of a home or building’s electrical power requirement initially, using
household waste. This will help private companies bring the technology to market
and generate internal R&D funding to develop the product further;

•

Phase 2: make amendments to building codes so that the use of integrated mediumpower and waste management systems that can provide a significant fraction (actual
percentages to be determined depending on technical capabilities at that time) of a
building’s electrical requirement becomes compulsory for new building construction.

Rec-8 MFCs offer a very real potential for significant energy savings and waste reduction in

household applications. Therefore, governments should invest in further R&D in order
to overcome the main technical challenges to a point where the risk/benefit ratio is
attractive for private investors. Research and development should be focused on
solving the following challenges:

•

Scaling: at this stage the scale of microbial fuel cell tests are in the few micrometer
range, dimensions in the centimetre and meter size range are required to meet the
power and recycling mass demand in real life. Therefore better understanding of the
factors that drive bacteria growth, bacteria density and overall bacteria life cycle is
required;

•

Anode efficiency: improve the anodic potential of anodes in order to achieve
maximum output power, through the development and use of advanced materials
and/or medium compounds;

•

Cathode efficiency: develop cathodes that increase the Joulific efficiency and energy
recovery by limiting oxygen diffusion through the cathode.

•

Modelling: create models to simulate the transport processes and also the synergy and
heterogeneity of the system as integrated into the environment.

•

Autonomy: improve the system in such a way that it becomes self-correcting to save
human interventions, thereby improving reliability and throughput.
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Low-Energy Nuclear Reactors

Rec-9 Governments should invest significantly more funding in R&D for LENR. Further
studies on technological aspects should enable a better understanding of the energy
cost, controllability, predictability and reliability.

Rec-10 Industry participation in the development of LENR capabilities should be encouraged,

so that engineering and business considerations supplement the largely academic
investigation of the problem conducted so far. For example, expertise in different fields
such as material, thermal and electrochemical engineering are required to improve
instrumentation.

Rec-11 Governments should embark on a public outreach strategy to inform and educate the

public in order to change the pre-conceived idea that LENR is somehow related to
nuclear fission and/or potential dual-use technology.

Rec-12 Efforts should be made to intensify international cooperation to study the technical

feasibility of LERN. Large scale cooperation would enable better sharing of the
knowledge accumulated over the last 20 years by different research teams all over the
world.

7.2.4

Space-Based Solar Reflectors

Space Based Solar Reflector technology has potential and should be developed progressively.
More specifically:

Rec-13 International co-operation amongst space faring nations should be encouraged,

considering the size of the challenge and investment and the fact that the reflected
energy can be utilized by many nations using the same satellite system.

Rec-14 Research and development efforts should be focused on developing the technology
required for large area reflectors in space.

Rec-15 The policy issues associated with the location of collector sites in populated areas

should be addressed, so that the daylight cycle constraints can be overcome with
multiple sites.

7.2.5

Space-Based Solar Power

The concept has potential and with sustained funding to overcome technology challenges, it is
conceivable to expect commercially available systems in the 20-25 year time frame. Public and
private investment for R&D should be focused on the following areas:

Rec-16 Implement wireless power beaming by microwaves and /or laser
Rec-17 Develop the design and fabrication of light weight photovoltaic panels, solar collectors
and modular antenna concepts

Rec-18 Develop attitude and orbital control systems for large space structures
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Rec-19 Improve photo-voltaic cell efficiency and output voltage
Rec-20 Improve the conversion efficiency of solar radiation to laser.
Rec-21 Develop more effective thermal control technology.
Efforts should also be deployed to improve public understanding of the safety of the
technologies and effect the required changes in legal and policy frameworks on issues such as
radio frequency spectrum and microwave or laser power beaming.
7.2.6

Mining from Extraterrestrial Sources

Helium-3 is a potentially promising fuel source that could play a major role if/when nuclear
fusion becomes viable in an estimated 30-50 year time frame. In order to enable this option in
the future, incremental steps must be taken now to develop the required extraction and
transportation technology:

Rec-22 Develop low cost space transportation of machinery personnel and Helium to/from the

Moon.

Rec-23 Develop power extraction technology from controlled fusion reactors, especially
secondary fusion technology using Helium-3 and Deuterium.

Rec-24 Develop specialized mining equipment.
Rec-25 Develop lunar habitation and sustainable ecosystems.
International bodies and national governments must make concerted efforts to define a host of
international laws and policies along with national cooperative frameworks to make mining
celestial bodies practical without conflicts.
7.3
7.3.1

Improving Energy Distribution
Short-Term Resource Prediction

The ability to determine in advance the effect of weather and climate variations on energy
distribution systems is very useful. In order to implement this option, the following is required:

Rec-26 Local, national and international databases of relevant processed remote sensing data,
both historical and real time, must be created and maintained on an integrated
collaborative basis.

Rec-27 Data access which specifically focus on energy demand and distribution should be made
available to both developed and developing countries

Rec-28 Significant improvement in IT systems and visualization processing should be
undertaken to deliver a commercially viable product that can help wind and solar plant
operators forecast their output and optimize their processes.

Rec-29 The short-term forecasting computing platform should be integrated and automated

within the current electrical scheduling system. Grid regulators and all system operators
of any energy source should have access to accurate and on-line forecasts of production
and distribution.
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Electricity Management

Telecommunication and navigation technologies can be used to monitor the distribution of
power and provide feedback to users on their consumption of electricity. Since there are no
major barriers to implementing this technology, it should be adopted and implemented by the
private sector. More specifically:

Rec-30 Implement GPS time-stamped (synchronized) phasor measurement units (PMU) to

monitor system conditions of power plants and distribution lines
Rec-31 Develop distributed energy source monitoring such as wind turbine failure and
performance detection

Rec-32 Provide real time electricity usage data at individual levels to help electricity providers
manage power distribution with fluctuating supply.

Rec-33 Provide real time electricity usage data on individual and larger scales to help consumers

conserve by making the association between their behaviour and their electricity/energy
expenditure more apparent.

7.4
7.4.1

Improving Energy Consumption
Traffic Management

This solution should be assigned an aggressive implementation policy since most of the
technology is readily available and associated recommendations include the following:

Rec-34 Governments should design and launch incentive programs with vehicle manufacturers
to increase GPS units in vehicles

Rec-35 Create a management network that links readily available GPS information in vehicles

to critical traffic control centres to implement efficient traffic to minimize fuel
consumption by communicating optimal routes to users

Rec-36 An encrypted communication protocol should be developed to avoid misuse of the
data.

Rec-37 While GPS locators are commonplace, sophisticated IT should be developed to
implement real time travel traffic optimization

7.4.2

Waste Energy Monitoring

Remote sensing for detecting energy leakages, whether from heating or lighting, and providing
real-time feedback to users has tremendous potential, but requires the following:

Rec-38 Investment should be made in the IT required to translate remote sensing data

monitoring waste energy into quantitative terms. A system of measures to reward or
penalize good or bad behavior in terms of energy use should be developed at a local
and global level.
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Rec-39 Remote sensing data that identifies energy waste should be passed to the relevant
regulator to implement the appropriate measures to mitigate this waste.

7.4.3

Thermal Materials

Aerogel thermal materials are already being used sparsely in construction, but in order to
see their usage m become more widespread, the following is required:
Rec-39 Governments and construction industry standards groups should make aerogel-based
insulation part of building code standards, regulated through appropriate bodies. If not
a mandatory insulation requirement, aerogel-based insulation should at least be stated as
a preferred solution.

Rec-40 Governments should encourage aerogel-based insulation use through tax-free
incentives, insulation credits-type programs and other financial aid to new thermal
related start-up companies.

Rec-41 Taking advantage of the low density, lightweight and transparent properties of aerogel,

it should be used for windows in buildings, cars and aircraft; and considering its
durability and resistance to shattering, it would be well suited for shielding applications.

Rec-42 Some aerogel material types are soft and sponge-like which makes them very effective

as air dust filters or for absorbing pollutants from water. This is a newer and promising
application that requires additional R&D.

Rec-43 The ability of some aerogel materials with platinum oxide to speed up the production of

hydrogen should be used to improve the efficiency of hydrogen fuel cells, which are
greener and more efficient power sources to fossil fuel alternatives;

7.4.4

Telepresence

Current space technologies, advanced mobile phones and personal computers enable the
reduction of traffic density and reduce the global energy consumption. To improve the
telepresence in companies and in the private sector the following steps must be taken:

Rec-44 Encourage the use of current communication technology, since they are quite adequate

to communicate effectively via teleconference, and videoconference, where personal
presence is not necessary.

Rec-45 Invest in virtual reality technology to address the limitations of current
telecommunications applications

Rec-46 Considering how the technology is readily available and cost effective, governments

should launch incentive programs to encourage the usage of new technologies that
enable teleconferencing and teleworking, in order to reduce transportation associated
with commuting to work..

7.4.5

Carbon-Free Aerial Transportation

Solar powered aircraft that draw energy from space or energy beam from the ground are very
promising, but require more investigations. Implementation should take into account the
following recommendations:
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Rec-47 The technology should be adopted for long duration transport and station keeping for
remote sensing, unmanned aerial vehicles and even tourism.

Rec-48 Higher efficiency, more aerodynamic and lower wheight photo voltaic cells need to be
developed to increase the drive power in order to enable higher speed and longer
ranges.

Rec-49 Auxiliary propulsion technology, such as power beaming either via micro wave or laser,
needs to be developed in order to cope with daylight cycle and atmospheric effects;

Rec-50 The Wassenaar Arrangement and other multilateral export control regimes, as well as
national import and export control regulations compliance will need to be reviewed to
allow the effective transfer of wireless power transmission technologies.

7.5

Closing Remarks

The mission of SAFEN EARTH was to identify and assess the most viable ways in which Space
could increase the proportion of energy supplied by environmentally sustainable sources and
improve the efficiency of human energy use.
By presenting a broad set of promising technological alternatives for both short- and long-term
implementation, this report provides guidelines for policy makers and industry leaders interested
in investing in sustainable energy generation, distribution, and consumption.
Beyond the value of these recommendations, this report provides a unique framework with
which to evaluate technologies against a broad spectrum of interdisciplinary criteria. It is our
hope that this method of evaluation can be further expanded and used to improve the lives of
people all over the world.
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