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Climate change and the related running out of fdesl reserves drive the development of renewalergy
sources. To contribute to a solution of these Enmisl we present the results of a BSc student desigtihesis
exercise project on Space Based Solar Power (SBSBBSP system generates power in space using cellar
concentrator systems and wireless power transmétdo Earth. Main advantages compared to terrestolar
conversion systems are a higher surface powertgearsil continuous power supply.

The project includes an analysis of the current andre electricity market, its technical perforroan the
conceptual design of a SBSP system, the economdgaicts and sustainability. The SBPS top levelireapents are
an operational lifetime greater than 10 years, raoh @& life effective power output on Earth exceedih GW, a
launch before 2025 and being cost-competitive wéthestrial energy sources. Besides these top teggiirements,
numerous derived requirements are established sinisability, safety and (subsystem) design. Th@SBoncept,
termed Heliodromus, resulted from a broad studstistawith three existing concepts. A systems eegiing trade-
off resulted in a new constellation concept: Tetelites orbiting in Low-Earth Orbit and two sattds orbiting in
geostationary Earth orbit each having five mirrors.

The performance of Heliodromus was evaluated byfdtiewing criterea: overall efficiency, technicaadiness
levels, energy payback time and total cost. Theomlajsses occur during the initial energy conversiwith only
15% efficiency, by the photovoltaic thin films. ktromus is 5 to 10 times more expensive compavezkisting
Earth based solar farms, both photovoltaic andrshfaamic. The energy payback time is 6 years coathto 3
years for terrestrial solutions. The worst casérege of Heliodromus' efficiency is 2% which is ratfficient to
compete with Earth-based solar systems. However tal the ongoing rapid developments, an overétiefcy of
10% efficiency is credible in the present decade.

The (worst case) electricity cost is 1 $ per kWmpared to 0.1 $ per kWh for a (2010) terrestriak@oplant.
The cost of Heliodromus is around $98 billion ahndhés stage it is not price-competitive with fdssi Earth-based
renewable energy sources. The required assemhdybih was never done on the scale required forddetimus,
therefore it opens totally new fields of researnt development. The total efficiency was definedswoase but the
improvement of electronic components efficiencyl wilntinue. Therefore a factor 5 improvement in ile@r future
is probable, getting Heliodromus closer to beconmvagket viable.
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[. INTRODUCTION [8,9] was dedicated in 2009 and 2010 to the desfgn
Renewable energy sources are becoming more and m@BSPS. These kind of projects are part of the
important as fossil fuel reserves are running aud a compulsory educational program to train students in
become too expensive. Space solar power is imystems engineering, project management and
principle inexhaustible and delivers a clean forfn oteamwork. Creativity and out-of-the-box thinkingear
energy [1]. This creates a potential for harvestindkey characteristics of the DSE. The writer of thiticle
renewable energy from space by Space Based Solaas the principle tutor and initiator of a 2009 DSE
Power Systems (SBSPS). Its principle [2] is shown i assignment with title and mission need statement:
Fig-1 for a single SBPS spacecraft in a geostationa “Design of a ‘green’ spacecraft series to supply
(GEO) orbit. The collector and antenna share aenewable solar energy directly to Earth to be
common axis parallel to the Earth. The antenndaunched before 2025.”
constantly faces the Earth whilst the collector (by The project objective statement was defined
rotation) normal follows the sun. The problems ofsomewhat different:
power loss during transmission as well as the espen  “Perform a market and technology feasibility study
and difficulty of assembling large arrays of solarand make a conceptual design for a SBSP harvesting
collectors in space have been intensively studiedast platform by 10 students in 10 weeks.”

three decades [3,4,5]. The critical questions amiba The project included an analysis of the current and
5000 GW system of 1000 plants worldwide [2]. future electricity market, a conceptual design &BSP
system, an analysis on its technical performance,
Fig. 1 Space Solar Power economical aspects and sustainability, and a casgar
Tt Sk Mk EEAKTERY cEtC Sl €16 G Sk to Earth based solar farms. The SBSPS design result

The space solar power system is enlarged X 4000.

this project namedHeliodromus; is described in this
article. Keywords of the study are: Renewable energ
solar concentrators, energy conversion, solar,cedat
engines, GHz energy downlink, microwaves, laser
beams, transmitter, system trade-offs, end-to-end-
performance, market viability.

MICROWAVE BEAM

GEOSTATIONARY ORBIT ANTENNA

COLLECTOR

Il. SBSP SYSTEM REQUIREMENTS
The mission need statement [8,9] gives rise to the
following SBSPS mission requirements:

SOLAR RAYS = Operational lifetime at least 10 years.
= 1 GW effective power output on Earth at
Fig-1: Principle of a SBSP [2] End- Of-Life (EOL).

= |Launch before 2025.

The working principle [2] of a SBSPS, shown in*® Sustainable design. _
Fig-l, is the generation of power in space usirigrso - COSt-CompetItlve with terrestrial energy sources.
energy conversion and subsequently transmitting thi N ) ) )
power to the Earth by means of wireless power Addmonal requirements were d(_erlved systematically
transmission. The main advantages of a space systé#ling the design process. Besides these top level
compared to terrestrial solar conversion systerasaar equirements, numerous other requirements areetefin
higher surface power density (due to a higher ghnli These requirements state the criteria on sustdityabi
intensity outside the atmosphere), and a continuogafety and (subsystem) design. A detailed treatroént
power supply (no day and night cycle). the design is not within the scope of this articlés

A number of studies [3,4,5] was performed both incontents confines towards the System _Engineering
the US (SERT) and by ESA. Recently EADS Astrium@pproach, main outcome of the study and its foligw-
[6] announced to boost their development efforgtet a N the DSE 2010.
very high efficiency of conversion of the infrarkser
beam light into electricity and announced that a ll. CONCEPT STUDY .
demonstration mission should be possible in thegue For the SBSPS trade-off start, three different
decade. Meanwhildapan (JAXA) announced [7] it is existing concepts were considered. In Table-1 the
planning to put a small demonstration solar coiect SPecifications (SBSP characteristics) of these eptsc
satellite in orbit by 2015. are given.

At the TU Delft faculty Aerospace Engineering a
student Design Synthesis Exercise (DSE) BSc project
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.1 LEO concept requires many launch vehicles, increasing the divera
The Low Earth Orbit (LEO) concept, up to 1,500cost.

kilometers altitude, consists of a constellation of

satellites rotating the earth. For the collectidnsolar  [IL.III Mirror concept

energy photovoltaic cells are used. A laser sysiem The space mirror concept consists of a single
chosen for the transmission on basis of argumeats f satellite in GEO and a corresponding ground station
[10-15]. The stabilization of the system has to beEarth. The satellite is a mirror reflecting the asol
performed actively, since the lasers rotate. Arradiation towards the ground station without cotingr
advantage of this concept is that the lasers can heto other forms of energy. The concept excels in
transmitted to existing terrestrial photovoltaianfs,  simplicity in the absence of a collection system,

reducing cost.

Table-1: The threeSBSPS concept specifications.

Secondly, lasers are smaller, safer and lighten th

transmitting devices and cabling. As a result the
complexity of the system and values for the mast an
volume can be made significantly lower than foreoth

design concepts. Just as the LEO concept, the mirro

Design Option LEO GEO Mirror concept can make use of already existing photoeolta
Collection Plane wings Plane wingb Para;\bollm/ fa_rms, even more eff|c_|ently._A m‘ajor dravyback bé t
[space] Spheric mirror concept is that it requires ‘Soller slite’ treate
Conversion PV PV None parallel solar beams for decreasing the spot othEar
[space] a reasonable size. Soller slits exclude a largegiaghe
Orbit height 1000 [km] 36000 [km]| 36000 [km] incoming sunlight, decreasing the overall efficignc
ADCS significantly.
stabilization Active Active Active
Contact f L Hiah Hiah ll.IV_System Trade-off

onfacttime | tow 9 '9 In the system trade-off the drawbacks of all three
# of satellites M:nggle 1 1 concepts are evident. Therefore it was decidecbtoec

(+50) up with a concept combining the advantages offiheet

# of ground Multiple 1 1 designs. The resulting concept (Fig-2) was nanfiedt a
stations (50) the courier of the Sun in classic Mithraic cerenssni
Ground station| __. . Custom . ‘Heliodromus. A broad area of technology and its
type EXisting farms | oienng | EXISUNGTAMS | giceinlines are involved like collecting optics, lao
Weather _ _ cells, deployable structures, microwave and antenna
attenuation High Low High technology and attitude- and orbit control to ofvttkie

required pointing accuracy. Moreover  CcoOSts,
sustainability and reliability play a key role itnet

asystem—trade offs. A glimpse of the Systems

microwave antennas. Moreover, the orbit can beerhos ) . .2 . :
to deliver energy to Earth to serve during energskp Engineering approach is given in the flowchartsegiv
moments in the morning and evening. A majorby the Figures 3, 4 and 5.

drawback of the LEO concept is the large amount of
ground stations and satellites required to proeidergy
continuously, as the LEO satellites have a shantami
time with a ground station.

.1l GEO concept

The GEO concept consists of a single GEO satellite,
which is coupled to its own ground station. Theteys
can easily be scaled with other GEO satellites and
ground stations. For collection of solar energy
photovoltaic (PV) cells are used in combination hwit
solar concentrators, increasing the solar intensity
microwave system is used for the transmission. The
satellite stabilization has to be performed actiysince
the PV cells have to rotate to the Sun. Advantaddise
GEO concept are that the system is stationary above
ground and microwaves are barely influenced byddou
A disadvantage is that a large amount of mass and
volume has to be launched to GEO height, which

7770 km

42164 km

Fig-2: The Heliodromus SBSPS
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Fig-3: Functional Flow Diagram of the SBSPS
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- system design of both the LEO satellite and the GEO
satellite in Fig-6 to 9.
For an end-of-life power output of 1 GW on Earth, a
CACH total surface area of 3.44 krof thin film photovoltaic
cells is needed per LEO satellite. The photovoltaic
B | conversion is limited by a 15% end-of-life efficin
|:=m-| +| Reguiaion w| ADAC Thin film panels are applied which are cheaper to
And Contral .
1 produce and have a large power and package density
compared to other PV cells [16]. Consequently, less
¥ ' launches will be needed. Another advantage offthim
Lasar : e is that it is easy to assemble and maintain, whvih
gl e T e e I reduce the overall cost.

Fig-4: LEO Functional Breakdown Structure.
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Fig-5: GEO Functional BreakdowStructure.

CADH J

The LEO satellite, shown in Fig-6 and 7, consists o
two extremely large solar arrays, both 1.72 km32ine.

. M;w""f“"ﬂ;m - Thesg arrays are build up from 76 separate (_j(_apl!eyab
thin film solar panels. The two arrays are posiibrin
! such a way that they will never obstruct the ldsesm
: which has a maximum deviation of about 10 degrees.

This is seen in Fig-7 which shows the two solanwarr
wings of a LEO satellite as subsystem of the
Heliodromus SBSPS.

Fig-6: Solar arrayconfiguration of the LEO satellite.

Two arrays are chosen to limit the amount of
cabling for energy transfer to the laser system

A single GEO satellite has five mirrors, one foctea positioned in the center of the satellite. Eaclayiis
LEO satellite. The LEO satellites collect the Sun’sconnected to a separate laser constellation corist

energy and transmit it by means of lasers to threonsi 200 lasers. The upper laser system differs from the

in GEO, which redirect the light to Earth in returnlower one since it can point the lasers directhyaads
(Figure-2). Heliodromus has the advantage of havinghe focal point of the first mirror. The lasers g@laced
only little mass in GEO, as most of it is in LEO. under an angle in a large circle to provide cleceaior
The contact time with the ground stations isthe rotating second mirror and still be able torbehe
permanent, i.e. the energy supply is continuoudasers through this focal point. For the upperraske
Moreover, the system is easy scalable, requirilg an cooling can be located on the inside of the lagstesn
small mirror satellite to be launched to GEO foctea attached to the laser support structure. On therdside
new LEO satellite. An artist impression is giventbgé the cooling for the lasers can be located in alami
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manner only here on the outside of the lasers. Th&he power supply for these systems is obtained ften
arrays and the laser constellation are connectethdy laser beam by using solar cells located on thedrserdf
support structure of the rotating mirror. Sincesthi the mirror [21]. The laser transmission from theQLE
structure is rotating along with the mirror theagts can  GEO spacecraft is shown in Fig-9.

also rotate with respect to each other, hence aotys
need their own attitude determination and control
system (ADCS) to be able to point both arrays tawar
the Sun. This can be easily integrated in the likess
support structure of the solar arrays, where also
standard control systems needed for satellite ¢ipesa
can be accomodated.

The generation of the laser beam for wireless power
transmission [17] is done with an efficiency of 6@%d Possible locations for cooling Lower laser constellation
each individual laser has a power output of 1 MVérat
IR wavelength of 1064 nm. In total, the systemef t
LEO satellites uses 4000 lasers. The choice farlan
Heliodromus instead of microwaves transmission is
made, because of the huge antennas and rectennas
required to generate power in the order of GigatsVat
Already existing studies on the subject by NASA and
ESA only covered microwave, hence a concept using
laser transmission was open for out of the boxkthin
Moreover microwaves have a safety concern in cése o
a misdirection.

A mirror system on the LEO satellites, using
mirrors with a diameter of 9 meter and 12 meter,
bundles all separate lasers rays to a single beam a
directs it to the GEO satellite (Fig-9). The LEO
satellites have a permanent contact time with drtheo
two GEO satellites, SV\_/itching_ bet_ween_ them when Fig-7: TheLEO subsystem of Heliodromus.
needed. The GEO satellite, having five mirrors 4fr2
diameter each, reflects the energy to the assdciate
ground station, providing energy to Earth contirglpu

The laser beam travels through the atmosphere [13]
with an efficiency of 85% and reaches the Earth’s
surface at two ground stations, located in Arizdh3A
and Egypt, North Africa. These areas are selected
considering cloud coverage and aerosol density,
seismicity and political stability.

At the ground station the laser beam is converted b
means of monochromatic photovoltaic cells, optimize
for the wavelength of the laser [18,19]. This casien
can be performed with a conversion efficiency o%40
resulting in a power output of 500 MW per ground
station.

The Stirling or Brayton engine [20] is the bestiopt
for solar dynamical conversion at a lower efficigrud
31% but its mechanical reliability is questionafde Satelte ADC system
space applications. Therefore PV arrays are falbera

The GEO satellite, shown in Fig-8, consists of five
separate mirrors which need to track and trace the
compliant LEO satellites. Therefore it is needed fo
each mirror to have an individual ADCS. The mirrors
are connected by a truss like structure to therakepart Fig-8: The GEO subsystem of Heliodromus.
of the GEO satellite, which accomodates all the
necessary subsystems, like another GEO S/C ADCS.

Concave mirror

Rotating mirror

Upper laser constellation
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losses, with an efficiency of almost only 40%.
Obviously this is recognized by EADS Astrium [6]
since they are working hard on this issue in
collaboration with the University of Surrey (UK)h&
development in converters with a high efficiency,
aiming for 80%, is reported to proceed rapidly.

2nd Mirror

V.III Total costs

To be market viable the electricity price of
Heliodromus has to be about 0.1 $/kWh, as concluded
in a market analysis. The total cost of Heliodronsis
estimated to be about $98 billion, of which nez80
billion are the costs of the laser devices and the
launches. The resulting electricity price of Hetaohus
is approximately 1 $/kWh. This value is based oa th
most pessimistic mass estimates, i.e. the highesich
costs with a total of 1200 Ariane launches.

Fig-9: Laser transmission from LEO to GEO

V SYSTEM PERFORMANCE V.IV_Energy payback time
The performance of Heliodromus was evaluated by The energy payback time for the Heliodromus
evaluating the following parameters: concept is estimated using the following divisidhe
1. Technological Readiness Level(s) (TRL). collection system, the transmission system, theirgto
2. Total (chain) efficiency. station and the launch. This led to a total energy
3. Integral costs. payback time of approximately 6 years.
4. Energy payback time. Another major concern foHeliodromus is the
A performance comparison between Heliodromus an@ssembly of the satellites in space. The dimensidns
Earth based solar farms was made to see Whethbpth the LEO satellites and the reflectors in GE® &
Heliodromus could be competitive with conventionalsuch an order that they do not fit into a singlentzh
renewable energy sources. vehicle. For this reason assembly in space is requd
create the complete structure. Since the assembly
V.l Technological Readiness Levels involves thousands of parts, the assembly of thasts
Main bottlenecks in the applied technologies aee thand the realization of the large amount of laundhes
laser and the thermal subsystems. The requiredWl M short time frame will become a big challenge [22, 2
continuous wave lasers are not yet available and
especially not with a lifetime of 10 years or highthe = Table—2 Comparison with Earth based solar farms.
60% efficiency of the laser results in 40% energgs!

This wasted heat has to be rejected by means ohéte g‘l’%i?e Costs Lifetime | Output
radiators. T_he amount of required radiating surfece [GWhiyear] | [million 8] | [years] [$/kWh]
huge, contributing for 50% to the mass and voluhe J Heliodromus
the LEO satellite. Therefore, improvements on eithe| (PV) 8800 89000 10 1.01
the efficiency of the laser or the effectivenesstiuf Moura
thermal radiators shall be made. Furthermore, tospain 93 325 20 0.17
increase the overall efficiency of Heliodromus, the V(VP\Q |
efficiency of both photovoltaic cells and laserss la G:rm’;‘:snz 20 170 20 021
improve further. PV)
Andasol

V.II Overall efficiency Spain (SD) | 180 390 20 0.11

The overall efficiency of the Heliodromus concept i Navada
estimated to be approximately 2%, based on a powelys
input and output of respectively 47 GW and 1 GWe Th| Solar One 134 266 20 0.10
major losses occur during the initial energy cosiar (SD)

by the photovoltaic thin films in space, which haae
efficiency of only 15%. The conversion of electtycio
IR laser light is assumed to be done with a siédine-

V.V Comparison with Earth based solar farm

When Heliodromus is compared to already existing

art efficiency of 60%. The ground conversion ofelas Solar farms, both photovoltaic and solar dynamib)(S
IR light into electricity significantly contributeto the  Heliodromus is 5-10 times as expensive (Table-2). F
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an Earth based system the energy payback timegp4-2Table-3: Subsystem efficiencies.

ranges between 1 to 2.7 years, compared to thau® ye

for Heliodromus.

Component Efficiency [%)] | Future Efficiency
. . Thin Film PV [space] 15 30
VI Conclusions and recommendations
. . . Laser 60 70
Heliodromus is a result of a concept exploration. B .
means of a subsystem analysis three concepts werkS® mirror 99.5 99.5
proposed. Trade-off between these concepts resulted| GEO mirror 99.5 99.5
the selection of a fourth concept, as a combinaﬂ'bn Airy disk spot mirror 84 84
the other three. Heliodromus is a constellatior
. . . . Atmosphere 85 85
consisting of ten satellites orbiting in LEO andotw | ——
modules orbiting in GEO having five mirrors eaclneT | Alry disk spot [ground] 84 84
number of satellites in LEO is scalable dependinghe | Si PV /Converters 40 60-80
energy demand on Earth. For each added LEO satallit |-[9/0und] —
mirror must be launched to GEO. The LEO satelliless | Overall Efficiency 2.14% 7.48 -10.0%

in a 1400 km orbit. The locations of the groundista
were determined by evaluating cloud and aerosol
densities, seismicity and political stability okthegion.

Current and possible future efficiencies are giiren

Table-3. The total efficiency can be improved upato

The trade-off between these criteria resulted ia thfactor 5 in the near future, getting Heliodromusselr to
selection of two regions: Arizona, USA and Egypt,market viability.

North Africa.
An estimate of Heliodromus’ total
resulted in a value of 2%, which is not sufficignt

Formation flying in combination with novel light-

efficiency weight structures of nano-sats enlarges the scaope
SBSP design trade-offs. Both options are part of

compete with Earth based solar systems. Heliodromuéntensive research at the TU Delft, faculty of Aero
energy payback time is 6 years, which is within theSpace Engineering. SBSP studies are proceededEat DS
minimum lifetime of 10 years, but longer than thelevel.

energy payback time of the Earth based system. The

total rough-order-of-magnitude (ROM) costs
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included in the estimates, therefore autonomous
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