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Looking Back 40 years
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10 GW Satellite
Shown over Manhattan

In 1979 Rockwell, Boeing, NASA & DoE for scale
Proposed
Solar Power Satellites
to solve the energy crisis.

The engineering study cost
~S80M (2023 dollars)

In 1981, the program was shut down.

It was recommended to revisit in 40 years.
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CHANGE IS COMING
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Figure 1: United States historic emissions and projected emissions under the 2050 goal for net-zero.
This figure shows historical U.S. GHG emissions from 1990 to 2019, the projected pathway to the

2030 NDC of 50-52% below 2005 levels, and the 2050 net-zero goal. The United States has also set a
goal for 100% clean electricity in 2035. That goal is not an economy-wide emissions goal so does not
appear in this figure, but it will be critical to support decarbonization in the electricity sector, which will
in turn help the U.S. reach its 2030 and 2050 goals.
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Today’s path to a cleaner world ...
Solar Farms
Wind Farms
Grid Storage
Transmission lines
~_ Distribution lines

management
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GENERATION COSTS DROPPING

Renewables will keep beating fossil fuels on cost

Analysts project that wind and solar will continue to get cheaper, falling further below coal and gas
costs globally this decade

. YET

Credit: RMI via Canary Media



The Paradox of Declining

TOTAL ENERGY COSTS ARE RISING Eferéiﬁ?ﬂlyeé?ii ndiisine

— Rate Escalation for California IOU Customers
Jan 2013 - Jan 2024 | Commercial & Residential Combined

Average Annual
Increase %
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PROBLEM - VARIABLE RENEWABLES

Time Variation

Geographic Variation

Hydro

1 @Hydro

FIRMING IS STUPIDLY EXPENSIVE...



BATTERIES GET EXPONENTIALLY EXPENSIVE

Duration (hours)

Long-term

Short-term

AN

1000

100

10

Tipping point

Annual electricity from wind and solar on a regional grid (%)

Source: Albertus, P., et al. Long-Duration Electricity Storage Applications, Economics, and Technologies. Joule 4, 21-32 (2020).







THE SOLUTION

Orbital power generation
« No night

 No clouds

« 247 Power

Beam pOWer ji,:ii
« Through any weather |
« Where needed rt
* When needed Electricity
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Video Available at -
https://www.youtube.com/watch?v=SgS7B:




Space-Based Solar is Comparable to Uranium

443,000 MJ/kg 473,364 MJ/kg



1.5 GW SBSP Receiver & Largest Single Solar Site

Alta Wind Energy Center ( 1.55 GW @ 23.5% Capacity Factor, 36 km?)
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1.5 GW SBSP Receiver & Largest Single Solar Site
Aldhafra PV2 Solar Power Plant (2 GW @ 28% Est. Capacity Factor, 20 km?)

SBSP Receiver
1.5 GW Average Output

O il

Aldhafra PV2 Solar Power Plant
560 MW Average Output

It uses less land and minerals than terrestrial solar




1980
ng Concept

Recent SBSP designs are smaller & simpler than early concepts
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Solar Energy In Space is Many Times Stronger,
" Then the Best Locations On Earth

In Space On Earth
Conti?\uous Intermittent
Sunlight Sunlight
(1366 W/ma2) (75010300 W/ma2.

Daily Average)



Conventional

Solar

Solar Energy in
- Obit
(1366 W/m2)
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Weather 28% - 95%

Solar-> DC 80%

DC <> AC1.5%

Net Energy to Grid

THE >6X BENEFIT OF COLLECTING POWER IN SPAGE

0.02% - 5%

Space-Based
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Solar Energy in
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[—rr— Atmospheric 2%

r\*‘: Weather 4% - 1%

r\‘?t:: Beam Capture 5%
L RF > DC 8%
~ DC—>AC15%

28%

,, Solar - DC 60%

Sunlight

Microwaves

Rectennas/Inverters

Insolation

Photovoltaic
Efficiency

Capacity
Factor

DC bus to AC

bus
Efficiency

Net

Delta

1000 W/m?2

20%

30%

98.5%

59.1 W/m?2

1366 W/m?2

40%

90%
(2 ground
stations)

85%*98%*99%*
95%*92%*98.5%
=71%

349 W/m?2

>6X
Better



COMPARABLES
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*Technology Data from Lazard’s Levelized Cost of Energy Version 16 (unsubsidized costs)

*UK Net Zero by 2050 / European Space Agency Studies 2021/2022
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POWER BEAMING IS KEY PIEGE

Analyses from NASA 1980 Study

.95

b e e - —
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FREE SPACE PATTERN LEVEL AT EARTH, dB

y \

4.6 KM
RECTENNA RADIUS, KM

>
.
-]

Figure B-6 Rectenna Size Vs Beam Efficiency - Uniform I1lumination

82.5% efficiency

w/ 4.5km diameter receiver using 1970’s technology

2024 technology can approach 100% with 2km receivers

BEAM EFFICIENCY
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FIRST STEPS - 2023

Visit Careers Access Quick Links v Directory  Caltech Today Alumni  GIVE

CalteCh Aboutv Researchv Academicsv Admissions & Aidv  Campus Life & Events v

Home / About / News / In a First, Caltech's Space Solar Power Demonstrator Wirelessly Transmits Power in Space

Y e

-

In‘é”-First, Caltech's Space Solar Po
Demonstrator Wirelessly Transmits Power in
Space

=& June 01,2023
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PHASED ARRAYS ARE WELL-ESTABLISHED TECHNOLOGY

Phased Arrays have been
successfully used in radar for

60 years.

Many individual antennas

combine to form a narrow , , : i
beam that reaches long :
distances.



VIRTUS SOLIS WORKING TRANSMITTER

6400 elements,

beams power 100 meters
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VIRTUS SOLIS WORKING RECEIVER

The receiver rectennas
elements convert 80% of
incident power into
electricity.

We've demonstrated the
core abilities to send and
receive beamed power.

Rectenna array illuminating 30 bulbs at 100 meters



Virtus Solis :
Winner of NASA Watts on the Moon
Phase 2 Competition




RECTENNA PERFORMANCE
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POWER BEAMING DEMOS

Receiver Output Power (W)
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Adapted from Rodenbeck, et. al.,, “Microwave and Millimeter
Wave Power Beaming”, IEEE Journal of Microwaves, Jan 7, 2021.
DOI 10.1109/IMW.2020.3033992



2027 ORBITAL DEMO
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Now is the time because
launch costs continue dropping

Launch Cost vs Cummulative Payload Launched

1981,Space Shuttle (S61K/kg)

100,000

2010,Falcon 9 ($2.7K/kg)

2018,Falcon Heavy (51.4K/kg)
; 2024,Startship (est) ($1.0K/kg)

10,000 100,000
Cummulative Tons Launched

36% Cost Reduction Per Doubling «sssses 91% Cost Reduction Per Doubling




LAUNCH CADENCE WILL BE THERE
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SpaceX - Hours between launches, 2010 to 2023
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LAUNCH CAPAGITY WILL BE THERE
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Year
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Constellation & Space Station Cumulative Mass

2,300,000

2,200,000

i —e—Skylab

IN-SPACE ASSEMBLY WILL BE THERE N |
e :—-ITr?:ium
1,600,000 —-lridiu'm Next Starlink
Gl e B >140 Launches
1,600,000 >5800 Satellites

S i >2,150,000 kg

44 Launches ‘ ~503,208 kg/yr
450,000 kg

1,300,000 ~36-50,000 kg/yr

1,200,000

1,400,000

kg in orbit

1,100,000

|
) sl *,
]

’ Iridium Next
9 Launches
80 Satellites

68,800 kg
~31,016 kg/yr

Mir
8 Launches
129,700 kg
~6,861 kg/yr

Iridium
23 Launches
95 Satellites
65,455 kg
~36,147 kg/yr

-

—t

X Taingong
1 Launch , 3 Launches

90,610 kg Bt i 68,700 kg
i ~30,681 kg/yr

~ o

Skylab
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Global Annual Production - Surface Areas

. 9 2 ) T :
17 ' = et > .
A - A Yllug 3 4 y
/\- / “; " '/( . } s e &
e ; =N

: , e U
— o ‘3 e S
: / /f ’J,// r“ - P
—“ 1 ol o 5 ~ ; 3
V2 > \éﬂ' o ’
‘ ' o gn
e . T.g

U ¥ bbbl W e s *%&au«e% ;*
MW‘%J by |




COMPETITION IS GROWING
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RAISING SEED FUNDS TO PUT FIRST SYSTEM IN ORBIT

Continuing to bring in small investors in preseed round

Raising $10M seed round

Subscale Orbital Demonstrator
 Expand the team . | |

 Build 4t gen hardware
* Secure launch

Warm intros are appreciated!

OR3ITAL



A PARTING THOUGHT

“Space based solar power is
not rocket science,

its electronics.”



Clean, Firm, Renewable Power for Earth and Beyond



