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MULTIOBJECTIVE OPTIMISATION OF INTEGRATED SPACE-BASD AND TERRESTRIAL SOLAR
ENERGY SYSTEMS

M. Vasile
Senior lecturer, Space Advanced Research Teamgtsity of Glasgow, UK, mvasile@eng.gla.ac.uk

L. Summerer
ESA Advanced Concepts Team, Noordwijk, The Netimel$a Leopold.Summerer@esa.int

This paper proposes the simultaneous optimisati@ma@mbination of a number of ground solar powan{s with
a space-based solar plant (SPS) delivering eleptneer for European needs. A simplified mathemhticadel of
the integrated space and ground system is develapgdised to quantify the mass in space and theofdhe
ground plants. The model takes into account thegghical location of the ground stations, the sizéhe power
storage units as well as the orbital motion of #RS. An evolutionary algorithm is then used to fihd optimal
trade-off between size and location of the spagensat and cost of the ground segment. The resulisis paper
provide an insight in the usefulness of the supfitat an SPS system can provide to a ground-badead gower
generation system.

This paper presents a multi-objective optimisatibra
I INTRODUCTION combined space and terrestrial-based solar power

Concepts for solar power from space have receivetpfrastructure. A S|mpI|f|e.d model of one and _sea}er
renewed attention over the past few years. HighscosSPace-based and terrestrial solar power plantsei to

for fossil fuel during most of 2007 and 2008 havePPtimise the key parameters of the ground and space
contributed to increasing the interest in advargregn ~ S€gments of the combined system. The goals are to
energy options usually considered to be at thegésn Minimise the cost of the overall system and to
of current technological capabilities. Conceptsbasn ~ maximise the provision-reliability of electric pomwr
delivering solar power from space, initially propds 2an entire day. Load level needs are based on
under the term solar power satellite are amongethe€Xtrapolations of current, real electricity demand
advanced options.[1] Within the next 15-20 years &rofiles. Given the current launch cost per kg @fss)
significant portion of the world power plants wiieed particular attention is dedicated to the optlmmt_of

to be replaced and the discussion on which energ§!® Space segment. The attempt is to optimise the
production system will be the most appropriate tfe complex interaction between _orb|taI parameters,
21% century is still open and vibrant.[3]-[6] Follovgn archnectyre of the spacecra_lft, size of the tenigdst
the maturation of wind power plants into commercialPlant, size of the terrestrial storage system and
competitiveness, solar power plants are expected Pverage in order to provide a constant deliverst an
reach this level soon at good locations. Thus the, low cost per kW. The modular approach of the
small percentage generated by solar power plargs doSimulations allows extension to a more complex
not require delivery guarantees. The emergence dftegrated space and terrestrial system with differ
progressively more commercial solar thermal powePoWer load profiles for different geographical
plants in some south-European countries, and tente "€9i0Ns.[9]

plans to build large installations in North Afriead the

Middle East to supply Europe are an important step I MODEL DESCRIPTION

forward in this direction.[7][8] Ongoing researchda This section describes the simplified models of the
development in the design and operation of thesspace and of the ground segment.

plants, as well as into high efficiency energy atr

and distribution systems promise further substhntial.l  Solar Power Satellite Model

cost reduction. Concepts for space-based solar IPOWg s assumed that the SPS is made of three main
plants will benefit from these terrestrial devela@ts, glements: a solar power collection unit, a power
gnd their integration into 'gerrestrlal solar POWeriransmission unit and a main bus. Developing a
infrastructures has the potential to become a WmM-W getajled model of the three elements would not add
opportunity, especially if considered early in theaqgitional information for the purpose of this papat

building up of such a new renewable energynioduce undue complexity at this stage but might
infrastructure.
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needed for a deeper analysis. The elements will bpnM, the mass of the main bus (including harness)
sized based on the conceptual designs that have bee

already proposed in the literature.[10][12]-[18] In M. The total mass of the SPS is:
particular, two alternative design concepts will be
considered: the sail-tower concept with microwave -
emitter and rectenna receiver and the solar coratent Meps =My T MY, FMM +M, +M, [4]
concept with laser emitter and solar panels i
receiver.[1][14][15] The solar arrays are assumed to have an overaiffispe
The power generated onboard the SPS is given by: ~ Power at end of life (cells plus supporting struejuof
300 W/kg.[25] The mass of the transmitting anteisna
n S)ASD computed from its diameter assuming that the degrsit
C—ZSCOSO' [1] 1.96 kg/mi. The mass of the bus plus the harness is
rg considered to be 1.2 times the mass of the sotaysr
according to the model developed for the Europ@én s
tower.[10] The termme accounts for the mass of
efficiency and/Jsthe power system effienC)So is the propellant (and propulsion system) to place the 8PS
-~ ] . the desired orbit. The SPS is transferred fromnétial
specific power at 1AU[ is the distance from the Sun cjrcylar LEO to the destination orbit with a lowrtist
(in AU) and a is the elevation angle of the Sun overspiral. It is assumed that the specific impulse is
the solar panels. For the purpose of this assesdimen 15=4500s and that the propulsion system mass is 10%
case of the sail tower concept is used, whichesttie  of the mass of the propellant. The orbit of theasol
solar panels to have continuous 90° irradiationthim  satellite needs to be such that the SPS facesuheusi
the terrestrial plant when the terrestrial plantins
shadow. In order to optimize the delivery of powibe
In the solar concentrator conceptyg is the area of SPS should serve multiple terrestrial stationsiefioze

the solar concentrator. The power is then colleetedi it Should be within the direct line of sight of neothan
beamed to the ground through a microwave transmitt®ne terrestrial station a day. On the other hani it
operating at 2.54 GHz. The ground station antesna @SSumed here that only one station at the timerized,
designed to collect all the power transmitted, ¢fme ~ @nd the SPS revisits the same station periodicatly
its size depends on the distance from SPS to grour@ast once a day. This choice limits the value fef t
station, on the divergence of the beam and thelénti Semi-major axis only to a set of discrete countable
angle of the microwave beam. It is assumed that thBumbers. Relaxing this constraint may allow the 8PS
divergence is 3.8610 radians, therefore the diameter S€TV€ different stations at different times andl i

investigated in future works.
of the receiving antenna igl  =3.85x10%p, _, J

where p._is the maximum distance between!lIl ~ Orbit Transfer Model
It is assumed that the SPS is assembled in a lath Ea
orbit at 200 km of altitude and then transferredt$o
of the transmitting antenna is also a function keé t final operational orbit. This might not necessary
distance through the relationship: represent the best strategy but it is useful tigasa
cost to different operational orbits. The transfer
8/]:0max assumed to be performed with a low-thrust system
drxdtx =l.25—"™ (2] operating a set of electric propulsion. In order to
T minimise the cost of any change of inclination, 8S
where A is the wave length of the transmitted signal.is at first transferred to a higher altitude ordiid then
The factor 1.25 is a safety margin. The receivedlg¥o its inclination is changed to the desired one.

Pes =115

With /7.the solar to electric power conversion

sail-tower conceptAqis the area of the solar arrays.

transmitting and receiving antenna. The diamedgr

can be expressed as: The total cost of the transfer is therefore givgml,,
the total cost of the orbit raising plds;, the total cost
P =177,Pes (3) of the inclination change. The corresponding priape!
where the efficiencyr,, takes into account the path Consumption is then computed with:
losses. The mass of the SPS is made of the foltpwin —Avg%v
contributions: the mass of the solar array%, and m, = M| 1-€ ©)

supporting structure, the mass of the microwavetemi The Av,, can be estimated as follows, assuming a slow

spiral:

IAC-10-C3.1.5
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Av = [H_|H ®) surface areaA, of the solar arrays is one of the sizing
o a, a, parameters of the ground installation. The solaaysr

are assumed to have an efficiency of 35%. If th& SP
transmits power in the form of microwave, the sife

inclination can be derived from the work of Wieael the rectecr;nﬁ |(sj_computfed frgrgsthe d|ver%etr;ce of thhe
Alfano® and assuming a thrust vector perpendicular t§€am and the distance from to ground baseato t

. .. . . . 0, i ici i i
the orbit plane. The mean variation of inclinatadong over 90% of cqllec'uon efﬁuency IS realised.
a low-thrust spiral is: Furthermore, the size of the whole site is takerdo

5.2 times the size of the antenna, as for thetoaiér

_ ) example. The power difference between demand and

di _ 1 Ju )4y, —1E(u) +(\/a__1j|<(u) power generation defines the power storage. Theepow

dt 2m\Va’ M Ju Ju storage will support the demand when the combined
(7) system of terrestrial plants and SPS cannot deliver

WhereE(u) and Ku) are the complete elliptic integral €nough energy.

of the first and second kind respectively and

represents the thrust direction. More precisely,ufol AP =n.Py — Py, (10)

the thrust is perpendicular to the orbital pland &or

u=0 the thrust is in plane. The totAv for a given

Wherea, andas are respectively the semi-major axis of
the initial and final orbit. The cost of the change

wherePye, is the daily power load (or power demand)
and 777 is the transmission efficiency. It is considered

required change of inclinatiali then is: here that the power is transported from the grquiadt
to the user through standard power cables with an
AT = 2 aA g efficiency of 94% and a cost of 3M€ per kilometsed
! T\ u Vin ®) Table 1). The stored energy given by:
ILIII - Terrestrial Installation Model dh, =n.AP (11)
st
The ground installation is made of four elements: a dt

power generation unit, a power collection unitwhere /7,is the storing process efficiency. It is
(collecting power from the SPS), a power storagié un

and a power distribution unit. The concept propased considered here that the power in excAd3is used to

this paper envisages the ground installation geingra Produce hydrogen through electrolysis and the

power through solar arrays, receiving, when aviglap Nydrogen is then stored in compressed tanksi). The

power from the SPS and storing the power in exiress OVerall process efficiency is taken as 3%

the form of compressed hydrogen. The stored hyd.rogeFurthermore, one can define the volume of stored

is then processed through fuel cells. While wittie  hydrogem as follows:

near future most likely not the most economic sohyt

the chosen concept has the advantage of beingabiail th _ E

and useable independent of the geographical dt - n

specifications of the locations. The power is distted H

through the standard power grid, however extravhere /7, is the power to hydrogen conversion

transmission lines are expected to transport tetr@d  coefficient with value 4.8 kWh/Nfn(Nm* measure the

power from the ground base to the user grid. volume of a gas at normal or standard conditions of
pressure and temperature).

The total power generated by the ground instaltei8o  When neither the Sun nor the SPS are available then
the terrestrial plant supplies the demand withstioeed

12)

_ n.$ hydrogen by converting it into power through fuel
P =1 F +1s Crz cosar (9  cells. Therefore, the stored power becomes:
> dh, _ _ Pen
where P is the power coming from the SP§, is the IRl (13)

dt
conversion efficiency on ground (for example the 'hily

. - . . where 7, is the output efficiency of the storage system
rectenna conversion efficiency) at is the elevalltlon (here taken to be 73%). Eq. (13) implies that wihen
angle of the Sun over the ground plant. The comnwers production is lower than the demand, i.e.

efficiency of the solar cells and power system is P <P
T et d

assumed to be equal to the ones onboard the SRS. the terrestrial plant compensates with

em ’

IAC-10-C3.1.5
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what is stored thusdh, /dt <O. Consequently the <rg,lg ><&, the SPS is in the shadow cone of

volume of stored hydrogen decreases with the rate:  the Earth and cannot generate power.
The hourly load requirements for Europe are taken
from the data for the European UCTE electricitydgri
(14) for 2008 as provided by the European network of
dt 11 g transmission system operators for electricity.
where 7], is the volumetric hydrogen to power To take into account Fhe. transmission losses astsco
9 related to the transmission and storage of endngy t
IOfoIIowing parameters are used as a basis.
In general, three main means are commonly used to
) o i transmit energy over long distances on Earth
The cost of the ground installation is relatedt$osize. (excluding the transport of fossil fuels): high tege

In particular,_the cost of fuel cells is assumedbto alternating current lines (HVAC), high voltage dire
S00€/kW, while the cost of the storage system9I8E ¢ rrent lines (HVDC) and to a limited extent hydeag

ch, __P

dem

conversion coefficient that is here considered &
3.0kWh/Nn?.

per unit, where a unit can conta#9300 Nrﬁ Of Hourly UCTE load values on the 3rd Wednesdays of each month
hydrogen.The total cost of the ground installation is: T ot 0 Saptomter 200s)
350-10°] Db B
CI' = CH + Cr + CA + CS + Cg (15) 200 ; i E e T S \
Wherecy is the cost of the transmission umit,is the st A

cost of the receiving rectenneg, the cost of the solar ==
. . z 200 S
arrays,Cs the cost of the storage unit agglis the cost = ] :
of fuel cells. The cost of the receiving antenna is 1o~
actually the cost of the whole site (or land thst i
covered by antenna and related infrastructure plu

100

safety margin). It is estimated that the cost pprase e —
meter of the site is 0.5 euros, assuming deseé-tyf | Feovstme — Mayvstme — Augvstime — Novvstme | .
|and 450‘1027 — Mar vs time Jun vs time Sepvstime — Decvstime

Note that, if multiple stations are available, thaty
supply the user according to the percentage ofablai
energy. For example, in the case of two available
stations and a total energy of 100GWh: If one @ th , 2]
two stations stored 70% of the total and the o8®%6 = 0]
of the total, they will support the user with resipeely
70% and 30% of the required power if all of it came
from storage.

T O (SR e R I

300

150
P IO TUUOE OO SO SO IUOOE SO0 OVG: SO SOOI

50 : et Lt :
The availability of power depends on the relative o] Detterbemieriv ey MBI (E0R): L 0 2 s c - b o
pOSItIOﬂ O.I: Sun, SPS and terreStrIa| Insta”atla-he 01 02 03 04 05 06 07 08 09 10 11 thou:’s 14 15 16 17 18 19 20 21 22 23 24
SPS-terrestrial plant vector can be expressed as

d(a,ei,w,Q,0,A,¢), whie the SPS-Sun vector

and the terrestrial installation-Sun vectors can bgg the purpose of this work, HVDC lines were chose

expressed respectively dig,s(a,€,1,w,Q,0t) and due to the large distances, the point-to-point
Fo(A,4,t) trar_lsmission_ configuration, _the_ir a_lbility to conhec
GS\Trra /e various AC lines for further distribution and thecent

If the condition<d, N >< €is satisfied, wherd is substantial investments in such new lines in Eurtipe

US and China. Cost and transmission losses for HVDC

lines are essentially composed of those of the

transformer stations at each end and those ofirtke. |

Table 1 contains the main parameters of such lines.

Figure 1. Hourly power load in Europe in 2008

the local normal to the terrestrial plant aflis a
minimum elevation angle, the SPS is below the looriz
and cannot transmit to the terrestrial plant. Sinh if

the condition<r.q,Ng >< & is satisfied, the Sun is

below the horizon and the terrestrial plant doessee
the Sun. Finally, if the following condition is sfted

IAC-10-C3.1.5
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Transmission and
Conversion
losses

cost

800 kV HVDC Line

800 kV HvDC
head-stations

3% / 1000km 300 M€ / 100km

0.7% / station 0.7 M€ / station

Table 1: Transmission system parameters

Both, space and terrestrial solar energy systemsree
the capacity to store large amounts of energy efyth
were to contribute a substantial percentage ofggnter
the grid. For the purpose of the current comparisos
following technologies are considered:

fuel cells (Table 2).

Element Efficiency Cost
Hydrogen 50% roundtrip

fuel cells efficiency 500 €/kKW,
Storage .
Efficiency 4.8 kwh/Nnf :

(electrolysis (unit net storage
+storage) capacity: 49300 Nrii,)

Table 2: Energy Storage system parameters

Il MULTIOBJECTIVE DESIGNPROBLEM

The problem is to minimise both the overall insttidin
investment and the overall electricity productiarsts

hydroge
storage in spherical pressure vessels combined wi

n

1
N =134 (Pen —17.12:P ) dtis three times the integral

0
of the daily demand minus the SPS delivery dividgd
14 days. In other words, the assumption is thdsadt
every 14 days the ground segments have a totduasi
stored energy that is sufficient to sustain the aian
for three days. The final stored energy is notrojsd,
therefore it can be that the three day storagedshed
before the 14 day of operations. In that case, the
hypothesis is that the plant operates at a redwuatedo
limit storing further energy. The first constraistates
that the difference between the demand and the
delivered power can never be negative. The third
t%onstraint prevents the SPS from flying too loweTh
cost of the SPS;spsis computed by assuming a cost
per kg of about 3000 Euros. This number is
substantially lower than current reference space
systems and higher than past SPS reference systgms
assumes in any case a substantial advantage due to
mass production and frequent launches.[23]
The optimisations in this paper were run assumiiag t
the semimajor axis of the orbit can vary betwee@080
and 43000 km, however the orbit needs to be
synchronous with the movement of the ground station
therefore the semimajor axis is actually considered
be a discrete parameter that can assume only value
corresponding to synchronous orbits with a freqyenc
that is an integer multiple of the rotation freqogof
the Earth. The eccentricity was limited betweemn@ a
0.1, the inclination between 0 and 90 degrees bhad t
other two parameter between 0 and 360 degrees.
The position of the ground station was limited besw
the 0 and 40 degrees of latitude North and the 14
degrees of longitude West and 35 degrees of loagitu
East. These limitations cover the range of latitadd
longitudes that can serve Europe. Although a furthe
limitation should be imposed on the latitude, the 0
latitude constraint represent an interesting liingtn an

while satisfying the demands. The problem can b@piimisation point of view because it allows two

formulated as follows:

min F(x)

C(x)=0
with the vector objective functiofr =[C; Cgg]™ and
the constraints:

(16)

min P (1
C(X) =1 hy (t,) =Ny [ 20
r, —7000

wherePy(t) is the power delivered at timte h,(t,) is
the residual stored power at the end of one full afa

17

different types of solution: better insolation dfet
ground base with a higher cost of the SPS and lower
insolation with lower cost of the SPS.

The optimisation is performed with a multi-agenséd
optimiser called EPIC.[24]

IV CASE STUDIES

The case study used in the present assessmenstsonsi
of three ground stations and one space component
transmitting power to the ground station locatiamns
microwave. These results intend to form the basis f
similar analysis the delivery of power to multiple
regions with different power load curves as weltlzes
extension of the analysis to systems based on laser

operations. The low limit on the stored energypower transmission.

IAC-10-C3.1.5
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Element Value
Splar array specific mass EoL 300 Wikg
(including structure)

Transmitting antenna specific 1_985kg/n2l

mass

Bus and harness mass 14% dry mass

Solar array efficiency 35%
0,
Mass of the propulsion system 15% propeliant
mass

Table 3. Basic properties of the SPS with microsvav
transmitter.

Length 15 km

Total mass 2140t
Antenna mass 1600t
Twin module solar panel 9t (per twin
mass module)

Power delivered on ground per SPS 275 MW

Table 4. Basic properties of the European sailtowe
concept

Figure 2 represents the result of the multi-obyecti
optimisation of the integrated SPS and ground syste

x 10

Pareto fronts max e=0.01

1 station

2 stations

Cost of the Space Segment [MEuros]

6
Euros]

2
Cost of th

1
6

3 4 5
e Ground Segment [M % 10

Figure 2. Pareto fronts for different numbers augrd

stations
g $ 16 Pareto fronts max e=0.01
D 9 ‘ ‘ ‘
=3
1=
g 2 station 1 station
[}
Q
%]
°
c .
5 N e -
0] <, ~
5 :
] Aeaats ¥ S
i? o;:h::::::::r:::~a¢~\.
=7 3 statio/ ’ m._tl&
o
@
o]
06

1 2 3 4 5 6 7 8
Cost of the Ground Segment [MEuros] %10

Figure 3. Sum of ground and space segment cost vs

for one, two and three ground stations and for ground segment cost
maximum eccentricity of the SPS of 0.1. Each dotted

curve represents a set of Pareto optimal solutigash

Figure 4 represents the cost of the ground segment

set contains between 1000 and 2500 solutions rgngiragainst the total cost of ground segment plus SR8.
from the no-SPS solution (bottom right) and the noplot shows that for the assumed cost of per kghef t

ground base solution (upper left). A first intenegt
result is that an increase in the number of station
corresponds to a decrease of the total cost ajritnend
segment. The main motivation for this result ist tima
the model, the cost of the storage system i
considerably high compared to the cost of othe
elements of the ground segment. Note that removin
the restrictions on the geographical location o th
stations would further improve the performance hef t
three station scenario. Within the range of lordgtu
used in this study the three station solutions iy o
marginally better than the two station solution. tha
other hand the three station solution was run for .
relatively small number of iterations compared lte t
two and one station scenarios. Therefore, a bett
Pareto front is expected if the optimiser is rum fo
longer time. The sub-optimality of the three statio
solution can be seen also from the short portiothef

two station solution and even more the three statio
solution can become competitive against a purergtou
station solution. Figure 4 represents the solutigtin

no SPS for the single ground station case.

x 102 Europe
15 —— Generated
. ——Required
1t Difference
—o—SPS
Z o5
E 05 G004
g o
_0.5’
—1h

_1.E L L L
10 25 30 35
Time [h]

15 20 40

Figure 4. Single station, no SPS

Pareto front that is dominated by the two station

solution.

IAC-10-C3.1.5
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x 104 Europe
5 T
A e e ﬁ‘\;\s\e\ o /
< 3 —— Generateq R NP
% —o—Required
5 ol ; ]
g 2 Difference Drop of power due to line Igsses
S —o—SPS
l,
0,
_l i i 4 i
10 15 20 30 35 40

25
Time [h]

Figure 5. Only SPS is providing power.

The blue dotted line represents the power genetated
the ground station. The peak power is during the
European day. During the European night the statio
delivers power from the storage system. Figure !
represents the opposite case in which there igaungd
station and the whole power demand is satisfiec by
single SPS. Note that the solution is at the liofit
feasibility. In fact, during the peak power timet8PS
cannot satisfy the demand because of the poweedoss
along the distribution line. However, the store@rgy
works like a buffer and compensate for the defidit

power delivered from the SPS.

Solar Power Satellite

Figure 6. Example of SPS orbit.

IAC-10-C3.1.5

Solar Power Satellite

= 5000 !
E o .
N -5000 =

- \

4

Figure 7. SPS orbit with small inclination

12X 10°
10-
8,
E
Z
2 6
=]
S
> 4+
2,
0 i i i i i
10 15 20 25 30 35 40

Time Thl

Figure 8. Single station storage without SPS

Figure 6 shows the orbit followed by the SPS. TR&S

is on a geostationary orbit at zero degrees of
inclination. The ground station is at the equator t
maximize the intake from the SPS. The read lines
indicate the beam of microwave from the SPS to the
ground station. In some cases, as in Figure 7eadst
the SPS orbit has a small inclination. This is Hifeat

of the model that provides a lower storage and
therefore a better overall solution. In fact, a kma
inclination although increases the propellant
consumption, provides a lower power at ground lével
the station is at the equator. This degraded state
suggests that either the SPS or the ground segment
would need to operate at lower production raterdyri
the night to avoid storing excessive amounts of
hydrogen.
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15X 10” Europe smaller than the other. This provides an optimal
—— Generated redistribution of the storage. The storage profie
—o~ Required each station is represented in Figure 11.
1r Difference
—o—SPS
1 Europe
s o5 1020t : i :
— 099000002 o090 —— Generated
% 8k —— Required
o ceoes 5 Difference|
6r ———SPS
——SPS
-0.5 g A e e . sps o090
-1 L I L i 8
10 15 20 25 30 35 40 or
Time [h]
_2,
Figure 9. Two station solution without SPS d
S ‘ ‘ ‘ ‘ o 15 20 2 30 35 40
o x Time [h]
. s ) _
\, /Cumm“'a“"e output Figure 12. Example of mix between SPS and ground
£

\ | station for a three stations scenario
Station 2 /

Station 1

Output Power

Figure 12 represents an example of solution witls SP
and three ground stations. The SPS lower signifigan
the peak power output during the day because it
supports the station and lowers the required stofag
20 the night time. It is interesting to note that ormlye
Tima Th1 station is served by the SPS. In this case thestet at
Figure 10. Two station output power without SPS the equator. Further restrict_ions on_the_ Iat_itutﬂehe
stations would lead to a different inclination fthre
1 Europe SPS. Other solutions, in the Pareto front foundhey
‘ ‘ ‘ ‘ ‘ optimiser, present a higher contribution of the SPBS
to the level in which the SPS is covering the nighd
completely and leaves to the ground station oné th
Station Station 1 | task of covering the peak loads during the day.

10 15

=

Volume [Nrr?]
%

DISCUSSION

N

assumptions underneath the construction of the lmode

B

Q
10

j/x ey The results in this paper strongly depend on the
| | e
15 20

> s 20 It is therefore worthwhile to analyse the impaceath
Time [h] of them. The cost of the SPS is driven by the pest
kg. The cost is assumed to be lower than the curren
Figure 11. Two station storage without SPS cost of normal earth-orbiting spacecraft for two
reasons: such a massive installation will requitarge
Figure 8 shows the storage profile for the singgg¢ien  scale production which will lower the cost per kige
solution with no SPS. Figure 9 shows the two statio cost of the launch is expected to decrease inuheed.
scenario without SPS. As it can be seen the peakeipo The mass of the SPS is dominated by the mass of the
point is lower than for the single station solutidihe  antenna. The contribution of the propulsion system
optimizers tend to allocate the ground stationhet t propellant to the overall mass is about 15% but an
extreme of the longitude interval to better folldle  optimal transfer strategy can improve this figufée
load profile. Figure 10 illustrates the output flmbf cost of the ground segment is mainly due to salaya
each of the two stations plus the cumulative outpuand storage system. The size and cost of the
experienced by the load. The peak of each staBon distribution system is here very conservative,@lth
about 4 hours apart because of the geographicalcontributes for less that 10% of the total chsizause
location. Another interesting point is that ondtistais it assumes that a dedicated line is set up only to
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transport the energy to the European grid from th&he results show that a multi-station solutionpsimal
location of the stations. The size and cost ofstoeage  with respect to a single station solution. Theictest
system is probably the most demanding part of thbave different size and different geographical fimca
ground plant. An integrated system SPS plus ground segment is
Note that the cost of the ground plant includesdbs&t  useful to support the stations during the nightetiamd

of the receiving antenna. A credible integratedesys to lower the size of the storage system (one ofhtam
therefore would have the sum of the cost of the SP8rivers of the cost of the ground plant). On thkeot
plus ground segment that is lower than the coshef hand the cost per kg of the SPS limits it utility

ground installation alone. compared to a multiple ground installation.
It has to be noted that in case of a fully integuat
V  CONCLUSION energy distribution system including North-Afridhe

The paper presented a multi-objective optimisatién m_iddle East and Europe, multiple station locateera
an integrated SPS and ground based system for t§4de range of longitudes could represent a very
support of the electricity demands of Europe. Thidnteresting solution. On the other hand if geogregih
preliminary study is based on a simplified model of2@rriers are included, then the SPS can be an bmpea
both the SPS and the ground plants, however itsgivesolution to provide power during the night time at
some insight into where the ground bases should H&fférent locations around the globe. The ongoing

located and on the actual role and contributiorihef  TUrther research aims at looking into solutions hwit
SPS. more realistic geographical restrictions and mlgtip

stations serving multiple countries, not only Eweop
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