SPACE AID FOR ENERGYNEEDS
ON EARTH
“This intolerable dependence on...oil threatens our economic independence and the very security of our nation.
The energy crisis is real. It is worldwide. It is a clear and present danger to our nation. These are facts and
we simply must face them.”
		
									
Jimmy Carter
Energy plays an indispensable role in social and economic development. Most countries are highly
dependent on hydrocarbon sources of energy (e.g. oil and natural gas). Demand for fossil fuels is increasing
at an alarming rate. The current world population is approximately 7 billion people, and it is estimated by the
United Nations to rise to 9.1 billion by 2050 (UN, 2002). Fossil fuels are non-renewable sources of energy;
with continued exploitation of these resources humanity might soon run out of its major sources of energy.

Figure 1. 2008 Global Energy Consumption.

According to the International Energy Agency (IEA) in 2008, almost 50% of new electricity in Europe will
be produced from natural gas by 2030. The main alternatives to gas are coal and heavy oil, neither of which
are viewed as environmentally friendly. When they are consumed, they release carbon dioxide, one of the
greenhouse gases responsible for global warming. In addition, they produce sulfuric, carbonic, and nitric acids. When these gases react with the atmosphere, they produce acid rain that harms both plant and animal life.
This report discusses sustainable access to energy and the ways in which space technology can support the
quest for, and development of, alternative and renewable energy sources. In this report, contributions from
space fall broadly into three categories:
•
•
•

Existing Satellite Applications
Space Spinoffs
New and Emerging Air and Space Capabilities
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Believing that space can play an important role in addressing energy-related challenges on Earth, the authors
of this report agreed on the following mission statement:
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“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 SAFEN EARTH project seeks to provide a useful tool for national governments as well as international bodies to address increasing human energy demand. Its main emphasis is placed on space technologies and their role in enabling innovative energy solutions in the areas of energy generation, distribution, and
consumption.

THE PROJECT PROCESS:
IDENTIFICATION
Research identified ways in which space could contribute beneficially to global energy
challenges.
EVALUATION
A multi-criteria analysis assessed the most viable alternatives. The evaluation process
consisted of the following steps:
• The definition of evaluation criteria
• The formulation of scoring rationale for each of the criteria
• The actual scoring of every option against pre-defined criteria
RECOMMENDATION
Using an evaluation matrix, the least and most promising technologies were identified.  Recommendations were then developed to reduce barriers to implementation for all alternatives.
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SPACE TECHNOLOGIES WERE CATEGORIZED ALONG THE ENERGY SUPPLY CHAIN
INTO THREE DISTINCT SEGMENTS:
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SOURCES
The substances or processes from which energy is generated.
They can be renewable or non-renewable.

EARTH

AREAS OF CONCERN
EVALUATION CRITERIA AROSE FROM FOUR DISCIPLINES FOR A
MULTI-DISCIPLINARY ASSESSMENT:
TECHNICAL
Reliability
Source Reliability
Energy Use Savings
Transmission Efficiency
Technological Feasibility
Energy Capacity Improvement

SOCIAL IMPACT
Public Support
Economic Benefit
Environmental Impact

eeds on

CONSUMPTION
The application and purpose for which energy is used.

nergy

DISTRIBUTION
The system by which energy is transferred from the location
where it is generated to the location where it is consumed.

POLICY & LAW
Liability
Political Conflict
Technological Conflict

BUSINESS
Total Cost
Energy Value
Time To Market
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SCORING RATIONALE
THE IDENTIFIED ALTERNATIVES WERE EVALUATED ACCORDING TO BOTH
QUANTITATIVE AND QUALITATIVE CRITERIA

QUANTITATIVE ANALYSIS:

QUALITATIVE ANALYSIS:

Examples of quantitative criteria include:
• Cost
• Energy Value
• Time to Market

Examples of qualitative criteria inclued:
• Political Conflict
• Environmental Impact
• Public Support
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Qualitative data from technology assessments were
used to rank each technology for a given criterion.
These rankings were used to assign relative scores
ranging from 1 to 5 for each alternative, with 5 being
the most promising.

SCORING PROCESS
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.

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 small 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. Table 1 shows their distribution across the different segments and thematic areas. 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.
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Quantitative data from technology assessments were
linearly scaled to assign relatives scores ranging from
1 to 5 for each alternative, with 5 being the most
promising.

Energy Sources
Energy Distribution
Energy Consumption

Existing Satellite
Applications
1
2
3

Space Spinoffs
2
0
1

Table 1. Distribution of technologies across the
different segments and thematic areas.

New and Emerging
Space Capabilities
3
0
1
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SPACE-BASED SOLAR POWER (SBSP)
A promising solution to increasing requirements for
energy on Earth is to harness the energy of the Sun
from space. The almost constant availability of the energy source and the non-polluting nature of the technology are strong drivers for the development and deployment of an SBSP system. Solar power is captured
by using photo-voltaic or solar thermal systems in orbit. It is then beamed via microwave or laser to Earth.
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Disadvantages
Advanced information technology (IT)
systems are required to convert raw data to
useful knowledge
Archiving responsibilities and costs need to
be addressed
Usefulness of remote sensing data needs to
be promoted to expand the market
No global legislation yet addresses
commercial remote sensing data
Collaboration is needed across multiple
agencies and nations for greatest efficiency
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•

Advantages
Large amount of raw data available from a
variety of satellites
Technology is mature with low development
costs required for new platforms
Wide range of spatial, spectral, temporal and
radiometric resolutions available
Large area coverage that would be very
expensive with ground based sensors
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The power capacity, power density, and power variability of each renewable energy source vary greatly with
location, so determining the optimal location for power generation is critical for increasing the benefits of
renewable energy sources. Remote sensing platforms deliver a wide variety of data that can map these variables at the required spatial and temporal resolution, enabling policy makers and industry leaders to choose
an optimal energy mix at both the local and global level.
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REMOTE SENSING FOR SOURCE LOCATION

Figure 2. Space-Based Solar Power Satellite.

Advantages
• Extremely large energy capacity potential
• Renewable, non-polluting resource
• Greater accessibility to space through requisite development of reusable launch vehicles,
orbital infrastructure, and wireless capabilities
• Ability to transmit energy to remote areas

Disadvantages
• High launch, operations, and servicing costs
• Technical challenges related to the development of light-weight deployable structures,
photo-voltaic panels, and solar collectors or
mirrors
• Controversial due to potential military use
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MINING FROM EXTRATERRESTRIAL BODIES
The Moon is the most accessible extraterrestrial mining site. It has large amounts of helium-3 (He-3), which
may possibly be used in next generation fusion reactors for energy supply on Earth. He-3 fusion could potentially be a clean and efficient way to produce energy. However, this technology is still in its infancy. Mining
on the Moon is a challenging undertaking and requires major developments in low-cost access to space, lunar
mining and refining technologies, and extraterrestrial human settlement.
Advantages
Clean and efficient energy source
•
Abundant availability
Potential to act as an impetus for other space- •
related projects and missions
•

•
•
•

or

Orbiting reflectors could 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 five. In principle,
no energy storage would be required due to the continuous supply of electromagnetic radiation and therefore
continuous power delivery. These and other advantages can make solar power generation competitive with
other energy sources.

•
•
•
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Figure 4. Znamya Solar Mirror.

SPACE-BASED SOLAR REFLECTORS
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Figure 3. Mining on the Moon.

Disadvantages
High cost for launch and operation
installation
Underdeveloped technology
Commercialization of lunar resources is
politically controversial

Advantages
Nearly continuous stream of solar
illumination
No energy storage required
Clean energy source

•
•
•
•

Disadvantages
The size and cost of the mirrors
The need to place the structure in locations
with continuous sunshine, e.g. GEO
Potentially negative impact on the ecological balance and day/night cycle (circadian
rhythm)
Light pollution and local warming
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MICROBIAL FUEL CELLS
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Disadvantages
Some carbon dioxide production
Currently only possible on a small scale
Small number of bacterial species currently
suitable

Figure 5. Circular Two-Chambered Microbial Fuel Cell in the
Laboratory.

LOW ENERGY NUCLEAR REACTORS
Cold fusion is a nuclear reaction being investigated by NASA (GRC) that produces significant heat while using low energy inputs. The core principle is based on the fusion of two deuterium nuclei into helium, which
releases energy in the form of heat. This new method of energy generation may one day replace fossil fuels
on Earth and could also be used for spaceship propulsion on long-duration missions. This technology is still
in a highly experimental stage and laboratory results have not been consistent.
•
•
•

Advantages
Clean energy source; no radioactive waste, no
dangerous radiation
Energy capacity comparable to current nuclear reactor
Inexhaustible source of deuterium

EARTH

•
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Advantages
Waste water recycling and no fuel generation
required
Hydrogen generation
Electricity generation
Sustainable environment and simple design
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Microbial fuel cell research supported by NASA concentrates on using simple and sustainable environmental
biotechnology to store energy. These fuel cells consist of anode and cathode compartments with an exchange
membrane in between. The anode compartment contains waste water with bacteria, which are in direct or
indirect contact with the anode. Power is generated by electron transfer from the anode compartment to the
cathode compartment via an external circuit. The water protons diffuse through the membrane to react with
the incoming oxygen to form water.

•
•
•
•

Disadvantages
Fundamental questions unanswered
Low technology readiness level
Weak public understanding
High cost to develop technology to an operational level

Figure 6. Low-Energy Nuclear Reaction Cell.
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SHORT-TERM RESOURCE PREDICTION
Access to, and distribution of, many energy sources is subject to variations in climate, weather and local
topography. Remote sensing data from satellites or high-altitude platforms can provide high-resolution data
about variations in weather and climate conditions, reducing the in-situ variability in production and distribution. This data ultimately enables an energy supply to be better controlled or predicted, thereby increasing
the reliability of the energy output and the efficiency of the distribution system for both renewable and nonrenewable energy sources.

•

Disadvantages
Potential use for national technical means
Developments in IT and GIS systems necessary to handle volume of data

Figure 7. Schematic of the main stages of
increased oil recovery (EOR) project.

ELECTRICITY MANAGEMENT
With the number of power generation and distribution plants increasing, humanity needs new ways to monitor, control, and optimally dispatch electricity. Telecommunication and navigation satellite technologies have
a variety of useless applications in this regard. Communications satellites are capable of monitoring the
output and control of remote power generation plants and of condition monitoring and early failure detection. Navigation systems can assist with site evaluation, and GPS time-stamping is capable of using synchronized phasor measurement units in a power plant and along transmission lines to measure power quality and
system conditions.

•
•
•

Advantages
Uses existing technology
•
Particularly useful for setting up distribution
systems and stimulating economic growth in
remote locations
Consistently reliable equipment performance

Disadvantages
Developments in IT and GIS systems necessary to handle volume of data
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Advantages
Uses existing technology
•
Low cost relative to other technologies
•
Potential for multiple uses, e.g. natural disaster monitoring and response
Consistently reliable equipment performance

Figure 8. Electricity Distribution.
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TRAFFIC MANAGEMENT

Figure 9. Air Traffic Navigation System.

Disadvantages
Advanced IT systems must still be developed
to handle high volume of information
Concerns regarding privacy issues

TELEPRESENCE

EARTH
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Advantages
Technologically feasible
•
Relatively low cost, compared to other alternatives
•
Growing trends toward including GPS in
modern automobiles
Strong case for commercialization

or

Automobile use presents a growing challenge concerning oil dependency and carbon emissions. Moreover, as automobile use proliferates, increasing traffic congestion contributes to an even greater
waste of energy. The problem centers around an overload on main
city streets, as drivers find themselves trapped in rush hour traffic,
caught by surprise from accident-related congestion, or simply unaware of alternative routes. The situation is exacerbated by current
navigation systems, as most GPS units have similar path finding algorithms. A new integrated system that connects GPS/GNSS systems with local traffic control centers can help drivers steer clear of
problematic traffic areas.

Telepresence uses a set of technologies aimed at enabling users to experience the same benefits they would
enjoy by being physically present at another location. For example, teleconferencing has tremendous potential
to reduce global travel requirements. Satellite applications can enable people to gather information that would
otherwise have required them to travel to collect in person.

Figure 10. Telepresence reduces need for personal travel.

•
•
•

Advantages
Enables virtual assistance to remote areas, •
e.g. remote surgery
Technologically feasible
•
Low cost, relative to other alternatives

Disadvantages
Difficulties in market penetration due to      
social norms and preferences
Does not promote human dynamism
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MONITORING WASTE ENERGY
Monitoring night-time light and heat images on the surface of Earth can provide a better understanding of
energy consumption efficiency. Remote sensing systems, such as the National Oceanic and Atmospheric
Administration’s Advanced Very High Resolution Radiometer (NOAA-AVHRR) sensors, receive raw data
about human energy consumption. These data may one day allow for better management of resources and
enforcement of policies and regulations that reduce energy waste. At present, further technological development is necessary to extract this level of value from the raw data.

Figure 11. Image of night-time light and urban island effect.

•
•

Disadvantages
Insufficient data processing and analyzing  
capability
Current international regime insufficiently
governs sharing data among countries
Public concerns with privacy issues

THERMAL MATERIALS
Space technology can spin off to other industries and serve as an effective instrument for saving energy. NASA, for example, in partnership with a private company, developed a new aerogel material called
ThermaBlok®, which was designed to protect parts of the U.S. Space Shuttle. It currently serves as an
extremely effective insulation material for houses.
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Advantages
Relatively low cost of obtaining data
•
Can help monitor greenhouse gas emission
trends
•
Ability to increase public awareness about
energy waste
•

Figure 12. Thermal insulation developed for space application used in private homes.

•
•

Advantages
Highly reliable, quality and recyclable mate- •
rial (increases the thermal insulation value up
to 40%)
Requires relatively low time to market

Disadvantages
High implementation costs for multi-layer
insulation
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Disadvantages
As of now, the technology is insufficient for
large-scale cargo or passenger transportation
There exists no wireless power transition
regime to address interference, safety and
other issues connected with beaming energy
Energy density of storage devices is not as
high as hydrocarbon fuels

nergy

•
•
•
•

Advantages
Sustainable energy transportation
Technological readiness level relatively high
Strong public support
Applications range widely from small unmanned vehicles to large commercial transport, enabling scalable solutions

or

An aircraft powered by electric energy provides emission-free air transportation that obtains energy from
sustainable sources. Two options exist
• Energy from solar arrays (photo-voltaic system) mounted on wings and fuselage to obtain energy directly
from space
• Energy augmentation devices (rechargeable batteries/ on-board fuel cells/ power beaming from ground
stations/ power beaming from satellites) to provide electric power from sustainable sources
There are technological as well as policy and legal challenges concerning power-beaming to the aircraft. Current
applications are now limited to un-manned aerial vehicles (UAVs) but have a potential to be implemented in
large-scale cargo and passenger transport planes.

Figure 13. Solar-Powered UAV.
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RESULT
SCORING OF TECHNOLOGY OPTIONS
Relative scores, ranging between 1 and 5, were assigned for all criteria for each of the technologies within
a particular segment. The practical implication of this is that there were three groups assessed separately:
sources, distribution, and consumption. An example of the outcome for this exercise is presented in Table
2 for Sources.

Improving Energy Sources
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Policy and Law

Business

Social Impact

Remote
Sensing
for Source
Location

SpaceBased
Solar
Power

Mining from
Extraterrestrial
Bodies

Reflecting
Solar
Radiation

Microbial
Fuel Cells

Low Power
Nuclear
Reactors

4
4
5
5
4
5
4
5
5

3
1
1
2
2
2
2
2
2

1
1
3
1
1
1
3
4
3

2
2
3
2
2
3
3
1
1

5
5
4
4
5
3
4
5
5

4
5
4
2
3
1
4
4
3

Liability
Political Conflict
Technology Transfer
Total Cost
Energy Value
Time to Market
Economic Benefit
Environmental Impact
Public Support

Table 2. Sample criteria scores technology options classified for energy sources.

CALCULATION OF TOTAL SCORES
The total score for each technology 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. These four averages were then
added together to obtain total scores. The total scores, sorted in ascending order for sources, distribution, and
consumption are presented in Table 2 along with the associated average for each discipline category.

Segment

Improving
Energy
Sources
Improving
Energy
Distribution
Improving
Energy
Consumption

Options

Policy &
Business
Law

Social
Impact

Technical

Total
Score

Mining from Extraterrestrial Sources
Space Based Solar Power
Reflecting Solar Radiation
Low Power Nuclear Reactors
Microbial Fuel Cells
Resource Location
Electricity Management

1.67
1.67
2.33
4.33
4.67
4.33
4.00

1.00
2.00
2.33
2.00
4.00
4.67
3.67

3.33
2.00
1.67
3.67
4.67
4.67
4.00

2.00
3.00
2.75
2.75
3.75
4.00
4.00

8.00
8.67
9.08
12.75
17.08
17.67
15.67

Short Term Resource Prediction
Carbon Free Aerial Transport
Telepresence
Improved Thermal Materials
Monitoring Waste Energy
Traffic Management

3.67
1.67
4.67
4.33
3.33
4.33

4.33
1.00
4.00
3.50
5.00
3.50

4.33
3.00
2.00
3.33
4.00
4.67

4.00
1.67
4.33
4.33
3.33
4.33

16.33
7.33
15.00
15.50
15.67
16.83

Table 3. Averages per department and total scores per technology option.
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Long-term technology options warrant special attention and this could be summarized as follows

•

Policy and Law – there is a need for revision and refinement of international treaties and conventions
Business and Management – these options are still seeded in the pre-competitive phase and provide limited
return for the level of capital investment required
Social – there is a need for advocacy of these technology options, as these ideas might not have fully
filtered  into the public domain
Technical – the technology options are also still in the development phase and require substantial investment for research and development
6

Relative Score for the Time to Market

•

EARTH

LONG TERM TECHNOLOGY OPTIONS
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ANALYSIS
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ENERGY CONSUMPTION
• Carbon-free aerial transport scores relatively low across all disciplines. Enforcing this technology could
be a contentious issue as it implies major investments within the transport sector
• Telepresence performed relatively well across all disciplines except social impact since humans generally
prefer to interact at a personal level
• Thermal material for improved combustion, monitoring waste energy, and traffic management scored
high across all disciplines and are therefore ready for implementation

or

ENERGY DISTRIBUTION
The two options for energy distribution (i.e. short-term resource prediction via remote sensing and
energy management via telecommunication and navigation) scored relatively highly across all disciplines.
These options are currently being pursued at national levels in many countries, but need to be further
integrated into national energy systems.
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ENERGY SOURCE
• The most promising technology options are (i) resource location and (ii) microbial fuel cells. These options score high across all disciplines
• For low power nuclear reactors, there are considerable challenges in the business and technical disciplines
• The remaining three options (i.e. mining from extraterrestrial sources, space-based solar power and reflecting solar radiation) score poorly in all disciplines

•
•
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FINDINGS

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 14: Delineation of short to medium-term versus long-term technology options.
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T

his study focused on identifying a select number of technologies that have the potential to
help sustain energy sources, distribution and consumption. These options were then assessed against four sets of evaluation criteria to ascertain their viability. From an innovationpolicy perspective, these four categories – technical, business, social impact, and policy and law
- are important considerations. The study’s decision matrix, which serves as a kind of technology
scorecard, can be extended to other scenarios and technologies and, therefore, forms a convenient base-line for future assessments.
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T

he findings of the study group technological alternatives into short-, medium-, and longterm solutions. The study’s use of evaluation criteria biased toward ease of implementation,
favored short-term solutions, such as Time to Market, Technological Feasibility, and Total Cost.
This is evidenced by higher total scores for existing satellite applications and spinoffs than for
new and emerging space capabilities. Accordingly, with fewer barriers to implementation, the
short-term technologies presented should be immediately considered for inclusion in a sustainable energy solution set. Longer-term alternatives should properly be viewed through a more
far-sighted lens, as these hold tremendous untapped potential for the world’s future energy mix.
It may be prudent from a policy perspective, to engage in short- to medium-term investments
in research and development to advance these long-term alternatives that may one day offer the
technologies that spare humanity and our planet.

Figure 15. Symbol for sustaining humanity and planet Earth.
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THE FOLLOWING ARE SELECTED EXAMPLES OF RECOMMENDATIONS FROM THE SPACE
AID FOR ENERGY NEEDS ON EARTH (SAFEN EARTH) REPORT:
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IMPROVING ENERGY DISTRIBUTION . . .

Electricity Measurement via Telecommunication and Navigation
• Direct investment to develop and deploy distributed performance and failure monitoring units that
can use GPS for time-stamping and satellite telecommunication to provide real time data for electricity
providers and consumers to optimize energy distribution.

IMPROVING ENERGY CONSUMPTION . . .

EARTH

Short-Term Resource Prediction
• Develop, integrate, and automate a sophisticated short-term forecasting computing platform within
the current electrical scheduling system. Grid regulators and all system operators of any energy source
should have access to accurate online forecasts of production and distribution.

eeds on

Microbial Fuel Cells
• Design and prepare to launch incentive programs to encourage installation companies and home owners to adopt MFC-based dual electricity-generating and waste management systems.
• Improve the cost/benefit ratio of the technology by investing in R&D for bacterial optimization, anode
and cathode design, and better simulation models

nergy

Remote Sensing for Source Location
• Improve the use of remote sensing for mapping renewable energy sources by investing in IT systems,
market development, increasing campaigns for awareness, and implementing a global strategy to allow
full exploitation of the technology

id

IMPROVING ENERGY SOURCES . . .

Traffic Management
• Encourage public-private investment to develop a GPS-based product that integrates vehicles with a
network to optimise traffic management and reduce fuel consumption.
Improved Thermal Materials
• Promote aero-gel based insulation via new regulations and incentives. Research should be funded to
extend the application of aero-gels to shielding, filtration and fuel cells.
LONG TERM TECHNOLOGY OPTIONS
Mining from Extraterrestrial Sources, Space-Based Solar Power, and Reflecting Solar Radiation
•
•
•
•

Revise and refine international treaties and national legislation to promote the development and implementation of the technology options.
Drive government programs to mitigate financial/market risks.
Pursue outreach of these technology options to gain wide public support.
Invest in research and development to transform options toward higher technology readiness.
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