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1 Summary

1.1 Introduction

A large amount of world energy production is currently based on non-renewable sources such as oil,
gas and coal. Global warming and restricted fossil energy sources force a strong demand for another
climate compatible energy supply. Beside wind, biomass, water energy, etc., solar energy is a
promising solution. However, it suffers alternating supply between day and night, winter and summer
and at cloudy skies. To overcome this problem and guarantee a steady power supply, electricity
generation in space and transmission to earth has been proposed in the late sixties. Huge lightweight
photovoltaic panels are to be placed in low or geostationary earth orbit and the collected energy
transmitted to a receiver on earth via microwave or laser beam. Power can be sent thus directly to
where it is needed. Several studies yet have been done to develop realizable concepts. Due to high
transportation costs into space and lacking technical maturity, these concepts have not been realized so
far. With ongoing technology improvement, this may change and energy supply from space become of
interest in the future.

However, space systems have to compete with the yet existing, established and well known terrestrial
solutions as photovoltaic and solar thermal power plants. Checking viability and meaningfulness of
Solar Power Satellites in economical and technical aspects has been the main aim of this study,
concentrating on the electricity supply for Europe. Especially the cases of constant base load and the
remaining load have been investigated in detail for several power levels from below 1 GW to full
supply. Within a combined space-terrestrial scenario a 24-hour supply with a real load curve has been
assumed to get an impression of an optimized realistic situation. Results are levelised electricity costs
(LEC) and energy payback time (EPT).

1.2 Basic Assumptions

Scenario situation

Annual irradiation sums in the supply zone (West and Central Europe, zones B-U in Figure 1) show
values from 900 kWh/m? Global Horizontal Irradiation (GHI) in northern Europe to maximal

2000 kWh/m? in southern European countries (or 700 kWh/m? to 2200 kWh/m? Direct Normal
Irradiation, DNI). Population density in Europe is high and land widely used. Solar power plants
therefore have to compete with agriculture or forestry, raising the price for renewable energy.

In the so called sun belt in North Africa the irradiation with GHI values from 2000 to 2400 kWh/m? or
DNI from 2300 to 3000 kWh/m? is significantly higher. Land there is widely available as huge areas
are unused in the Sahara desert (Figure 2). With little land available, the whole energy supply can
hardly be generated in Europe. A suitable alternative is North Africa (zones Al to A3 in Figure 1).
The energy is transferred to Europe by HV-DC lines (T1-T3 in Figure 1). North Africa offers also a
high annual coverage of clear skies. This might especially be important when energy transmission
through space systems is applied.
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Figure 1. Definition of supply and generation zones in Europe and North Africa

Bond.

E 50 GW Solar Thermal Power Plant

Figure 2. Availability of land in Northeast Africa: white area is suitable for the
construction of solar power plants. Base load full supply (150 GW) of solar

thermal needs only a small portion of available land

The actually necessary power amount for the supply zone has been estimated along interpolated hourly
load values from the UCTE and CENTREL net of the year 2000. For the N and U zones with the net
operators NORDEL and UKTSOA/TSOI we got only the annual consumption, so the
UTCE/CENTREL load curve has been scaled by 136% to cover the whole supply zone. The load
curve for the future scenario has been estimated assuming a mean annual growth rate of 1.5% until
2030. The minimal, average and maximal demand load of the total supply zone B-U of the years 2000
and the assumed demand loads for 2030 is presented in Table 1.
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Table 1. Demand loads of supply zones B-U

Year Minimum in  Averagein Maximum in Consumption
GW GW GW in TWh/a

2000 196 324 436 2,842

2030 309 512 689 4,489

The minimal load value occurring during one year within this study means base load with 8760
constant full load hours per year. The exceeding power corresponds to remaining load with base load
subtracted from the real load curves (as illustrated in Figure 3).

Remaining
Load

R P Q§@§§) & @@ é’@ @@@é{@@ éi}
Figure 3. Definition of base load and remaining load: full load hours in dependence on

the demand power

As 41.8 GW of base load is hydropower, which will remain in operation anyhow, 150 GW of base
load remains for 2000. Taking into consideration the development of wind power in the recent 8 years,
its installed power has been increasing between 32 and 46% per year to 23 GW in 2002. Continuing
with a moderate growth rate of 10 to 15% per year would lead to a complete coverage of the base load
demand in 2030. Therefore, scenarios with different power levels from 500 MW over some multi-GW
until a full power supply at no more than 150 GW have been examined.

The calculation of the terrestrial power generation was done with the simulation tool “greenius” for
power plants of 1 GW, using hourly, site-specific irradiation data. The results have been scaled
afterwards for the different power levels, respecting storage needs.

Overview of space-based technologies

Dr. Peter Glaser introduced the SPS concept in the 1960s. However, at that time the required
technology was not available. DOE / NASA showed the feasibility of the concepts in studies
performed in the 1970s (5 GW SPS in GEO). In general, the conceptual approach was as follows:
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Baseline Solution Back-up Solution
Power Generation: Photovoltaic Solar-dynamic
Power Transmission: H-wave @ 2.35 GHz Laser
Re-conversion: Rectenna Thermodynamic

The use of microwave power transmission involves a number of problems:
0 Large transmission antenna (1.3 km radius), large ground rectenna (15 km radius)
0 Diffraction limited long distance p-wave WPT; intensity limits (23 mW/cm?)
0 Long time exposure limits of biological material to -wave (side lobes and spikes)
0 Safe, clean, affordable access to space

The conclusions drawn out of these former investigations were:
0 DOE/NASA 1970s studies showed the feasibility, but first step was found too expensive.
0 This was confirmed by follow-on studies (ESA and Germany, eg. European Sail Tower Concept)
0 The NASA Fresh Look Study (1995 / 1997) stated, that the access to space is still too expensive
0 The NASA SERT Programme (1998 - ) was to conduct preliminary strategic research
investigation and to re-evaluate the SPS concepts

Due to their overall impact on the SPS system mass and cost the most critical technologies are:

0 Solar Power Generation (stretched lens array, rainbow array, thin film PV, quantum dot, Brayton
Cycle Solar Dynamic)
Power Management and Distribution (DC-DC conversion, DC-AC-DC conversion LT/HT super

o

conductor)

Wireless Power Transmission (laser type, magnetron, klystron)

High effective thermal control

Large, lightweight self-deployable structures and dynamic structure control
In-orbit transportation (reusable/semi-reusable systems)

Power re-conversion on earth (PV, solar thermal)

High efficient long distance power transmission on ground (HVDC)

O O O O O O

The beaming or wireless transmission of power relies either on microwave or laser technology. In this
study both ways has been treated, but major emphasis is put on laser systems. Two basic concepts
exist:

Microwave - wavelength ca. 1 cm

The issues are here:
0 Short transmission distance or large apertures or higher frequency
0 2.35 GHz with excellent efficiency state of the art
0 Higher frequencies (35 GHz to 60 GHz) at a reduced efficiency

Laser: wavelength ca. 1 micro m

The issues are here:
0 Good beam focussing over very long distance, but low efficiency
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0 Thermal stability of receptor limits core intensity (waste heat)
0 Beam jitter and potential damage at high concentration

The reasoning to prefer laser power transmission technology, in the frame of this study, is mainly to
avoid the drawbacks of microwave transmission, despite the relatively high microwave efficiency and
the technology development status, achieved up today. Drawbacks in microwave transmissions are the
occurrence of side lobes/spikes, the difficult control in failure cases and the much higher mass and
sizing requirements of the transmitting elements compared to the laser system (up to factor of 50).
Summarizing these actual arguments of laser versus microwaves the following could be stated:
0 Microwave systems are relatively efficient and provide less attenuation by atmospheric effect
0 R/F spectral constraints on MW side-lobes and grating-lobes imposed by the ITU result in design
and filtering requirements; this leads to reduced efficiency and larger, more costly systems
0 Laser systems allow a smooth transition from conventional power to SPS, and offer more useful
space applications and open up new architecture solutions
0 Electronic laser beam steering probably required to keep mechanical complexity and mass within
acceptable limits
0 Laser and microwave systems have different design drivers, and due to their potential, laser based
systems deserve a comparable consideration
0 In terms of launch, transportation and assembly efforts microwave systems are more complex and
costly compared to laser systems (big transmitter antenna)

Specification of selected space-based technologies

For the space generation system the technology presented in Figure 4 has been chosen. For one SPS
unit 110.7 km? of thin film PV cells are placed in geostationary orbit (GEO) with an additionally
concentrator of the same size, generating nearly constantly 53 GW of the incoming 275 GW of direct
sunlight. The energy is transmitted to ground via laser beam at a receiver of 68.9 km?2. This receiver
consists of PV cells of a similar type as for the terrestrial PV technology (Table 3), which finally insert
7.9 GW of electricity (plus additional terrestrial irradiation) into the grid. Together with the terrestrial
irradiation this unit delivers 10 GW of constant power assuming that the daily course of the terrestrial
irradiation is buffered by pumped hydroelectricity. Up to three space units are supposed to send the
beam to one ground receiver, which then delivers constantly 25 GW. Cloudy locations have to be
avoided for the ground receiver, as clouds will extinguish laser light. The costs of the space unit are
listed in Table 2.
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Figure 4. Technology of the space generation system

Table 2. Costs of the space system

PV-array:

110.7 km?

Tamo = 20%

Collection:
4% losses

38% losses:

- beam shaping.
- atmosphere

attenuation,

- beam interception,
- soiling. etc.

Space system costs Initial Progress rate
PV 4500 €/kW,, 0.8/0.92
Conc.&Control 11.5 bill. €/SPS 0.8/0.92
Laser 8.8 bill. €/SPS 0.8
Transportation 55.3 bill. €/SPS 0.9
(530 €/kg)
Financing 6.7%
Space system lifetime 30 years
Operation&Maintenance costs (of investment) 0.6%

Specifications of terrestrial technologies

At ground either photovoltaic or solar thermal power plants have been used for electric power

generation: The technological data of the PV system is listed in Table 3.

ECOFYS
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Table 3. Technology data of the terrestrial PV system

2000 2020/2030
PV cell cryst. Si 3" gen. PV
Nmodule 14.2% 15%
Minverter 96% 98%
Losses (soiling, etc.) 10% 7%
Initial costs 4,500 €/kWp 4,500 €/kWp
Progress ratios 0.82/0.92 0.8/0.9
Glob. Installed capacity / 2 100
GW,
PV system lifetime 25a 25a
O&M costs (of investment) 2.2% 2.7%

At the present scenario crystalline silicon PV cells are used. The cost reduction ratio is 0.82 (for now
installed 2 GW,) until half of price is reached and will be 0.92 then, depending on the globally
installed power (Figure 5).
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Figure 5. PV installation costs in dependence on global installed capacity

(=initial+2xscenario installation)

The installation within this scenario is assumed to invoke the same amount of additional installation in
the world. Until 2020/2030 a technology change will take place to 3 generation PV cells like e.g.
multi junction solar cells with costs as illustrated also in Figure 5. For a maximal power output with
only slight variation throughout the year, PV panel inclination will be changed manually two times per
year in spring and autumn for 10° inclination in summer and 60° in winter.

The reference Solar Thermal Power Plant consists of a Eurotrough-2 collector, thermal oil as fluid, a
Rankine steam turbine cycle and two storage tanks with molten salt (Figure 6). Further technical data
is listed in Table 4.
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Figure 6. Solar Thermal Trough Power Plant with storage

pump

Table 4. Technology data of the Solar Thermal system.

2000 2020/2030
Solar thermal system Eurotrough-2 Improved ST
Neollector 66% Overall
Npower block 39% efficiency:
Losses (soiling, etc.) 6% >20%
Initial costs: Collector: 225 €/m? 225 €/m?
Power block: 800 €/kW, 800 €/kW¢
Storage: 30 €/kWhy, 30 €/kWhy,
Progress ratios 0.88/70.96 0.88/70.96
Glob. inst. capacity / km? 2.3 100
ST system lifetime 25a 25a
O&M costs (of invest.) 2.9% 2.9%

The future Solar Thermal power plant will be an advanced trough system (e.g. direct steam

ECOFYS

generation) with improved components and efficiencies, or a high-efficiency solar thermal power
tower using a combined cycle. Cost degression will change at a global installation of 500 km? from
0.88 to 0.96. In 2020/30 the installation within the scenario will initialize 1.5 times the installation

throughout the world.

First simulation runs for the storage system showed that there is no need for seasonal storage. As e.g.

land in east Egypt between the Nile and the Red Sea is mountainous at high altitude, pumped

hydroelectric storage is used.
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Table 5. Technical data of the pumped hydroelectric storage system

Pumped hydroelectric storage 2000 2020/2030
Tcharge-discharge 75% 85%
Storage power costs  / €/kW 700 600
Storage capacity costs /€/kWh 14 12
System lifetime 40 a 40 a
O&M costs / €/kWh 6 4

ECOFYS

Produced electricity exceeding the storage capacity is assumed to be sold for a dumping price of
0.02 €/kWh in 2000 or 0.025 €/kWh in the future scenario. As hydrogen storage has low efficiency
(see Table 6) it has only be considered for comparison purposes in the combined scenario (see section

on combined systems).

Table 6. Technical data of the hydrogen storage

Hydrogen storage: pressure vessel storage

Nelectrolyzer 65%
MFuel cel/CCGT 55%
Electrolyser investment 500 €/kWhyp,
Electrolyser O&M 1.5%
Pressure vessel costs 1.92 mill. €/vessel
Fuel Cell/CCGT costs 500 €/kW,
Fuel Cell/CCGT O&M costs 0.01 €/kWq
System lifetime 30a

Transmission lines: The generated electricity is transported from the power plant/receiver to the near
storage system by High Voltage AC lines and from the storage by one of the paths T1-T3 (see Figure

1) to the centre of the next supply zone via HV DC lines. Among the single supply zones electricity is

exchanged via DC lines, within one zone distributed by AC lines. The technical data of the

transmission lines is listed in Table 7.

IX



Table 7. Technical data of the transmission lines

Transmission lines 2000 2020/2030
HV DC double dipole line 600 kV 800 kV
Capacity / GW 5 6.5
Losses/1000 km 3.3% 2.5%
Losses/station 0.7% 0.5%
Power line costs 300 million €/1000 km 300 million €/1000 km
Costs of AC/DC-station 350 million €/station 350 million €/station
Progress ratio 0.96 0.96
Start length 10,000 km 10,000 km
System lifetime 25a 25a
O&M costs 1% 1%
HV AC double lines 1,150 kV 1,150 kV
Losses/1000 km 4.4% 4.4%
Line costs / mill. €/1000 200 140
km/GW

Progress ratio 0.96 0.96
Starting point 10,000 km GW 10,000 km GW
System lifetime 25a 25a
O&M costs (of investment) 1% 1%
Financing

The basic economic values are calculated along the following equations 1-3:

Annuity a:
a=ir/(1-(1+ir))" (1)

with discount rate ir and system lifetime 7.
Present value (PV):

PV = ¢, +cogy QA +ir)" =1)/(ir @ +ir)"  (2)

with investment costs ¢, and annual operation and maintenance costs Coguy.-
Levelised electricity costs (LEC):

LEC = PV [4/E, (3)

with the annual demand E,,.

ECOFYS
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Energy payback time

The energy payback time (EPT) of a system is the time in which an energy system produces the same
amount of energy as consumed for its production, operation and dismantling. The energy needed to
produce the system consists of energy needed to produce the materials, transportation energy, energy
needed for installation and system set-up. The EPT is calculated along:

EPT:CEDC/(Ener/g_CEDO) (4)

with the cumulated energy demand for construction CED.,, the yearly produced net energy E,,;, the
utilization grade g of primary energy source for electricity generation and the annual energy expense
for maintenance CED,. The EPT of 2020/2030 has been calculated respecting a probable energy mix
and utilization grade g in 2020/2030.

1.3 Results

From the big variety of data, which define a certain scenario, only the most important are presented
here. The levelised electricity costs are determined along the simulation results of the expected annual
generation of electricity and at a discount rate for the investors of 6%.

Base Load

Base load is a constant demand for 8760 hours per year. Table 8 and

Table 9 show the installed capacities of the generation system (PV or Solar Thermal) as well as the
necessary capacity and power of the pumped hydroelectric storage system with technology standards
of today for several demand power levels.

Table 8. Base load scenario of today PV

Demand GW 0.5 5 10 100 150
PV cap. GW, 3 33 65 653 997
Stor. power GW, 2.1 23.7 42.5 425 651
Stor. cap. GWh 180 820 200 3000 3500
LEC €/kWh  0.284 0.207 0.180 0.146 0.142
EPT month 28.7 32.4 31.9 32.0 32.6
LEC-breakdown

Generation 58% 52% 51% 48% 47%
Storage&Dumping 36% 40% 35% 40% 38%
Transmission 6% 8% 13% 12% 15%

XI



ECOFYS

Table 9. Base load scenario of today Solar Thermal

Demand GW 0.5 5 10 100 150
SoTh cap. GWq 0.75 7.7 15.5 150 220
Stor. power GW, 0.5 5 10 32 47
Stor. cap. GWh 62 620 680 255 370
LEC €/kWh 0.136 0.095 0.083 0.060 0.057
EPT month 8.4 8.9 9.4 9.4 9.2
LEC-breakdown

Generation 68% 64% 66% 67% 65%
Storage&Dumping 23% 29% 23% 12% 15%
Transmission 10% 7% 11% 21% 20%

As the transmission line T1 in Figure 1 between Spain and Morocco yet exists, the smaller power
levels primarily have been calculated for generation zone Al respectively Alb. As for power levels
over 10 GW new transmission lines have to be build anyhow, electricity generation has been shifted to
zone A3 because the annual irradiation sum there is significantly higher and also the daily course of
irradiation shows less breakdowns caused by cloudy skies. Shifting to zone A3 explains the
unsteadiness in the storage capacity.

Necessary capacities for electricity generation and the storage system are generally significantly
higher for photovoltaics than for solar thermal power plants. Solar thermal power plants with its
molten salt tanks have an efficient storage system yet integrated and are therefore capable to deliver a
constant power level as long as its capacity lasts, whereas photovoltaics is generating electricity only
during daytime. Electricity for the night hours has to be produced during daytime and stored by
external storage systems.

The comparison on LEC and EPT show the high price and the expensive fabrication process of today’s
PV cells. Whereas electricity from Solar Thermal Power Plants costs from 0.14 to 0.06 € per kWh and
has an EPT of under 10 month, the LEC of photovoltaics lies between 0.28 and 0.14 €/kWh with an
EPT between 28 and 33 months.

Looking on improved technologies of 2020/2030, also solar power from space has to be considered, as
it hopefully may be mature and available then. With its nearly constant output it is well suited for base
load. Table 10 shows the number of SPS units in space and on ground, the installed capacities and the
respective LEC and EPT for several power levels.
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Table 10. Base load provided by the space system

Demand GW 10 25 50 100 150
SPS units (space/ground) 1/1 3/1 6/2 12/4 18/6
Space PV cap. GW, 22.1 66.4 133 266 399
Ground PV cap. GW, 8.5 8.5 17 33.9 51
Stor. capacity GWh 200 500 1000 2000

LEC (530 €/kg) ¢/kWh 0.26 0.166 0.137 0.113 0.10
EPT month 4.2 3.7 3.7 3.7

The PV capacity here with its continuous generation is around half as high as for the terrestrial PV
power plant. The LEC of the space system shows values of 0.26 € per kWh for smaller power levels
and goes down to 0.10 €/kWh for 150 GW, further decreasing for even higher power levels (see
Figure 7). These power levels will only be necessary for a worldwide power supply. The EPT of the
space system with around 4 month is very short.
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Figure 7. Levelised Electricity Costs of the space system

The capacities, storage power levels as well as LEC, its breakdown and EPT of the future terrestrial
power plants are listed in Table 11 for PV and for Solar Thermal Power Plants in Table 12. Compared
to the technologies of today, the necessary capacities and/or power levels will slightly decrease. The
LEC and EPT values of the PV power plant however show significantly lower values of 0.12 to

0.07 €/kWh with around 8 months of Energy Payback Time. This is mainly due to the new technology.
For the Solar Thermal Power Plants the LEC of the future scenario will be in the range of 0.05 to

0.09 €/kWh. EPT will be slightly below that of PV between 7 and 8 months.

Regarding the breakdown of LEC for Solar Thermal Power Plants the biggest fraction belongs to the
generation of electricity. For the PV power plant storage and dumping is about in the same range as
generation because generation only takes place during daytime. The expenses for bringing the
electricity to the supply zones is gaining importance with higher power levels.
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Table 11. Base load of future PV

Demand GW 0.5 5 10 100 150
PV cap. GW, 3 30 55 553 846
Stor. power GW, 2.25 21.9 36.9 369 567
Stor. cap. GWh 60 700 230 3000 3500
LEC €/kWh 0.123 0.115 0.087 0.068 0.066
EPT month 8.2 9.2 8.2 8.3 8.5
LEC-breakdown

Generation 49% 40% 53% 46% 449
Storage&Dumping 43% 50% 34% 39% 41%
Transmission 8% 10% 14% 15% 15%
Table 12. Base load of future Solar Thermal

Demand GW 0.5 5 10 100 150
SoTh cap. GW, 0.73 7.5 15.1 138 208
Stor. power GW, 0.5 5 10 32 48
Stor. cap. GWh 70 605 530 255 375
LEC €/kWh 0.095 0.080 0.071 0.051 0.050
EPT month 6.8 7.4 8.0 7.3 7.4
LEC-breakdown

Generation 65% 65% 69% T1% 70%
Storage&Dumping 26% 28% 20% 12% 12%
Transmission 9% 7% 12% 18% 18%

Remaining Load

ECOFYS

Remaining load denotes all power exceeding the lowest power level occurring once within a complete

year. In contrary to base load its value is permanently changing with high values during the day and

the evening and low values during the night. With that permanently change following this load curve
with conventional power plants is a harder constraint. Thus the price for remaining load or peak load is
usually higher. This is also true for PV power plants (see Table 13), where the LEC with 0.24 to

0.17 €/kWh as well as EPT with 38 to 41 month is about 20% higher for remaining load than for base

load. Necessary storage capacity and power are even nearly doubling for high demand loads.
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Table 13. Remaining load of today PV

Demand GW 5 10 100 150
SoTh cap. GWq 39 77 876 1243
Stor. power GW, 29 57 613 920
Stor. cap. GWh 380 890 4000 6000
LEC €/kWh 0.235 0.219 0.180 0.173
EPT month 38.2 37.7 40.5 40.5
LEC-breakdown

Generation 40% 40% 35% 35%
Storage&Dumping 44% 45% 50% 50%
Transmission 15% 15% 15% 15%
Table 14. Remaining load of today Solar Thermal

Demand GW 5 10 100 150
SolarThermal GWq 11 22 224 336
cap.

LEC €/kWh 0.081 0.070 0.058 0.057
EPT month 12.3 12.3 12.3 12.3
LEC-breakdown

Generation 54% 56% 57% 57%
Transmission & Dumping 46% 44% 43% 43%

ECOFYS

The EPT of Solar Thermal Power Plants is also increasing about 30% to 12 months whereas contrarily
LEC is slightly decreasing for remaining load to about 0.08 to 0.06 €/kWh (Table 14). The different
behaviour of the Levelised Electricity Costs of PV respectively Solar Thermal originates from the

higher storage demand for PV whereas at Solar Thermal Power Plants storage could be done
completely within this plant. Additional pumped hydroelectric storage is not necessary.

The step to future scenarios of remaining load shows a very similar characteristic as for base load: The
necessary capacities and power levels to be installed can be reduced by around 15 to 20% for PV
(Table 15) and by about 5 to 10% for Solar Thermal (Table 16). The LEC and EPT of PV is going
down significantly by a factor 2 for LEC and a factor 4 for EPT due to the technology change and also

by notable 25% for LEC as well as EPT of Solar Thermal.
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Table 15. Remaining load of future PV

Demand GW 5 10 100 150
PV capacity GW, 33 67 704 1056
Storage power GW, 25 51 543 814
Storage capacity GWh 410 665 4000 6000
LEC €/kWh 0.117 0.108 0.082 0.080
EPT month 10.1 9.9 10.4 10.5
LEC-breakdown

Generation 40% 38% 30% 30%
Storage & Dumping 44% 46% 53% 54%
Transmission 16% 16% 17% 17%

Table 16. Remaining load of future Solar Thermal

Demand GW 5 10 100 150
SolarThermal cap. GW, 11 22 216 324
LEC €/kWh 0.060 0.056 0.047 0.046
EPT month 11.9 9.9 10.0 10.0
LEC-breakdown

Generation 63% 64% 66% 67%
Transmission & Dumping 38% 37% 34% 33%

Combined Systems

For investigation of a more realistic scenario, the space and terrestrial systems have been combined to

cover the power supply of a real load curve. The steady electricity supply of the space system is

foreseen to deliver base load whereas the terrestrial system with its daily fluctuation is suited well for

covering remaining load. Thus the need for storage is supposed to be minimized. As terrestrial system

only photovoltaics has been considered for not mixing different technologies. In reality a further

advantage of this solution is that installation of PV can be started yet with an optional add-on of the

space system afterwards as illustrated in Phase 2 of Figure 8.

However, the design of the ground PV will differ depending on its use as a receiver either for a laser

beam from a fix position or for capturing the maximal annual amount of global irradiation with the

permanently varying solar angle. Thus spacing and inclination of the PV panels have to be optimized.

The following four cases of combined scenarios have been investigated in detail:

S-1: Ground receiver optimized for laser beam, additional terrestrial PV optimized for solar
irradiation, pumped hydroelectric storage,

S-2: PV as in S-1, hydrogen pressure vessel storage,

S-3: PV on ground completely optimized for laser beam, pumped hydroelectric storage,
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S-4: PV on ground completely optimized for solar irradiation (for provisional terrestrial set-up acc. To
Figure 8), pumped hydroelectric storage.

For each of the four cases the whole combination range between a complete supply from SPS (without
additional terrestrial PV: “SPS only”) and complete supply from terrestrial PV (without SPS) has been
calculated. Thereby for a given number of SPS the terrestrial PV capacity as well as storage capacity
have been optimized to yield the lowest LEC. The detailed numbers are presented in Table 17 to Table
20.

COMBINED ORBITAL-
TERRESTRIAL SOLUTION
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Figure 8. Set-up of a combined space-terrestrial power plant

The results for transportation costs of 530 €/kg (ground to GEO) are graphically illustrated in Figure 9
as the LEC of the four cases in dependence on the combination ratio: SPS only on the left side to
terrestrial PV only on the right side.
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0,19 —0—8-1: optimized scenario
0,18 . ——8-2: hydrogen pressure vessel storage
0,17 -\-\ ~=8-3: ground PV optimized for SPS-Laser
0,16 '\'\ ~#—35-4: ground PV optimized for terrestrial irradiation
015 N
0,14 \,\-\
¥ 0,13
@ 012 S
011 M
0,10 Zp—
0,00 FETEH—o0ao o e
0,08 oo = :
0,07
0,08
0,05

0% 10‘% 20‘% 36% 46% 56“/0 BC;% 76% 30‘% 96“& 100%
SPSonly... ratio of energy generation by terrestrial PV ... terrestrial PV only
Figure 9. Levelised electricity costs of the combined space-terrestrial scenarios in

dependence on the combination ratio for transportation costs of 530 €/kg

An expected optimal combination level space and terrestrial systems for the investigated cases cannot
be found. Depending on the storage system or the design of the ground PV either pure SPS or pure
terrestrial supply is the cheapest solution. The overall lowest electricity costs with 0.065 €/kWh are
reached within the S-1 scenario for pure terrestrial electricity supply. The LEC is steadily rising with
augmenting SPS ratio to 0.092 €/kWh for space supply only. A design of the whole ground PV
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optimized for the laser beam as in S-3 yields slightly higher values especially compared to the higher

terrestrial ratios but still resulting in pure terrestrial PV as the cheapest solution. The shift to the less

efficient and therefore more expensive hydrogen storage (S-2) turns the result to the contrary: the

cheapest solution then is the supply by the space system only. However, levelised electricity costs are

0.098 €/kWh increasing to 0.111 €/kWh in the 90% and going down again to 0.108 € for pure

terrestrial supply. For the provisional set-up of the terrestrial system and later add-on of the space

system along S-4, a high portion of the laser energy would be wasted due to higher spacing between
the single PV module rows. Therefore the LEC is steeply rising to 0.185 €/kWh for pure SPS supply.
This scenario is not very realistic as the necessary portion of the terrestrial PV would be redesigned as

a laser beam receiver.

The costs for the transportation of the Solar Power Satellites from the earth to the geostationary orbit

(GEO) have a strong influence on the LEC. This is shown for two levels of transportation costs from
ground to GEO for the cases S-1 and S-2 in Table 17 and Table 18 here for pure space supply the LEC
is raising even more steeply to 0.28 respectively 0.30 €/kWh for five times the transportation costs as

assumed so far. So a strong reduction of the present transportation costs is required to make SPS

competitive.

Table 17. Results of the combined scenario S-1

Terrestrial ratio 0% 30% 66 % 100%
Number of SPS 77 54 27 0
Space PV cap. GW, 1705 1196 598 0
Ground PV cap. GW, 221 153 76 0
Terrest. PV cap. GW, 0 737 1658 2621
Storage capacity GWh 7309 9433 11310 12475
LEC (530€/kg) /kWh 0.092 0.087 0.079 0.065
LEC (2650 €/kg)  £/kWh 0.284 0.229 0.158 0.065
Table 18. Results of the combined scenario S-2

Terrestrial ratio 0% 30% 66 % 100%
Number of SPS 83 63 36 0
Space PV cap. GW, 1838 1395 797 0
Ground PV cap. GW, 238 178 102 0
Terrest. PV cap. GW, 0 910 2531 4844
Storage capacity GWhy, 9069 13455 16811 19503
LEC (530€/kg) €/kWh 0.098 0.100 0.107 0.108
LEC (2650 €/kg)  €/kWh 0.303 0.262 0.208 0.108
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Table 19. Results of the combined scenario S-3

Terrestrial ratio 0% 30% 66 % 100%
Number of SPS 78 54 30 0
Space PV cap. GW, 1727 1196 664 0
Ground PV cap. GW, 221 153 &5 0
Terrest. PV cap. GW, 0 918 2064 3478
Storage capacity GWh 15434 12649 8807 13549
LEC (530 €/kg) €/kWh 0.095 0.090 0.086 0.077

Table 20. Results of the combined scenario S-4

Terrestrial ratio 0% 30% 66 % 100%
Number of SPS 191 108 54 0
Space PV cap. GW, 4229 2391 1196 0
Ground PV cap. GW, 543 305 153 0
Terrest. PV cap. GW, 0 1024 1835 2706
Storage capacity GWh 7131 9196 10298 12185
LEC (530 €/kg) €/kWh 0.185 0.139 0.107 0.066

1.4 Conclusions

In this study a comparison has been made on energetic and economical aspects between terrestrial
solar power concepts and space power concepts. The results of this study show that space power
concepts will not be economically competitive to terrestrial systems for at least the next twenty years.
Whether such space concepts may become competitive after this period depends largely on the
technological progress made, especially in the area of launching, robotics in space, power to
laser/microwave conversion, re-conversion and heat rejection from space elements. From an economic
point of view, one of the most critical factors for space systems are the launch costs. Also laser or
microwave technology, power transmission and power conversion technology include critical issues to
be resolved before space systems can be implemented.

More specifically the conclusions are that terrestrial solar systems in North Africa can cover the load
curve of West and Central Europe for levelised electricity generation costs between 0.04 to

0.06 €/kWh at a load higher than 100 GW. Using Solar Power Satellites for electricity supply, a load
of more than 1 TW is necessary to reach costs below 0.06 €/kWh. As transportation shows a high
contribution to the costs its price is a key parameter and has to be brought down significantly. With the
claim of high power levels and its freedom to change the location of a ground receiver with a changing
demand distribution on earth, SPS is merely predestined for a global use of this generation system.
Looking on a combination of SPS and terrestrial systems no benefits have been detected. Generally,
electricity generation from solar energy in North Africa will be competitive in 2020/2030 even
compared to conventional power generation. Only a small portion of the desert areas will be necessary
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to cover the European demand — even without taking into account generation from other renewables.
The energy payback time of all of the investigated systems is low and amounts to several months only.
For terrestrial systems the need for seasonal storage can be minimized if oriented optimal. East-West
orientation for solar thermal through power systems and two different tilt angles for photovoltaic
systems in winter and summer provide nearly a daily constant power production in North Africa.
Therefore, expensive hydrogen storage systems are not needed. Pumped hydroelectric storage systems
are sufficient to cover the given load curves. Additionally, the corresponding capacities of storage and
generation system can be altered within a broad range as the exact dimensioning has nearly no impact
on the costs. Transmission losses from North Africa to Europe are between 14 and 18%. Costs for
terrestrial power transmission over a distance of 5000 km are in the order of 0.01 €/kWh.

The receiver for solar power from space has very likely also to be placed into desert areas like e.g. the
Sahara desert in North Africa. Ground receivers for SPS require large areas of flat and unoccupied
land (to avoid possible impact of living species), which will not easy to find in Europe. Also the need
for costly storage will go up substantially as Southern Europe faces more days with cloudy skies. The
political risks of secure energy supply, dependencies, etc. are mainly comparable for space and
terrestrial solutions. The assumptions of the terrestrial systems seem to be rather reasonable as they are
based on yet existing technologies with a known history of the technological development in the last
years. Nevertheless, the results may deviate by a certain amount as the real future development may
differ from the assumptions. The technology for the space system however has to be developed yet, so
the taken assumptions are far more insecure. Whereas an installation of the terrestrial systems can take
place also in small units, SPS is only worthwhile when installed at high power levels. This requires a
high starting investment. A discussion of eventually existing further risks of the energy transmission to
earth by laser beam and maybe problems of acceptance by the human population are not subject of this
study.
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