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In 2002, a phased, multi-year approach to space solar power has been published. Following this plan, several 

activities have matured the concept and technology further in the following years. Despite substantial advances in 
key technologies, space solar power remains still at the weak intersections between the space sector and the energy 
sector. 

In the 10 years since the development of the European SPS Programme Plan, both, the space and the energy 
sectors have undergone substantial changes and many key enabling technologies for space solar power have 
advanced significantly. The present paper attempts to take account of these changes in view to assess how they 
influence the prospect for space solar power work for Europe. 

 
 

I INTRODUCTION 

The concept of generating solar power in space and 
transmitting it to Earth to contribute to terrestrial energy 
systems has received period attention since P. Glaser 
published the first engineering approach to it in 1968 
[1]. Considerable efforts were spent on the concept 
during a joint DoE/NASA effort from 1977 to 1980 [2]-
[6] and again from 1995 to 2000 during the NASA 
Fresh Look study on SPS [7]-[9]. Since the 1980s, 
Japanese researchers have conducted key experiments, 
especially at the universities of Kobe, Kyoto and 
Tokyo.[10][11][12] In Europe, some conceptual work 
has been done at national as well as European level on 
the topic.[13][14] In 2002, a new, three-phase 
programme on SPS has been presented at the second 
World Space Congress [15]. 

I.1 Scope 
The purpose of the present paper is to take account 

of the results of the European SPS programme plan as 
published in 2002 and to propose an updated approach 
based on an analysis of the technological and 
programmatic changes occurred since 2002. 

II EUROPEAN SPS PROGRAMME PLAN 

The SPS Programme Plan has been published in 
2002 in order to provide a structuring frame for a 
number of mainly isolated activities more or less loosely 
connected to advancing the general concept of space 
solar power in Europe [15]. It took advantage of the 
recently published work done in the frame of the NASA 

Fresh Look Study as well as the work on a European 
sail tower concept by Klimke and Seboldt [16], [17]. 

Based on these results, which re-confirmed the 
principal technical viability of space solar power 
concepts, the focus of the first phase of the European 
SPS programme plan has been to enlarge the evaluation 
scope of space solar power by including expertise from 
the non-space sector and comparing space-based solar 
power plant options with comparable terrestrial 
alternatives. The comparison was based on commonly 
agreed expectations for technology readiness levels for 
systems ready to be deployed in 2025, excluding 
assumptions on launch costs, which were treated as an 
open parameter. The overall scope of the assessment 
was furthermore limited to Europe, defined as Europe 
and its immediate geographic vicinity, thus including 
North Africa and the Middle East. This first general 
validation phase, thus included 

- two studies focussed on the comparison of 
space and terrestrial solar power options, [18] 
[19]  

- one study on the validity of space solar power 
and wireless power transmission for space 
exploration (Moon, Mars, deep space and Earth 
Orbits), [20] 

as well as four small accompanying studies aimed at 
identifying potential showstoppers and addressing in 
particular: 

- legal aspects of space solar power concepts 
[21]; 

- options for non-mechanical laser beam steering 
for wireless power transmission applications 
[22];  
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- potential atmospheric effects of high power 
microwave densities in different atmospheric 
layers [23];  

- a computerised model for space solar power 
concepts [24].  

The results of the validation phase studies were 
presented to the international community at the 4th 
international conference on solar power from space in 
Granada, Spain in June 2004, followed by a peer review 
of the results by Japanese researchers [25].  

The second phase of the SPS programme plan, 
aimed at maturing some key technologies further, with 
an attempt to be complementary to other international 
activities on SPS. Specifically, the key SPS-enabling 
technology of deploying very large structures have been 
studied. The second phase included theoretical studies 
related to  

- the assembly of very large structures such as 
antennas by using novel swarm control 
algorithms [26]-[28] 

- the dynamics and control of the deployment of 
very large nets [29]-[32] 

- robotic options to deploy antenna elements on 
relatively loose nets [33] [34] 

as well as two main experiments: 
- Furoshiki: a Japanese sounding rocket 

experiment flown in 2006, demonstrating 
among others the deployment of antenna 
elements on very large free floating nets under 
microgravity [35]-[39] 
- Suaineadh: a European sounding 
rocket experiment scheduled to be flown in 
early 2012, attempting the demonstration of a 
controlled deployment of a net using 
centrifugal forces [40][41]. 

III EUROPEAN ENERGY LANDSCAPE AND 
PERSPECTIVES 

Since the definition of the last reference SPS system 
and the European SPS Programme Plan in 2002, 
substantial changes have occurred in the overall energy 
landscape. This chapter intends to provide a quick 
overview over the most important ones to be taken into 
account for a fresh look of space solar power in Europe. 

III.1 Continued Increase in Energy Demands 
At least up to a certain development level, a direct 

link exists between the availability of energy and the 
population size. Between 1950 and 2010, the total world 
population has been multiplied by a factor 2.7 (2.5 
billions in 1950, 6.8 billions in 2010 and expected to 
reach 7 billions by the end of 2011 [42][43]) while the 
energy consumption has increased 5.4-fold: the energy 
consumption in 1950 was about 28000 TWh [44],[45] 
and rose to 149500 TWh in 2010 [46], equivalent to an 

annual power consumption rate of 17 TW [47]. Despite 
a slight decrease in annual energy use in 2009 the first 
since 30 years (1.5% with respect to 2008), the energy 
consumption growth rate between 2009 and 2010 was 
over 5%. Most forecasts for the 21st century predict a 
further continuous and substantial increase in the world 
energy demand, expected to more than double by the 
end of this century. 

III.2 Substantial increases in oil and gas prices 
When the NASA Fresh Look study was published in 

1997, the oil price was below $20 per barrel*, then 
subsequently dropped to almost $10 before reaching 
again about $20 per barrel at the time of publication of 
the ESA SPS Programme Plan in 2002. In the 
meantime, it experienced a substantial spike of about 
$140 per barrel just before the economic crisis of 
2008/2009. Since the majority of our energy sources 
come from oil and gas, their price is crucial for any 
private endeavour towards solar power from space. 

III.3 Better understanding of the contributions of the 
energy system to climate change 

With respect to 1997 and to 2002, our understanding 
of the mechanisms of the climate system have increased 
spectacularly, not at least thanks to strong international 
scientific cooperation, data exchange and comparison. 
Despite remaining uncertainties especially on the error 
margins of forecasts, the environmental effects of 
different energy choices and especially its contributions 
to anthropogenic global warming, start to be well 
understood, leading to an emerging international 
consensus on the need to “green” the energy system by 
reducing it’s CO2 emissions. Large-scale renewable 
energy infrastructures are seen as part of the solution. 
Not surprisingly therefore, of all energy sources, solar 
power has experienced the highest average annual 
growth rate of 36% between 1999 and 2009 in the world 
electricity production from renewable energy sources 
[48]. 

III.4 Ambitious governmental renewable energy 
policies 

Since 1997 and 2002, many governments and 
practically all European governments have installed 
governmental policies and regulatory measures to 
support the introduction of renewable power sources. 
The consequences of these policies are clearly visible 
especially in those European countries with early and 
ambitious programmes. 

While the effects of our energy choices have global 
consequences and thus a sustainable energy system is 
also of global interest, different geographic regions 

                                                             
* Brent spot prices 
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present different natural conditions and characteristics, 
including the availability of natural resources, 
consumption patterns, climatic, weather and geographic 
conditions. In 2008, the EU-27 energy consumption was 
about 20900 TWh, of which 11800 TWh [49] were net 
imports (56% on the EU-27 energy consumption), 
leading to strategic vulnerabilities [50].  

In 2007, the European Council adopted ambitious 
energy and climate change objectives for 2020 [51]: 
reduction of GHG emissions by 20%, increase of the 
share of renewable energy to 20% and a 20% 
improvement in energy efficiency [50].  

Due to its geographical situation with high 
population density and high latitude, many parts of 
Europe may not be suited for large-scale terrestrial 
production of solar electricity. However North African 
Sahara is among the best location worldwide thanks to 
its high insulation (around 2200kWh/m² on average per 
year) and low population density. 

III.5 Emergence of ambitious private large-scale solar 
energy projects 

Following some interest at the end of the 1970s, 
there were only very few new large-scale terrestrial 
solar energy projects except some visionary precursor 
plants. With low fossil fuel prices at the time of the 
fresh look study and the definition of the European SPS 
Programme Plan, arguments in favour of supporting 
large-scale solar power plants were difficult. Private 
investors were not able to build up a solid business plan 
for large-scale terrestrial solar power plants. This 
situation has changed dramatically. Ambitious solar 
power plant projects have emerged practically 
worldwide, the solar photovoltaic industry has 
emancipated itself from the silicon waver industry, new 
more efficient and cheaper production processes have 
been developed as well as substantial efforts have been 
made in renewable energy research and development. 

Energy import dependence discussions and sustained 
high energy costs have furthermore led to new privately 
led consortia proposing, large-scale terrestrial renewable 
energy networks, such as the Desertec project [52]. 

With all main driving conditions to remain strong, 
such as energy import dependence, high environmental 
footprint of the current energy mix, new technologies 
and large-scale production modes bringing renewable 
power sources very close to market competitiveness 
without governmental subsidies, and sustained 
governmental ambitions to move towards a more 
sustainable, green energy mix, it is legitimate to suppose 
that within a timescale of 15-20 years, at least some of 
these plans will materialise and substantial portions of 
European electricity demands will be fulfilled by 
terrestrial solar power plants. 

IV CHANGES IN THE SPACE SECTOR WITH 
RELEVANCE TO SPS 

IV.1 Access to space 
The end of the Space Shuttle program with the 

Atlantis STS-135 mission in July 2011 is but one 
example of the profound changes currently transforming 
the space sector. More and more countries are entering 
space activities, and while the sector is still dominated 
by governmental investments and strategic 
considerations, private entities are increasingly entering 
domains, which were previously occupied exclusively 
by governmental agencies. 

Through the COTS (Commercial Orbital 
Transportation Services) and CCDev (Commercial 
Crew Development) projects, NASA’s Commercial 
Crew & Cargo Program Office promotes and catalyses 
private space industry to provide the routine access to 
space in the post-Shuttle era [53]. In this frame, NASA 
awarded two contracts in December 2008 to procure a 
total of 20 cargos to the ISS. At the same time, on 
December 8th 2010, SpaceX became the first private 
company to demonstrate the launch and return of a 
spacecraft from orbit. Between 2011 and 2015, SpaceX 
and Orbital Sciences Corp. are planning to resupply the 
International Space Station with their Dragon and 
Cygnus cargos, respectively. ISS rendezvous and 
berthing missions of the Dragon cargo is planned for 
late 2011 (initially scheduled for November 2011, [54] 
but delayed due to rescheduling caused by the failure of 
a Russian Progress cargo[55]). SpaceX is announcing 
launch prices into LEO of $59.5M for 10.45mt with 
Falcon 9 or $125M for 53mt with Falcon Heavy, i.e. 
5700$/kg and 2360$/kg respectively, substantially lower 
than historic launch costs [56]. 

In parallel, NASA unveiled on September 14th 2011 
its future heavy launcher: known as Space Launch 
System [57]. It is planned to not only carry the Orion 
Multi-Purpose Crew Vehicle but also to offer lift 
capacity of 70mt in its initial version and up to 130mt 
for a future evolved version. 

Both of these trends, the planned lowering of launch 
costs to 2000-3000 $/kg as well as a new 130 mt launch 
capacity have the potential to significantly improve the 
prospects of solar power from space. The last reference 
study assessment were made with launch costs solidly 
stable at 10000 $/kg and not prospect of a heavy lift 
launch capacity available. 

IV.2 Small spacecraft 
A further trend of potential importance to the overall 

environment into which solar power from space 
applications have to be thought is the increasing 
development of micro and nanosatellites. While having 
being developed outside the traditional space 
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community, CubeSats constitute already one of the most 
successful space platforms, providing furthermore a 
radically different and much easier access to space, 
enlarging the space community. The CubeSat concept 
has been introduced in 1999 by the California 
Polytechnic State University and Stanford University. 
While first dedicated to education by providing hands-
on experience to students, industries started to become 
interested in this rapidly growing concept. CubeSats and 
nanosatellites in general indeed offer the possibility to 
space companies to have easy and cheap flight 
qualification opportunities [58]. For instance, the 
NanoSail-D2 3-unit CubeSat developed by the NASA’s 
Marshal Space Flight Center was launched on-board of 
the FastSat spacecraft in November 2010 and 
demonstrate the successful deployment of its 3x3m² 
7.5µm thick CP-1TM solar sail. Despite their obvious 
size difference, nanosatellites based SPS technology 
demonstration missions could be imagined such as 
intelligent formation flying or thin films photovoltaics 
sail flight demonstration. 

IV.3 Private start-up SPS ventures 
More related to space based solar power, some 

private space companies dedicated to space solar power 
emerged with business plans credible enough to attract 
investor funds during the last years [59]-[61]. Those 
companies aim at promoting and developing space solar 
power, with a focus on the purely commercial aspects. 
While the lack of technical information is making 
judgements on the technical credibility difficult, the 
general approach from entrepreneurs and not just 
engineers is certainly an enrichment of the discussions 
on space solar power and enlarge their spectrum. Along 
the same line, the announcement of the signature of an 
actual contract on the provision of solar power from 
space to one of the big energy utilities helped increasing 
the visibility of space solar power in the general media 
[62]. 

IV.4 Defence interests in SPS 
Defence is also getting interested by space solar 

power. In 2007, the US National Security Space Office 
Advanced Concepts Office re-assessed the concept 
feasibility through an open source, internet-based 
collaboration forum [63]. A second report released in 
2009 by US Naval Research Laboratory (NRL) 
described the possible defence applications and NRL 
involvement in the development of SPS [64]. In 
addition to re-affirming the technological feasibility of 
SPS, both studies highlighted the niche market 
opportunities than defence could offer to the initial 
demonstration of SPS.  

IV.5 International consensus 
In addition to the numerous studies that have been 

conducted at national levels, only very recently 
international efforts in forging consensus on the current 
state of the concept have been successful. In this 
context, in particular two studies are to be highlighted:  

In 2007, URSI (Union Radio Scientifique 
Internationale) a non-profit, non-governmental 
association of international scientists released a study 
reviewing the different SPS concepts and assessing in 
particular the impact of SPS on radio communication 
[65]. While the study was initiated and dominated by 
Japanese researchers, it not only had an international 
scope but it also involved international contributions in 
drafting and reviewing the report. 

In 2009, work on a study on space solar power under 
the auspices of the International Academy of 
Astronautics has been started. Inputs have been 
collected at international congresses and first versions 
were reviewed by the IAF space power committee and 
other interested experts, preliminary findings presented 
at international congresses for peer review and 
feedback. The final version has been published in early 
2011 [66]. 

IV.6 Increasing use of prices and challenges 
The last ten years has also been characterised by a 

widening spectrum of how space activities are 
conducted and space technology is developed, involving 
at the same time new actors in the space sector. Among 
the more successful, highly visible and potentially SPS 
relevant mechanisms are especially prices, challenges 
and new ways of forming public private partnerships. 
Space related competitions have proven to be highly 
successful to attract new actors into the space sector, 
new sources of funding to develop space related 
technologies and new innovation processes, such as the 
Ansari X-Prize, the Google Lunar X-Prize, different 
DARPA (Defense Advanced Research Projects Agency) 
challenges or NASA’s Centennial Challenges, which 
organized challenges such as the strong tether, power 
beaming and space elevator challenges [67]. Especially 
the power beaming challenge has direct implications to 
key SPS technologies. 

In 2011, a dedicated SPS competition has been 
initiated by the Online Journal of Space Communication 
in partnership with the Society of Satellite Professionals 
International, the National Space Society and the Ohio 
University GRID Lab. 

IV.7 Re-establishment of NIAC 
The NASA institute for advanced studies (NIAC) 

has been re-established in 2010, following a 
recommendation and a highly positive review by the US 
National Research Council in 2008 of the performance 
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of the original NIAC, which was operational from 1998 
to 2007 [68], [69]. 

The original NIAC programme was one of the few 
activity lines within NASA which had a time horizon 
for its research long enough to include SPS concepts 
and technologies. The new NIAC has been created with 
slightly modified operational settings but with similar 
goals. Among the first round of selected grant 
proposals, several related to space solar power 
technologies have been included as well as one 
dedicated to space solar power itself. 

V SPS TECHNOLOGY 
PERSPECTIVES/ADVANCES 

Since the SPS Program Plan in 2002, progress in 
several technology areas needed for SPS such as solar 
power generation, large space structures, assembly and 
automatic docking has been made. A review of some of 
these technologies is performed hereafter. 

V.1 Solar Power Generation 
Solar power generation efficiency has always been 

key to SPS. Among the key figures of merit concerning 
solar power generation, the specific power [W/kg] is 
one of the most important and has been the subject of 
intensive research and improvements [66].  

The SunTower SPS concept, assumed 1000W/kg of 
specific power, while the thin-film based European Sail 
Tower SPS concept assumed 3500W/kg global specific 
power (including sail deployment mechanism, 
4850W/kg if only taking the sail into account) with 13% 
efficiency CIS deposited on 7.5µm thick Kapton® foils 
[7][16]. 

Since these early 2000s reference concept 
definitions, many advances have been made concerning 
solar power generation, supported by the strong 
terrestrial solar energy development. Two specific areas 
will be highlighted here: a-Si and CIGS thin films solar 
cells and new Inverted Metamorphic Multijunctions 
(IMM) solar cells. 

Triple junction a-Si:H/a-SiGe:H/a-SiGe:H solar cells 
deposited on 25µm thick polymer have already been 
produced using partial roll-to-roll process [70],[71] and 
achieving 9.5% AM0 BOL aperture area efficiency 
leading to a 2343 W/kg BOL specific power (1600W/kg 
using full roll-to-roll process). In 2007, a demonstrator 
concept has been introduced [72] based on the 
development of a-Si:H single junction 0.25cm² cells 
deposited on 6µm thick LaRCTM CP1 polyimide which 
have shown a 9.5% AM1.5 efficiency leading to a 
power density of 3200W/kg, estimated to be 4300W/kg 
under AM0 [73]. 

Cu(In,Ga)Se2 (CIGS) thin films solar cell efficiency 
has always been higher than a-Si based thin films but a-
Si had the advantage of being deposited at lower 

temperature, allowing the use of lighter polymer 
substrate and therefore higher specific power. Advances 
in high temperature resistant polymer (such as the a-Si 
and CIGS thin film substrate dedicated Kapton® 
PV9100 series [74]) and lower substrate temperature 
deposition have recently allowed the use of CIGS on 
flexible polymer. DLR is also investigating CIGS thin 
film solar cells for space application through the 
German joint project lead by DLR “flexible CIGSe thin 
film solar cells for space flight” which has demonstrated 
15.5% AM1.5 efficiency (0.5cm² area) and 12.7% 
AM1.5 on 29.5cm² area based on roll-to-roll production 
process [75][76]. This field of research is also important 
in the terrestrial building integrated photovoltaics 
development and synergies could be envisaged. Current 
record efficiencies of CIGS on glass substrate are about 
20% AM1.5 [77][78] and CIGS on flexible polymer 
substrate are getting closer to these records: from 14.1% 
in 2005 [79] to 17.1% in 2010 [80] and 18.7% in 2011 
[81] as shown in Fig. 1.  
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Fig. 1 : CIGS cells efficiency evolution and comparison 
with flexible polymer deposited CIGS.([78][81][82]) 
 
An important aspect regarding durability and EOL 

performances of SPS is the radiation hardness, 
especially if the SPS has to go through the radiation 
belts during orbit raising. From this point of view, a-Si 
and CIGS thin films solar cells offer another advantage 
thanks to their inherent radiation hardness [83], [84]. 
Moreover, a-Si cells exhibit a significant recovery under 
operational temperatures (60-80°C) thanks to annealing 
processes. 

In parallel to the a-Si and CIGS thin film solar cells 
development on polymer substrates, new thinned solar 
cells are being developed: the Inverted Metamorphic 
Multijunction (IMM, also known as lattice mismatched, 
first introduced in [85]) solar cells not only allow better 
efficiency thanks to their upside down growing method 
but this method also allows to remove the parent 
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substrate. Thin cells (typical thickness of 10µm-20µm 
[86]) are therefore a direct by-product of the 
manufacturing process leading to further increase their 
specific power up to 3650W/kg at the bare cell level 
[87]. Thinner solar cells also make them flexible, 
allowing fold-out or roll-out packaging. 

In 2008, NREL won the R&D100 Award with the 
development of such new solar cells, which are now 
commercialized. On July 20th 2011, EMCORE Inverted 
Metamorphic Module Quadruple-Junction (IMM4J) 
solar cells were released from the Space Shuttle 
Atlantis' cargo bay during its final mission, as part of 
the MISSE-8 (Materials International Space Station 
Experiment) FTSCE-III (Forward Technology Solar 
Cell Experiment) program [88][89]. The solar cells 
exhibited one of the highest ever measured in-situ 
efficiency: greater than 33% [90]. Under high 
concentration, these solar cells could even approach the 
50% efficiency, current records being above 42%[77].  

In 2010, JAXA reported a 4500W/kg specific power 
using inverted metamorphic double junction 24.9% 
AM0 efficient solar cells hoping to reach 6000W/kg 
with 3J-IMM [91]. 

AFRL and NRL (US Naval Research Laboratory) 
have conducted parametric simulations to assess the 
EOL performances of 3J-IMM based blanket in function 
of protective material against radiation [92]. They show 
that specific power >700W/kg (including blanket 
substrate mass) could be feasible. 

Solar concentration is another alternative to increase 
the specific power of spacecraft solar arrays. One 
example is the stretched lens array under development 
for several years. It is a refractive 8x concentrator using 
deployable linear silicone Fresnel lens and 30% 
efficient 3J Emcore solar cells. Together with the ATK 
Space Systems’ SquareRigger array platform (SLASR), 
the BOL specific power is 300-500 W/kg with an areal 
density of 300-400 W/m2 [93] and projected to be 
240W/kg EOL [94]. A flight demonstration of the SLA 
(SLA Technology Experiment, SLATE) is planned to 
fly on-board of the TacSat-IV NRL spacecraft 
scheduled for launch on September 27th, 2011 into a 
high elliptical orbit. It will measure the performances of 
the stretched lens array with Emcore ATJM solar cells 
in the high radiation environment [95]. 

V.2 Large structures 
One characteristic that is common to all different 

space segments of SPS concepts is their relatively large 
size and overall mass. Large lightweight deployable 
structures are therefore an important area of research, 
which needs to be advanced to enable SPS. Due to the 
need of other space applications (space astronomy, large 
telecom structures, large radar apertures etc), research 
on large deployable space structures is progressing. 

The largest space structure ever built in space is the 
International Space Station. About 30 launches were 
required to put the total mass of 417Mt ,with 
dimensions stretching 100 by 70m into orbit [96]. Fig. 5 
shows the eight Solar Array Wings (SAWs), each 35m 
long and 12m wide and consisting of a deployable mast 
between two solar cells blankets. Stowed, each SAW is 
50cm high, 4.6m long and still 12m wide [97]. 

A recent study [98] compares different technologies 
(telescopic booms, coil-able booms, truss structures, 
inflatable booms, shape memory composites booms and 
articulated booms) currently available (≥ TRL 6) to 
develop such structures. It appears that the largest 
potential length achievable at the moment is about 100m 
by using coil-able booms. Deployable trusses have been 
flight proven up to 60m (ADAM - Able Deployable 
Articulated Mast experiment on the Shuttle Radar 
Topography Mission in February 2000). 

Instead of using a mast or other mechanisms to 
develop the solar sail, the solar sail demonstrator 
IKAROS launched by JAXA in May 2010 uses 
centrifugal forces of a spinning spacecraft to deploy it 
and to keep it extended. The 14m x 14m solar sail was 
successfully deployed on June 9th (Fig. 2). It is made of 
7.5µm thick polyimide and is partially covered with a-Si 
thin film solar cells generating 300W at 1AU [99]. The 
total mass of the sail is 16kg leading to an average areal 
density of 0.081.6 kg/m². 

 

 
 

Fig. 2 : Fully deployed solar sail picture taken by the 
self–operating camera released by IKAROS (left) 
and one of the four petals of the solar sail with 
integrated a-Si solar cells in the centre and 
reflectance control devices for the attitude control 
near the edges (right). [99] 
 
In mid-2005, the deployment of two 20m x 20m 

solar sails were demonstrated under vacuum in the 
NASA 30m Plum Brook Facility [100] (Fig. 3). One 
used truncated 80m coil-able CFRP masts and 2µm 
thick aluminized CP1TM thin film while the other used 
truncated inflatable booms with sub-Tg rigidisation and 
2µm thick aluminized Mylar. When extrapolated to 
100m, both sails exhibit an areal density below 0.015 
kg/m². 
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Fig. 3 : Vacuum deployment of a 20m x 20m solar sail 
made of CP1TM polyimide and CFRP masts in the 
NASA 30m Plum Brook Facility [100] courtesy of 
NASA, SRS, ATK-Able 
 
In the frame of the Furoshiki experiment, a 130m2 

triangular net has been deployed from a central hub to 
three daughter spacecraft while performing a short 
parable during a sounding rocket experiment in 2006 
[39]. 

Due to their ever increasing performances and power 
requirements, the PV span and antenna size of the 
telecommunication satellites solar panels has also kept 
on increasing. The Direct TV12 satellite based on an 
Boeing 702HP platform is 48m long. The largest 
antennas used on civilian telecommunication satellites 
are in the order of 20m (e.g. 19m for the Engineering 
Test Satellite (ETS)–VIII [101], 22m for the L-band 
reflector antenna developed onboard of SkyTerra-1 
[102] (launched on November 14th, 2010). Some US 
reconnaissance satellites are reported to have umbrella-
like antennas with diameters as large as 100m (e.g. the 
USA-223 spacecraft launched on November 21st, 2010 
onboard a Delta-IV heavy launcher) [103].  

Astrophysics missions require ever larger 
lightweight structures. For instance, the deployable size 
of the James Webb Space Telescope (JWST) uses 
multiple deployment mechanisms and complex 
sequence to deploy its 5 layers 264m2 (22m x 12m) 
sunshield. 

While there have been steady advances in the 
deployment of large space systems, there has been no 
significant breakthrough achieved since the last major 
space solar power system studies. Further maturation 
and development is needed in this area. 

V.3 High power applications 
Along with the size, the electrical power required by 

satellite has continuously increased, especially for the 
high power demanding telecommunication satellites.  
Fig. 4 shows the evolution of the GEO communication 

satellite power over the last two decades base on the 
UCS satellites database (May 2011 [104]). 

Currently, highest EOL power for 
telecommunication satellites is about 20kW using the 
Space Systems/Loral LS1300 platform. European Next 
generation platforms will provide up to 22kW with the 
Alphabus extension program [105]. 
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Fig. 4 : Evolution of telecommunication satellites power 
over the last two decades, based on the satellite 
database from May 2011 [104].  

 
The International Space Station still holds the record 

for the highest onboard power. Since March 2009 and 
the STS 119 mission integrating the fourth and last pair 
of Solar Array Wings the ISS BOL power generated by 
the 8 SAWs is about 264kW [97], (208kW 15 years 
EOL [106]), delivering 84kW usable continuous 
electrical power, due to Earth and self-shadowing and 
battery recharging [97][106]. Each solar array wing 
consists of a 35m long telescopic mast deploying the 
two array blankets located on both side of the mast and 
covered with 14.5% BOL efficient solar silicon solar 
cells [106]. Each wing has a mass of about 1100kg 
[107] (including the two blankets and the mast), leading 
to an EOL specific power of 24W/kg. The SAWs 
operate at a relatively high voltage level of 137V to 
173V, which is converted to 124V for onboard power 
use [106]. 
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Fig. 5 : ISS Solar Array Wings (SAWs), credit: NASA 
 

V.4 Automated rendezvous & docking 
Even today’s largest deployable structures are not 

large enough yet for the needs of space solar power 
concepts. In-orbit assembly of multiple, separately 
launched elements is therefore required for the 
construction of SPS. Ideally, each module should 
therefore be able to perform an automated rendez-vous 
& docking with the rest of the structure already 
assembled. Several substantial advances and 
demonstrations have been made since 2002 in this 
domain. 

On April 3rd 2008, ESA’s first Automated Transfer 
Vehicles (ATV “Jules Verne”) conducted the first fully 
automated docking with the ISS in full compliance with 
the very tight safety constraints imposed by human 
spaceflight operations. The ATV manoeuvring and 
docking was based on four different instruments: the 
Russian Kurs radar-based system, the GPS, 2 
Videometers and 2 Telegoniometer (laser-pulsed 
instruments that calculate the distance and orientation to 
the ISS) [108]. . 

 

 
 

Fig. 6 : ATV-2 Johannes Kepler successfully docked to 
the ISS and seen from Discovery during the 
STS-133 mission, credit: ESA 

 

V.5 Robotics and automation 
The automated rendezvous and docking is only the 

first phase of the SPS in-orbit construction: the next 
crucial phase consists in the assembly of the modules. 
Since the assembly of large structures by astronauts 
even in LEO is prohibitively expensive [109], robotic 
assembly will be necessary for space solar power.  

On January 22nd 2006, JAXA conducted a sounding 
rocket (S-310) experiment aiming at demonstrating 
several key technologies using the Furoshiki concept. 
One part of the experiment was tested the movements of 
two autonomous crawling robots provided via ESA’s 
Advanced Concepts Team (called Roby-Space and 
developed by the Vienna University of Technology - 
Institute for Handling Devices and Robotics) on the 
130m² deployed net in microgravity [35]-[39]. 

 

 
 

Fig. 7 : Robyspace junior crawling robot prototype [35] 
 

In March 2007, the US Defense Advanced Research 
Project Agency (DARPA) launched simultaneously two 
satellites (ASTRO, the chaser and NextSat the target) in 
the frame of the Orbital Express mission aiming at 
demonstrating autonomous in-orbit serving capabilities 
[110],[111]. After being separated from the target by a 
distance of 7km, ASTRO conducted an autonomous 
rendez-vous followed by a fly-around inspection. It then 
captured and berthed NextSat to successfully transfer 
hydrazine monopropellant, a battery and a flight 
computer using its robotic arm. 

A novel approach to the autonomous assembly of 
very large structures composed of identical elements has 
been proposed by the ESA Advanced Concepts Team in 
2005 and 2006, using techniques developed for swarm 
robotics [26][27][112]. 
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Fig. 8 : Orbital Express: ASTRO (left) and NextSat 
(right) Courtesy of Boeing/DARPA 
 

V.6 Wireless Power Transmission Technologies 

V.6.1 Non-mechanical laser beam steering 
Transmitting power down to Earth requires high 

accuracy steering capability. While the technology is 
well developed for microwave frequencies by using 
retrodirective antenna systems, non-mechanical beam 
steering of laser beams is still in its infancy. 

Two alternatives exist: mechanical and non-
mechanical laser beam steering. Mechanical beam 
steering using piezoelectric and electromagnetic 
actuators has already been used for optical laser 
telecommunications. In 2001, inter-satellite optical data 
transmission demonstration achieved pointing accuracy 
of the order of 1µrad [113] between the Artemis 
spacecraft (ESA) in GEO and SPOT-4 (CNES) in LEO 
using the SILEX payloads. 

JAXA’s Optical Inter-orbit Communication 
Engineering Test Satellite (OICETS) demonstrated the 
first bi-directional optical communication with Artemis 
in 2005 and again achieved high accuracy tracking 
±1µrad [114]. Mechanical beam steering for wireless 
power transmission by laser is still considered as 
suboptimal due to the associated mass and the long-term 
reliability of moving parts. Non-mechanical beam 
steering could alleviate some of these concerns. Recent 
studies conducted since the last SPS reference system 
studies have demonstrated non-mechanical laser beam 
steering and tracking using optical phased array based 
on nonlinear crystals [115] or spatial light modulators 
based on twisted nematic liquid crystals [116]. 

V.6.2 Wireless power transmission demonstration 
Microwave power transmission is a much better 

developed area, with a number of key experiments 
already conducted. One of the early milestones was the 

experiment at the JPL Goldstone Facility in 1975 
transmitting 30kW DC over a 1.6km [117]. Later 
similar experiments were done for fuel-free airplane 
tests (SHARP in Canada [118] or MILAX in Japan 
[119]). 

More recently, in 2008, an experiment was 
conducted to demonstrate the wireless power 
transmission over a distance as large as 120km between 
two Hawaii islands using a retro-directive antenna 
system [120][121]. 

It is surprising that this technology, which 
essentially dates back to early experiments by N. Tesla 
and which has been already applied successfully during 
the 1960s has not yet found a core application and thus 
remains still largely confined to underfunded academic 
research. 

VI CONSEQUENCES FOR THE ORIENTATION OF 
A NEW REFERENCE ASSESSMENT OF SPS 

As demonstrated in the previous sections, key 
technologies enabling solar power from space 
progressed substantially, though roughly following the 
expected general advances envisaged 10 years ago. On 
the other hand, the environment for the introduction of 
radically new types of energy systems has undergone 
almost revolutionary changes since the first publication 
of the European SPS Programme Plan in 2002. The 
drastic change in the general public perception of the 
need for real changes has been stronger than anticipated, 
opening a new window of opportunity for a fresh look at 
space solar power.  

Based on the above-analysed general changes, the 
following preliminary conclusions are proposed to guide 
such a fresh look at space solar power, using a special 
emphasis on the European situation: 

! the 20-20-20 energy policy of the European 
Union is expected to provide the basis and 
incentives for substantial changes in the 
European energy infrastructure, including a 
maintained strong support for the further 
increase of the share of renewable, and 
especially solar power sources.  

! the rapid development of the terrestrial solar 
power PV market, accelerated recently by the 
massive entry of Chinese production will 
further increase the competitiveness of large-
scale terrestrial solar power plants 

! the anticipated substantial increase of the share 
of terrestrial solar power plants is expected to 
increase the need for the addition of reliable 
and large-scale energy storage solutions; above 
a certain total threshold for power from solar 
energy, energy storage requirements for large-
scale solar power plants might drive terrestrial 
plant costs; 
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! a real market for large scale terrestrial solar 
power plants in North-Africa and the Middle 
East connected to Europe is technically 
realistic; ongoing and planned private and 
public investments in such an infrastructure are 
encouraging and allow the anticipation of 100s 
of MW to GW scale installations in a 2025+ 
timeframe 

! an orbiting prototype proof of concept of an 
entire space solar power system is realistic to 
be assumed in a 2020+ time frame 

! contrary to most traditional space applications, 
the technical aspects of any service from space 
for the energy sector, including space solar 
power need to be secondary and driven by 
economic and service considerations; space for 
energy needs to be approached radically 
different than space for science, space for 
knowledge or space for defence applications; 
long-term, stable energy sector driven public 
private partnerships seem to be suitable 
implementation mechanisms; 

! contrary to most solar power from space 
studies in the past 30 years, the space solar 
power system needs to be conceived and seen 
as a complement to and fully integrated into a 
future terrestrial energy infrastructure, not in 
opposition to other (terrestrial) options to 
increase the sustainability of the overall energy 
system."

VII  CONCLUSIONS 

Solar power from space has received substantial 
governmental attention in the late 1970s, partially 
driven by technical advances, by optimism concerning 
space projects and by a progressive approach to putting 
solar power as a cornerstone of the to be changed US 
energy system by the Carter administration, who 
announced in 1979, that by the year 2000 20% of the 
US energy would come from solar energy.[122] 

The latest substantial effort to develop a reference 
design point for space solar power systems was made 
roughly 15 years later in the late 1990s by NASA. 
These and some follow-up works were taken as basis 
for most subsequent reflections on space solar power 
since then, including some European designs such as the 
European sail tower. 

This paper demonstrates that 15 years later, the 
space sector has changed substantially, the energy 
situation is very different from the one of the late 1990s 
and will likely experience even more profound changes 
during the next 15 years, key technologies for realising 
space solar power concepts have substantially advanced 
and new concerns related to environmental impacts of 
energy options have all rendered the prospect for space 

solar more promising than ever before. Based on the 
combination of the above facts, the paper therefore 
argues for the need for a third serious fresh look for 
space solar power and proposed the main framing 
parameters for such an effort. 
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