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CONTEXT & SCALE Most existing energy sources are either dirty, cannot meet the dispatchability and reli-
ability requirements of today’s dynamic grids, or both. Space solar power (SSP) proposes to launch a device
into space that collects solar power and beams it down to Earth at radio frequencies. It was proposed de-
cades ago as an alternative power source tomeet the need for clean, reliable, and dispatchable energy. How-
ever, earlier SSP proposals have faced significant technical or economic challenges.
Recent progress in photovoltaic technology, high-frequency integrated circuits, and a reduction in launch
costs bring SSP within reach. We propose a scalable and economically efficient system for SSP enabled
by high-efficiency, radiation-hard solar cells; high-efficiency integrated circuits; flexible phased arrays;
and lightweight, deployable structures. We demonstrate that the system can deliver power at rates compa-
rable to other clean energy solutions and potentially much cheaper in unique cases.
SUMMARY
This paper presents a distributed space solar power system that converts solar insolation into microwave
power and beams it to Earth. This system, composed of a power station of close-flying modules residing
in geostationary orbit, can form dynamically programmable focal points on Earth to provide dispatchable po-
wer on demand.Modules are composed of flexible phased array sheets hosting a self-synchronizing network
of integrated circuits and antennas that convert DC power from photovoltaic cells into radiated RF energy.
The sheets are coiled into a compact payload, launched, and deployed in orbit. Here, we present a detailed
technoeconomic analysis of the proposed system, with investigations intomass, cost to produce and launch,
and a levelized cost of energy (LCOE). Our analyses demonstrate that with 10 years of technology develop-
ment, maturation, and scaling, the proposed 10 GHz system can deliver electricity at 9.4 ¢/kWh—competitive
with the cheapest clean energy sources available today.
INTRODUCTION

Diversification of our energy grids—a theme of the last century—

is a product of variegated concerns: energy security,1–3 resil-

ience,4 and the effects of climate change.5–7 With the prolifera-

tion8 of popular solutions, such as photovoltaic (PV) and wind,

we also see new, challenging grid demand dynamics due to their

intermittency and low utilization (e.g., the ‘‘duck curve’’)9–14 and

a greater reliance on geographically constrained natural re-

sources.15–23 These concerns motivate the need for secure, dis-

patchable, continuously available, and clean energy, which is

cost competitive with existing sources.
Joule 9, 101928,
This is an open access article under the CC BY-NC-ND
Space solar power (SSP) is among the proposals to meet this

need.24–28 In array-based SSP, the flexibility to transmit power to

multiple locations that can be dynamically changed can fill in

gaps posed by temporal variations in grid supply and serve

remote locations with a lack of infrastructure. This concept, first

imagined in 1941,29 has seen renewed interest in the last few de-

cades, which has produced a body of scientific innovation,30–33

proposals,34–39 and practical demonstrations.28,40–43 Further-

more, a recent reduction in launch costs44 is beginning to clear

one of the major hurdles to SSP.

The recent trend of publishing technoeconomic ana-

lyses45,46 of SSP proposals indicates a broad interest in
June 18, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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Figure 1. CSSPS

Left: operation concept shown in three stages. Right: system hierarchy with relevant details. Note: proposed PS is circular but shown here as square for clarity.
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finding economically efficient SSP system designs. Existing

analyses either discount certain technological advances with

significant economic impact,46 or face additional technoeco-

nomical challenges stemming from hardware performance

assumptions.45,47

The proposal outlined here addresses the two dominant ob-

stacles for SSP: technological feasibility and economic effi-

ciency. We propose an ultralight, flexible array43,48–50 that is

coiled into a dynamic structure, packed into small payloads,

called modules, that are launched and deployed in orbit.51–57

Deployable structures allow us to achieve aperture areas orders

of magnitude larger than the launch vehicle without relying on

complex and costly in-space assembly.46 By focusing on flexi-

bility andmass, and restricting ourselves to the use of technolog-

ically available and mature infrastructure, we are able to mini-

mize manufacturing and launch costs.58 Herein, we present the

overall system architecture and an in-depth costmodel.We proj-

ect the levelized cost of electricity and total cost, investigating

how design variables like frequency and size can mediate

trade-offs between total cost, LCOE, and power delivered to

the grid. We estimate that small, Ka-band systems can be

assembled and launched for less than $220 M,59 and the pro-

posed 10 GHz system can boast a LCOE of 9.4 ¢/kWh in 10

years.
2 Joule 9, 101928, June 18, 2025
Viewed as another entrant to the energy market, SSP

generates power at LCOEs slightly higher than PV/onshore

wind but is competitive with other renewable sources.

SSP has overnight costs comparable to nuclear but slightly

higher than other renewable projects and a capacity factor

comparable to nuclear/geothermal and much higher than

PV/wind.

However, viewed as a potential source of dispatchable power

for meeting peak-demand, emergencies, off-grid systems, etc.,

SSP generates power cheaper and cleaner than peaking gas60

and other current, comparable solutions.61

RESULTS

Proposed system
Proposed is the ‘‘Caltech Space Solar Power System (CSSPS),’’

a systemcomposed of (1) a photovoltaic-to-radio frequency (PV-

to-RF) power station (PS) in geostationary orbit (GEO) and (2) a

terrestrial ground station connected to the grid.

PV-to-RF Power Station

The PS operates at three levels of hierarchy. The lowest level is

a tile that integrates PV and wireless power generation and

transmission into a flexible and modular sheet.54 Many tiles are

populated on a deployable structure, which is built around a
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deployment mechanism integrated with a central bus to form

a module—the second level. The module is assembled on

Earth, coiled into a compact shape, launched, and deployed in

orbit. Many free-flying modules, each physically distinct, form

a (D = 1;600 m) ‘‘PS’’ and work together to coherently form po-

wer beams pointed toward Earth.

Tile: PV andWPT. A tile is a thin sandwich with two PV layers on

the front and back,62 a wireless power transfer (WPT) layer in the

middle, and optically transparent antennas on the outside of one

of the PV sides. A PV layer converts sunlight to DC (direct cur-

rent) power and the WPT layer converts DC power to radiated

RF power. Within each radiatively cooled63–68 tile, DC power is

routed locally from the PV to theWPT layer to avoid ohmic losses

and heavy DC power lines. A custom radio frequency integrated

circuit (RFIC) in the WPT layer then converts the DC power to RF

and feeds a flexible antenna array that radiates coherently to the

desired location on Earth.

For a SSP system to be viable, the solar cells need to be simul-

taneously lightweight, efficient, flexible, radiation hard, and low

cost. No existing solar cell simultaneously satisfies all of these

requirements.

Commercial space III-V multi-junction cells meet the demands

of efficiency and radiation hardness, but they are too heavy (>

500 g/m2) and too expensive ($100/W).69–71 Thin-film III-V solar

cells have the potential to meet the mass and flexibility targets

but are manufactured using epitaxy, a process prohibitively

expensive for SSP.

We propose pairing mechanical spalling—a low-cost tech-

nique for turning bulk crystals into thin films, currently in active

development—along with silicon-style processing (diffusion

doping, etc.) in order to make cells that meet SSP’s rigorous per-

formance and cost demands.72 Using (110)-oriented substrates

promotes the spalling of smooth surfaces,73 without the need for

an additional epitaxial growth phase. Additionally, omitting

epitaxy avoids the need for a full chemomechanical polish to pro-

duce an epi-ready surface before the wafer can be reused. Spal-

ling drastically reduces cell costs by eliminating growth and che-

momechanical polishing steps and by successive reuse of the

same wafer.

We propose the use of an InP photoabsorber, for two reasons.

First, it is intrinsically radiation-hard.75 Second, NASA (National

Aeronautics and Space Administration) has previously devel-

oped diffused-junction InP (indium phosphide) solar cells that

achieved 13:2% AM0 efficiency for p+=n devices and 17:5%

for n+=p at the pilot-line scale, both with line-of-sight paths to ef-

ficiencies > 20% at the time of their publishing.76,77 Advances

that will enable efficiency improvement include more controlled

InP chemical etchants,78 non-spiking Ohmic contacts that allow

thin-emitters,79 and commercial Si cells readily achieving

shadow losses below 3%.80

Moreover, while we propose the use of and project the costs

for an InP PV layer, a range of other possibilities with varying

levels of maturity can be leveraged. First, GaAs (gallium arse-

nide) with liquid phase epitaxy for forming AlGaAs (aluminum

gallium arsenide) heterojunction is one option81; the lower radia-

tion hardness of GaAs may be mitigated by using thinner-than-

typical cells.82 Second, CdTe solar cells have achieved over

23% AM1.5G efficiency and are exceptionally radiation
hard.83,84 Third, perovskite solar cells are also clear candidates

if their stability issues can be resolved.85

We estimate that 20%efficient InP solar cells with 2 mmof InP,

7 g/m2 of radiation shielding, and 7.5 g/m2 of metal contacts will

reach a specific power of 12,000 kW/kg without optical

concentration.

Key to the reduction in costs is the maximum usage of low-

cost, high-throughput tooling developed for Si passivated

emitter rear contact (PERC) and heterojunction with intrinsic

thin-layer (HIT) solar cells,86 which allows for a reduction in cap-

ital costs while enabling the massive scale necessary for SSP.

The wireless power generation layer of each tile converts the

PV DC power output to multiple time-synchronized RF outputs

while simultaneously addressing three primary challenges: high

flexibility, low mass, and variable input power.

DC to RF conversion is accomplished using custom RFICs,

which incorporate all the power amplification, phase shifting,

and digital/analog processing functionalities necessary for

WPT in a small, lightweight package.55 Using complementary

metal oxide semiconductor (CMOS) technology nodes enables

low-cost fabrication, high scale,87 and seamless integration

with mature and high-performance digital blocks.

A flexible printed circuit board (PCB), manufactured using thin

sheets of polyimide and copper, plays host to the RFIC, flexible

antennas, and the microwave routing network while facilitating

low mass and high flexibility.54 We envision the system using

the radiators discussed in Fikes et al.83,88 and Mizrahi et al.,89

which are extremely light, flexible, durable, and amenable to

massive scalability. Space qualification testing90 has already

demonstrated they can withstand high vibration, extreme tem-

peratures, extreme input power, and survive long-term stowage

without plastic deformation.89

To handle the variable DC power output of the PVs, we imple-

ment a scheme called ‘‘mutual power optimization’’91 wherein

the RF power amplifiers (PAs) are duty cycled so that they

have an effective impedance which matches the PV ‘‘maximum

power point,’’ thus maximizing their power efficiency. This is

done at no additional cost or mass.

Module: Deployable structure. PV-WPT tiles form the unit cell

for the entire PS and are assembled into large sheets that are

framed by thin, lightweight, and flexible composite structures

to form a module.

The tiles are manufactured in strips framed on the sides by

carbon fiber composite longerons and along the length by com-

posite battens. Strips are assembled into a module and held

together by four prestressed, diagonal cords. The cords are

attached to the tips of four diagonal, deployable booms and to

a central deployment mechanism. The mechanism holds the

structure crease-free in a tightly coiled configuration, supports

it during launch, and controls it during uncoiling.92

This novel structural architecture combines the standard four

diagonal boom architecture of solar sails93 with the crease-free

biaxial packaging techniques for membrane structures.94 In a

major departure from solar sails, inspired by current solar array

blankets, the PV-RF blankets are attached to semi-rigid struc-

tural elements.95 Overall, this approach achieves very high pack-

ing efficiency as well as a very high ratio of deployed size to

package diameter.
Joule 9, 101928, June 18, 2025 3



Figure 2. The proposed reference distribution method, shown at
each level of the system’s hierarchy

The entire PS is synchronized to a central reference, distributedwirelessly, and

received by eachmodule individually. Modules amplify the reference and use it

to modulate a laser, which is optically distributed across the array. Optical

receivers on the strips downconvert the optical clock and distribute it at RF to

each individual tile. RFICs at the tiles phase lock to the clock and upconvert to

the desired power transfer frequency.
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Prior to and during launch, booms and strips are coiled into a

(central) deployment mechanism; motors in the mechanism

deploy the booms and strips in four directions. The stowed
4 Joule 9, 101928, June 18, 2025
payload isa cylinderapproximately 2mwideand1.5m tall; amod-

ule is 60360mwhendeployed.96,97 The relevant configurations of

the module and the deployment process are depicted in Figure 1.

A spacecraft bus acts as a control center for each module.

It provides mechanical support to the module through

launch; communications to the ground and other modules; a

central node for timing and phase distribution; centralized

computing; guidance, navigation, and control; and operation

of thrusters that control attitude. It must be sufficiently

radiation-hard to survive in GEO. A battery in the bus

powers operations when the module receives insufficient solar

power.

The modules are designed to achieve a minimum fundamental

natural frequency of free vibration of 0.01 Hz, in order tominimize

the coupling between flexible-mode vibration and the orbital atti-

tude maneuvers described below. The lowest natural frequency

of the structure is controlled by the prestress in the diagonal

cords. However, excessively high prestress levels induce buck-

ling of the diagonal booms; the chosen design applies a level of

prestress in the diagonal cords that achieves a fundamental nat-

ural frequency of 80% of a reference ‘‘fully connected module,’’

which has no diagonal cords and strips directly attached to the

booms.98

PS: Phase synchronization. The size of the proposed system

and the number of elements poses a challenge: operating mil-

lions of elements in concert. We propose the use of a hybrid,

hierarchical reference distribution,99 shown in Figure 2. A wire-

less tone is sent to each module and picked up by a central

receiver on the spacecraft. The tone modulates a laser, which

is sent out to a group of tiles on optical fibers. The optical signal

is demodulated and distributed to each RFIC as a MHz/GHz

clock line which locks to the RFIC’s frequency generating

blocks.

Beam steering is accomplished by phase shifters local to the

ICs which delay the outgoing waves of individual antennas so

that they constructively interfere at the receiving ground station.

To correct for intra-module array deformations and inter-module

displacement, which can disrupt phase coordination, the system

can implement a combination of dynamic shape reconstruc-

tion,50,100–102 proximal near-field phase sensing,103–105 closed-

loop feedback,55 and other methods.99,106 The combination of

closed-loop and open-loop correction techniques enables accu-

rate steering down to Earth.

Orbit. The global Sun-pointing angle of the PS can be opti-

mized to maximize the power transmitted to a specific point on

the Earth, using a rigid model of the PS.107 These results are

assumed to be valid also for a constellation of free-flying rigid

modules108 and also for flexible modules provided that zero-

jerk attitude reconfigurations are used.109

Our model assumes a GEO orbit. However, system configura-

tions for lower orbits have been investigated110 and offer poten-

tial benefits: lower launch costs, lower required area for focusing,

and lower high-energy radiation exposure, among others.

Ground station: Rectification

The terrestrial ground station is imagined as the RF-equivalent of

a solar farm: a mechanism of high-efficiency power collection

over a large area that interfaces with the grid and can accommo-

date periodic variations in collected power. The proposed



Figure 3. Variations in daily output power as a fraction of peak

output power, hgeom: The geometric efficiency

The solid line represents the time-dependent variation; the dotted line shows

the daily average geometric efficiency, hgeom.

Table 1. End-to-end system efficiency at f = 10 GHz

Efficiency Current Middle Asymptotic

hPV 29.3%116 19.5% 24.4%

hDC-RF 33.0% 50.0% 60.0%

htherm 88.0% 88.0% 88.0%

hgeom 69.9% 81.8% 81.8%

hatm 98.8% 98.8% 98.8%

hground 83.8% 83.8% 83.8%

hRF-DC 60.0% 75.0% 80.0%

hDC-AC 94.0% 95.0% 95.0%

hsystem 2.77% 4.14% 6.63%
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ground station is composed of rectifying antenna (rectenna) ar-

rays, presented in Ayling et al.43 (Figure 6) and Hajimiri et al.55

(Figures 25–27), which are wired in the necessary combination

of series and parallel to meet local voltage and current require-

ments. It has diameter Dg = 1; 637 m: sized to the first null of

the beam’s Airy disk.

We assume the system operates as a base-load and provides

the grid with constant power. The system thus uses batteries to

compensate for dark periods during predictable vernal/autumnal

equinoxes, variable angle-dependent output power, and bi-daily

module maneuvers,111 shown in Figure 3.

System efficiency

The total, end-to-end efficiency, averaged over a 24 h orbit, can

be expressed as the following:

hsystem = hPV$hDC-RF$htherm$hgeom$hatm$hground$hRF-DC$hDC-AC

(Equation 1)

which is the product of a number of efficiencies:

hPV is the PV efficiency.112

hDC-RF is the DC to RF efficiency of the RFIC, including ohmic

losses on the DC power lines, PA efficiency, and losses from

RFIC operating overhead (e.g., synchronization).

htherm is the thermal penalty to PA efficiency due to potential

excess heat concentration in the RFIC.

hgeom is the ‘‘geometric efficiency,’’107 which accounts for var-

iations in non-normal Sun incidence and radiation angles on the

ground, shown in Figure 3, averaged over a day.

hatm accounts for atmospheric absorption loss.

hground is the illumination efficiency at the ground station.

hRF-DC is the RF to DC efficiency of the rectenna.113,114

hDC-AC is the efficiency of inverters, which convert direct cur-

rent (DC) to alternating current (AC), necessary for grid

compatibility.

Expected values for these efficiencies in three projection

tiers are given in Table 1 and visualized in Figure 4. These

efficiencies are not comparable to terrestrial PV because

terrestrial PV has a low utilization factor (the fraction of time

that the cells operate at peak output power) on average.
The day/night cycle and the evolving Sun angle already re-

duces PV utilization to z1
4 before weather and atmospheric

losses are accounted for; in rainy locations, utilization can

be far lower. ‘‘Current’’ assumes the use of modern, commer-

cially available III-V inverted metamorphic (IMM) triple-junction

solar cells, ‘‘middle’’ assumes line-of-sight spalled InP solar

cells, and ‘‘asymptotic’’ assumes a triple-junction tandem so-

lar cell which includes spalled InP.

Cost projection
To understand the technological, manufacturing, and economic

feasibility, we modeled the mass and cost of the proposed SSP

system. Many of the building blocks of the proposed system are

novel, resulting in cost uncertainty. To balance conservative es-

timates, which might assume overly onerous costs, with pro-

gressive estimates assuming technological advancement, we

projected three cost tiers:

(1) Current: this represents current costs and capabilities at

the time of publication, and if we had sufficient R&D cap-

ital to scale current processes to the necessary volumes.

PV is commercial, III-V (IMM) triple-junction. Estimates

are conservative.

(2) Middle: this represents costs and capability estimates

supported by this analysis, if the system were to be deliv-

ered in 10 years with sufficient R&D capital to achieve the

relevant manufacturing scale for the finalized technolo-

gies. PV is spalled InP.

(3) Asymptotic: this is an estimate of what is technologically

and economically possible with existing materials but

new design and manufacturing advances in 20 years.

PV is triple-junction tandem. Estimates are liberal.

We intend for the middle tier to serve as our primary estimate,

with the other two figures serving to bookend projections that are

difficult to estimate.

Mass

The mass capacity of the space vehicle and the mass of the

module will determine the number of launches needed to build

the desired PS. Themasses of the four fundamental components

of each module are listed in Table 2.

Cost

Costs were estimated by assuming scaled manufacturing

infrastructure of the current production processes, and then
Joule 9, 101928, June 18, 2025 5



Figure 4. Sankey diagram tracking losses in the CSSPS using medium-term efficiency projections

Medium-term efficiencies are provided in the middle column of Table 1. This figure does not include ‘‘geometric’’ losses, which vary during the orbit and are

represented by the metric hgeom, which is an average over a full orbit period.
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projecting how improved technology and processes could

lower costs. The methods section contains a discussion on

cost estimation. Costs for a single module are presented in

Table 2.

LCOE

LCOE is the total cost of setting up and operating the system

divided by the energy provided by the system over its service life:

LCOE=
Lifetime cost

Lifetime energy produced

=

C0+M
PN
n = 1

1

ð1+rÞn

E0

PN
n = 1

dn

ð1+rÞn

=
C0+MN1

E0N2

(Equation 2)

where

C0 is the initial capital cost,

M is the annual maintenance cost,

N is the device lifetime in years,

r is the discount rate,117

E0 is the energy produced in year 1,

dn ˛ ½0;1� is the performance remaining in year n,

N1 is the rate-adjusted multiplier for annual costs, and

N2 is the rate-adjusted multiplier for energy production.
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Performance degradation accounts for component aging and

follows a polynomial relationship with the log of age.118 Data are

given in Table 2. Based on the middle projection in Table 2, SSP

is economically viable in 10 years, assuming that the technology

is finalized and manufacturing can be scaled to the magnitude

necessary.

Operating frequency
The choice of operating frequency touches on nearly every facet

of the system. A variational analysis with respect to frequency

and array size is used to optimize systems parameters under

different settings and to understand the trade-offs among total

cost, LCOE, and delivered power.

System efficiency

Some of the system component efficiencies in Equation 1 vary

with frequency, f.

Some of these frequency dependencies were quantified as

follows:

(1) hDC-RFðfÞ was obtained by fitting an exponential to a sur-

vey119 of hundreds of published CMOS PAs.132

(2) hthermðfÞwas derived frommodels for temperature-induced

PAperformancedegradation133and thermalsimulations.134

(3) hRF-DCðfÞwas quantified by curve fitting to a survey of rec-

tifiers at f < 100 GHz.113,114

The individual and total frequency-dependent efficiency

curves are given in Figures 5A and 5B.



Table 2. Cost projections for a SSP system in GEO that generates 76–181 MW

Unit Current Middle Asymp.

Module, total costa $k 16,429 1,056 768

PV $k 5,904 343 343

WPT $k 2,263 341 185

Structures $k 587 122 50

Spacecraft $k 7,500 100 40

Assembly $k 100 100 100

Testing $k 75 50 50

# Modules – 559 559 559

Power stationa $M 9,184 590 429

Module massa kg 5,538 1,021 993

PV kg 4,320 324 324

WPT kg 750 319 291

Structures kg 114 114 114

Spacecraft kg 354 264 264

Launch vehiclea – Falcon 9H Starship Starship

Cost, projected $M 97 7 3

Mass/launch kg 13,000 54,500 54,500

Modules/launch – 2 53 54

# Modulesa – 559 559 559

# Launchesa – 280 11 11

Total launch costa $M 27,160 82 33

Ground stationa $M 596 172 188

Rectenna $M 530 104 104

Battery $M 43 46 62

Land $M 22 22 22

Annual costs ðMÞa $k/year 188,181 9,298 8,268

Module replacement $k/year 181,477 3,346 2,301

Ground replacement $k/year 574 150 166

Ground maintenance $k/year 5,473 5,473 5,473

Property taxes $k/year 657 329 329

Initial costs ðC0Þa $M 36,965 863 670

Modules $M 9,184 590 429

Launch $M 27,160 82 33

Ground station $M 596 172 188

Administrative $M 25 19 20

Annual costs ðMÞa $M/year 188 9 8

Service life ðNÞa years 10 15 20

Cost multiplier ðN1Þa years 9 13 16

Total cost ðC0 +MN1Þa $M 38,655 983 805

Average power ratinga MW 76 113 181

Overnight costa $/W 487 8 4

Average specific powera W/kg 25 199 327

Year 0 energy ðE0Þa GWh/year 665 993 1,589

Energy multiplier ðN2Þa years 7 11 13

LCOEa ¢/kWh 777.8 9.4 3.8
aSums and important values.
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System size

The diameter of a PS in space, Ds, is another input variable.

Larger PS’s generally scale up collected and delivered power

at the expense of launching more modules. Additionally, the

PS diameter drives the diffraction limited spot size on Earth:

larger PS’s produce more concentrated power and require

smaller ground station areas for collection.

Output power

Average output power can be expressed as the following:

PoutputðDs; fÞ= PinputðDsÞ $ hsystemðfÞ

=
G0p

4
$D2

s $ hsystemðfÞ
(Equation 3)

where G0 is the solar irradiance in space. Contour plots for input

and output power are given in Figures 5C and 5D.

Total cost

Cost is a function of both Ds and f. PS diameter quadratically

scales up assembly and launch costs and quadratically

scales down ground station costs by reducing the focused

spot size.

Per-unit-area PS costs are a sum of PV, WPT electronics, me-

chanical structure, and spacecraft costs. Only the WPT layer

costs are frequency dependent: higher frequencies imply smaller

element spacing and more RFICs per unit area.

Taken together, costs generally increase with larger PS diam-

eter and lower frequency. Both of these factors increase the PS

and ground station area, adding to cost. Costs skyrocket for low

frequencies and small PSs because of the massive ground sta-

tion area required.

LCOE is a reflection of total cost and total power generated.

Though they both increase with larger PS diameter, fixed costs

are offset, thus minimizing LCOE. LCOE is extremely high for

small, low-frequency systems owing to large ground station

costs, low collected power, and low system efficiency. At ideal

sizes, lower frequencies generally decrease LCOE at the

expense of raising total cost.

Contours for output power, total cost, and LCOE as a function

of Ds and f are presented in Figures 5D–5F, respectively.

Optimal system

LCOE and total cost have opposite trends when varying fre-

quency: one rises as the other declines. To identify ideal sys-

tem parameters, we designed an arbitrary loss function which

composes LCOE and total cost using a weighted geomet-

ric mean:
Figure 5. System variables as a function of frequency, f, and spacecra

(A) Individual (frequency-dependent) system efficiencies.

(B) Average end-to-end system efficiency ðhsystemÞ.
(C) Input power contours.

(D) Contours for the AC power fed to the grid.

(E) Total cost contours.

(F) LCOE contours.

(G–I) Loss contours for a˛ f0:3;1:0;3:0g. Contour lines are iso-loss lines; values

(J) Power density on the ground contours.

(K) Optimal PS diameter at each frequency.

(L) Optimum total cost and LCOE over frequency, assuming ideal PS diameter at

make higher frequencies undesirable.
LaðDs; fÞ = ðCOST$LCOEaÞ 1
1+a (Equation 4)

where a ˛ ½0;NÞ reflects whether we care more about cost

ða/0Þ or LCOE ða/NÞ. Example loss functions for three

different a are shown in Figures 5G–5I.

A continuous sweep of a˛ ½0;10�, shown in Figure 5K, reveals

an inverse relationship between Ds and f: the best system at a

low frequency has a high diameter and the best system at a

high frequency has a low diameter. Total cost and LCOE for

the optimal systems in Figure 5K is shown in Figure 5L.

If, for example, the goal was a large-scale system that maxi-

mized energy to the grid andminimized LCOE, one would design

a large PS atz11 GHz.135 A system > 30 GHz would be consid-

ered for a limited budget, with low power requirements.

Furthermore, contrary to the popularity of proposals using

f < 6 GHz,27,31,32,35,47,136 low-frequency, area-matched sys-

tems suffer from their necessarily massive size and the effi-

ciency degradation imposed by driving significant energy

through a single PA. Higher frequency systems can now be effi-

ciently implemented on-chip owing to improvements in inte-

grated PA efficiency.119,137–142
DISCUSSION

The system proposed above is an end-to-end solution for clean

energy by collecting solar power in space and beaming it down

to Earth at RF. Collecting solar power in space offers the benefits

of a 24 h collection time, continuity despite adverse weather, and

flexibility to decide when and where power is sent. The proposed

system, in tandem with new, low-cost launch platforms, can

make SSP economically and technologically feasible.

Thin, flexible, and lightweight PV and WPT arrays allow us to

bypass traditional limitations on aperture size while keeping

launch costs low. This is made possible by dynamic, deployable

structures, which reduce the module to a fraction of its size for

launch.

A technoeconomic analysis of our proposal concludes with

estimates of a LCOE of 9.4 ¢/kWh and a lifetime cost of

$983 M for a 10 GHz, 1,600 m diameter, 113 MW SSP system.

Ignoring the advantages offered by a higher capacity factor

and more flexible dispatchability, CSSPS’s middle estimate is

comparable in LCOE and slightly more expensive in overnight

cost than other clean energy solutions, as shown in Table 3.

However, considering SSP as a potential solution for peak-

demand supply and/or emergency circumstances, it would
ft diameter, Ds

are arbitrary, and thus, color bars are not included.

each frequency. Plots (D)–(L) only display f% 50 GHz because low efficiencies
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Table 3. Benchmark comparison for different energy sources

Power source

OC CF LCOE

$/W % ¢/kWh

CSSPS, current 487.2 69.9 777.8

CSSPS, middle 8.4 81.7 9.4

CSSPS, asymptotic 4.0 81.7 3.8

PV, utility143 0.8 16.2 4.4

PV, residential (2.2, 4.2)60 15.7144 (11.7, 28.2)60

PV, concentrated143 6.6 55.0 11.7

Wind, onshore143 1.2 36.0 3.3

Wind, offshore143 2.8 41.0 7.5

Hydroelectric143 2.8 53.0 5.7

Geothermal143 6.3 82.0 7.1

Bioenergy143,145 (0.7, 7.7) (85.0, 95.0) 7.2

Nuclear, large146 (6.2, 10.0)147 93.0148 18.260

Nuclear, SMR149 8.9150 92.1151 z8.0152

Gas, combined

cycle

z0.9150 56.0153–155 7.660

Gas, peaking z0.9121 10.0125 16.959

Coal 4.1150 49.3154,155 11.260

Off-grid,

renewable

– – 29.060

All, arctic circle – – 100.0126

OC, overnight cost; CF, capacity factor; LCOE, levelized cost of energy.59
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have lower LCOE than highly dispatchable solutions (peaking

gas and bioenergy—neither of which are entirely clean). Ad-

dressing off-grid, renewable applications, SSP would offer po-

wer 33 cheaper than the current global average61 with poten-

tially much greater flexibility. In some cases,156 SSP would be

an order of magnitude cheaper than the alternative.

These figures build confidence in the economic feasibility of

our system and SSP in general. Moreover, project cost and

LCOE do not account for the added benefits SSP offers: lack

of an energy storage requirement, dynamic dispatchability, and

the flexibility to supply power to remote regions as easily as to

urban environments.

This analysis builds on recent in-orbit demonstrations of the

PV, WPT, and mechanical layers of this system,43 which

completed successfully and signal the technological feasibility

of our system. We believe this gives credence to the assump-

tions built into our cost projection.

METHODS

Estimating solar cell radiation shield thickness
To estimate the necessary thickness of solar cell shielding, we

wrote a model that incorporates particle fluxes from Space

Environment Information System (SPENVIS),157 Monte-Carlo

calculations for slowed particle spectra using SRIM,158 and

the empirical relative damage coefficient (RDC) for protons

damaging GaAs solar cells measured by the Jet Propulsion

Laboratory (JPL).159 This model allows us to combine real-

world data for low-energy proton damage with more accurate
10 Joule 9, 101928, June 18, 2025
models for low-energy proton transmission through cover

glass. To calculate the incident particle flux, we use the

SPENVIS environment and first specify an orbit of 15 years at

GEO and used the AE-8 and AP-8 models at solar maximum

for calculating trapped particle fluences and the ESP-

PSYCHIC model for calculating solar particle fluences. We

then integrated these against SRIM results for various cover

glass thicknesses to determine the slowed proton spectra.

Finally, we integrated the slowed proton spectra against

GaAs proton RDC spectra to calculate 1 MeV electron equiva-

lent doses versus glass thickness. We assume that GaAs and

InP have similar RDC curves. From experimental measure-

ments of InP solar cell damage at 1 MeV electron flux, we

know we can tolerate 131016 cm� 2 equivalent damage, which

corresponds to 12 m m of cover glass.74

PV cost model
To calculate the PV cost, we adopted a bottom-up cost model

that accounts for the capital, labor, materials, electricity,

and maintenance costs associated with each step of the

manufacturing chain. When possible, we adopted cost models

available for silicon solar cells.86 We assumed in-house InP syn-

thesis and monocrystalline growth with a cost-structure similar

to Czochralski silicon with a 50% InP-to-cell yield with waste

InP recycled into growth. We further used square-cube scaling

to estimate how to translate from Si capital costs to InP costs

because InP ingots (6 in. diameter) are smaller than Si (12 in.)

The largest cell conversion cost is the production of InP, which

accounts for 25% of the total cell price; InP production costs

are equally split across labor, consumables (raw indium), and

capital depreciation for monocrystalline growth tools. Our cost

model projects a price of $125 for a six-inch InP wafer, which

is comparable to bulk prices for GaAs wafers of equal size.

Because spalling facilitates the reuse of a single wafer for multi-

ple cells, a PV per-area cost is obtained by dividing the wafer

cost by the number of reuses. This model assumes 75 reuses re-

sulting in a PV per-area cost of $91/m2. Our costs are dominated

equally by consumables and labor.

The availability of indiummerits further consideration. A 1.6 km

diameter SSPS with 2 mm thick InP solar cells covering 100% of

the area would require 15 T of In metal. Annual production is

roughly 1 kT/year with potential supply for about 3 kT/

year.160–162 This means that producing one CSSPS/year con-

sumes about 1% of the world’s indium supply. While substantial,

this fraction should not significantly perturb the international in-

dium market. A reduction in InP absorber thickness can further

decrease the supply impact. 500 nm of InPwithout any light trap-

ping can absorb 90% of the available photocurrent163; with light

trapping, absorber thicknesses of a few hundred nanometers

become accessible.164,165 Thus, optimal optical design can

reduce the required quantity of indium by approximately a factor

of five, which would bring the necessary demand to well under

1% of annual production. A reduced-indium system was not

included in the presented model due to limited certainty about

production of such a thin film: meeting the aforementioned tar-

gets would require thinning a film post-spall because the

stress-thickness curves for spalling make sub-micron spalling

a challenge.166
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WPT cost model
The projection for the cost of the WPT layer of the PS (antennas,

RFICs, etc.) was obtained using a similar methodology as that in

Mizrahi et al.58 We considered that WPT layer cost could be

divided into RFIC, PCB, antenna, and assembly costs. Each

was individually modeled, using the same three projections tiers

invoked above. Specific process steps and associated costs

have yet to be published.

Launch cost model
Launch costs were projected off of the format proposed by

SpaceX for Starship167 GEO transport: launch to low Earth orbit

(LEO), refuel, transfer to geostationarySNR transfer orbital

(GTO), and transfer to GEO. The model includes projected fuel

costs assuming a cryogenic methane/liquid oxygen mix and

doubling the total to account for process costs, fueling costs,

amortized vehicle costs, etc. Themodel projects the cost of flight

hardware based on the current Falcon 9 upper stage. Launch

cost prices were then reduced by a factor based on a logarithmic

fit to historic launch cost data and projecting it forward the rele-

vant number of years: 10 for middle and 20 for asymptotic.

Local, radiative cooling
A critical design consideration for SSP is the thermal manage-

ment of the PVs and RFIC. Solar irradiance and losses in PV

and RF layers generate heat that degrades the performance

and efficiency of system. Because the module is locally periodic,

the temperature across the PSwill be approximately uniform and

traditional thermal management techniques that rely on heat

redistribution within the spacecraft body are not viable. As previ-

ous analyses of SSP thermal management have indicated,

sandwich-type SSP systems can rely on only out-of-band PV

reflection,168 high-emissivity coatings,63,64,67 thermal conductiv-

ity design,63,65–67 and potential thermal radiator surface-area

expansion63,68 to reduce system temperature. With an assumed

2D geometry, CSSPS can only leverage the first three

techniques.

Due to the tile-based design, we assume two-dimensional

periodicity, i.e., the tile is a unit cell in which only vertical heat

transfer occurs; no heat is transferred between tiles. Within a

tile, we consider heat from two sources.169 First, _QPV is the

heat from the PVs; it is the fraction of the total radiant solar

flux incident on the tile that is neither photoconverted nor

reflected:

_QPV = ð1 � hPV � RPVÞAtG0 (Equation 5)

where

G0 is the solar irradiance,

At is the projected area of the tile normal to the incident

radiation,

hPV is the PV efficiency, and

RPV is the PV’s solar reflectance.

The second source, _QIC, is the heat due to losses in the WPT

electronics, primarily the RFIC. Symbolically, we can write _QIC in

terms of the power delivered to the RFIC by the PVs, hPVAtG0,

and the RFIC efficiency, hIC:
_QIC = ð1 � hICÞhPVAtG0 (Equation 6)

Though the heat from _QIC is largely concentrated in the RFIC,

we assume that heat readily leaves the RFIC170 such that its tem-

perature is close to the average temperature of the tile.

We assume that both sides of the tile have nearly the same

average emissivity, ePV, since both sides of the tile are covered

with the same PV cells. At steady state, the power leaving the

tile, _Qout, must be equal to the sum of the two heat sources:
_QPV + _QIC. Since _Qout is comprised entirely thermal radiation,

the Stefan-Boltzmann law tells us that

_Qout = 2AePVsT
4 (Equation 7)

where

A is the area of the tile,

s is the Stefan-Boltzmann constant, and

T is the tile’s average temperature.

The factor of two accounts for the fact that both sides of the tile

radiate with emissivity ePV. The equation _Qout = _QPV + _QIC can be

readily solved for T:

T =

�
ð1 � RPV � hPVhICÞ

G0

2ePVs
cosðqiÞ

�1
4

(Equation 8)

where qi is angle between the tile’s normal and the Sun.

This result agrees with extensive finite element simulations

that account for the nonuniform distribution of both heat sour-

ces. Moreover, this model is well suited for developing system-

level requirements because it does not depend on a specific

tile design. Using Equation 8, we can relate the required emissiv-

ity, reflectivity, and efficiencies needed to achieve an acceptable

operating temperature for any tile design. Assuming hPV and hIC
are fixed, thermal management design becomes a matter of

increasing RPV and/or ePV.

RPV is commonly increased using a backplate mirror (see PV

stackup in Figure 1, layer 7) that sits below the solar cell. This

mirror increases RPV by reflecting unabsorbed sub-band-gap

photons back out of the cell. The mirror also increases the solar

cell’s efficiency by increasing the effective path length for in-

band photons through the InP absorber.

Increasing ePV must be accomplished without compromising

the ability of the cell to absorb the solar radiation above the

band gap and reflect below the band gap. This has been accom-

plished via radiative cooling.171,172 Coatings that are transparent

for l< 4 m m and absorptive for l> 4 m m leverage the existence

of a point (near 4 mm)where the incident solar spectral irradiance

drops below the tile’s own spectral exitance. For l> 4 mm, a high

emissivity is better than having high reflectivity since the tile can

radiate more power than it would absorb from the Sun. Below

this point, a transparent surface is needed, so photons can

pass into the cell where they are either absorbed or reflected

by the backplate mirror.

Simulations and analyses based on Equation 8, shown in Fig-

ure 6, indicate that the steady-state tile temperature is z333 K

for RPV = 0:3 and εPV = 0:6. With further thermal design
Joule 9, 101928, June 18, 2025 11



Figure 6. Steady-state tile temperature as a function of PV reflec-

tance and emissivity
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development, εPVz0:9 is possible, resulting in a steady-state tile

temperature ofz298 K. These values are comfortably within the

safe operating temperature range that would allow integrated

PAs to operate continuously for > 15 years.

Thermally induced efficiency penalty at low frequencies
Our design relies on an ‘‘area match’’ between the PVs and the

WPT aperture. This implies that each chip is supplied by the po-

wer generated by the solar cells occupying the same area as the

elements fed by that chip. Local DC power supply avoids lossy

and/or massive DC power lines and is more resilient to individual

tile damage.

At fixed ð0:6lÞ fractional-wavelength element pitch and a fixed

number of RFIC channels ðNÞ, an area-matched system also

means that lower frequencies come with larger tile areas:

A= Nð0:6lÞ2

= N
�
0:6

c

f

�2 (Equation 9)

Moreover, because our design is ‘‘area-matched,’’ a larger tile

area implies higher power supply to each RFIC:

PRFIC = G0AhPV

= G0N
�
0:6

c

f

�2

hPV

(Equation 10)

With ideal thermalmanagement, the RFICwould be able to off-

load excess heat to the rest of the tile, and the entire tile would be

isothermal. Assuming fixed hDC-RF, higher power to the RFIC

would be balanced by a proportionally larger tile area, and the

tile/RFIC temperatures would be constant.

However, real thermal management systems have finite ther-

mal conductances, and a non-zero thermal gradient between

the RFIC and tile. This gradient is exacerbated by higher RFIC

supply power, resulting in higher RFIC temperatures. High tem-

peratures usually serve to degrade circuit performance—in this

case, reducing hDC-RF. Thus, there is an adverse thermal penalty
12 Joule 9, 101928, June 18, 2025
at lower frequencies, which works against the typical PA effi-

ciency gains.

To quantify this relationship, we connected two models. First,

we built a model, which simulates the proposed RFIC thermal

management to predict RFIC temperature as a function of input

power and power conversion efficiency, hDC-RF. These tempera-

tures were plugged into a published model133 for thermally

induced CMOS PA efficiency degradation. Together, they relate

operating frequency to a penalty on the RFIC power conversion

efficiency, hDC-RF.

It is likely that different PA designs and RFIC architectures

might have different temperature-degradation relationships.

However, any design would suffer from increased degradation

at the higher RFIC powers that result from low operating

frequency.

Element synchronization
Of critical importance to the execution of a working phased array

is the ability to synchronize the output phases of many elements.

Phenomena such as phase noise, low signal-to-noise ratio

(SNR), and unknown phase offsets severely limit phased array

operation and are especially difficult in large, flexible arrays

such as the one proposed.

Allowable phase error

Distributing a centralized reference that each element locks to

removes the necessity of precisely synchronizing multiple, inde-

pendent frequency sources. However, this does not preclude

uncorrelated phase noise and systematic phase drift throughout

the distribution network and at each element from degrading the

array coherence.

Coherence degradation can be analyzed by assuming each

element has uncorrelatedphase noise drawn fromaN ð0; dÞdistri-
bution.173 As the root mean square (RMS) phase noise increases,

elements decohere, reducing the array’s total gain. The efficiency

decrease due to this gain reduction appears as pseudo-quadratic

asa functionof theRMSphaseerror; the arraywillmaintain90%of

its maximum gain with 18� of uncorrelated RMS phase error at

each element. Power lost to incoherence will be sent in directions

outside themain beamandwill not be received by the ground sta-

tion. We target an RMS phase error of < 18�.
Reference distribution scheme

Phased array reference distribution for timing synchronization is

traditionally done at the RF frequency using metal transmission

lines. For extremely large systems (� 1 km), however, the loss

associated with RF transmission lines is high and, thus, increases

the relative phase noise of the reference. Additionally, physical

connections between adjacent modules may be impractical or

infeasible, motivating a wireless reference distribution.

To balance the physical constraints and minimize the phase

noise of the reference, we propose the hierarchical distribution

scheme in Figure 2 in the main text. A central reference is wire-

lessly transmitted to the modules. Within each module, the wire-

less reference is detected, amplified, and used to modulate an

optical carrier that is distributed across the module with low-

loss, low-cost optical fibers. At the strip level, the modulated op-

tical signal is coupled into a photonic integrated circuit, which

extracts and outputs the RF reference. At this lower level of hier-

archy, the distances are appropriate for wired, transmission-line
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distribution of the RF reference. The reference is sent out to each

RFIC where it is potentially upconverted to the final power trans-

mission frequency.

Beam creation and control

A flexible phased array introduces beam focusing challenges

atypical of conventional, rigid phased arrays. Because element

position is variable, exact array geometry is unknown and

element output phase calculation is non-trivial.

The simplest solution is a closed-loop feedback arrangement,

whereby a centralized controller runs a search algorithm by vary-

ing element phases and reading detected power from a receiver

in front of the array. This is challenging for a system with many

elements owing to the extreme search space complexity and

the requirement for centralization. Additionally, the receiver

poses a challenge for complex and dynamic spaceborne sys-

tems; a receiver on the ground would introduce significant time

delay in addition to the extreme computational delay.

An alternative is to measure the shape, update the geometry,

and program phases that correct for geometric distortion. This

can be done with174–177 or without100–102 additional sensors.

Moreover, shape reconstruction can be done locally to avoid

centralized digital control.178 Shape reconstruction and subse-

quent phase programming can be paired with proximal-field-

sensing methods103–105 to predict the local output phasors that

shape reconstruction does not consider.

Phase calibrations and themethods that enable themwill likely

need to be run continuously, to account for continuous drift, sys-

tem deformation, impedance changes, temperature changes,

etc. Fortunately, these effects can all be placed on timescales

on the order of Hz, whereas phase calibration and the electronics

and digital programming that enable them can operate on the or-

der of MHz. Thus, the system can update frequently enough to

compensate for continuous change and maintain constant, ac-

curate steering.
Fundamental tradeoff between LCOE and total cost
One of the conclusions of the variably frequency study presented

in themain textwas that there is a trade-off between optimizing for

LCOEandoptimizing for total costs. Thismotivated the designof a

loss function which would balance these conflicting goals. Below

is an expansion on the expressions for LCOE and total cost that

aim to demonstrate this trade-off is fundamental. As in the main

text, frequency and space station area are independent variables.

LCOE is defined as a fraction of the total, lifetime costCðfÞ and
the total, lifetime energy production EðfÞ:

LCOEðfÞ =
CðfÞ
EðfÞ (Equation 11)

where all three quantities are functions of the operation fre-

quency. This can be expanded as the following:

LCOEðfÞ =
C0ðfÞ+MðfÞN1

E0ðfÞN2

(Equation 12)

where:

C0ðfÞ is the overnight cost,

MðfÞ is the annual cost,
N1 is the rate-adjusted multiplier for annual costs,

E0ðfÞ is the first-year energy production, and

N2 is the rate-adjusted multiplier for energy production.

We assume that device lifetime and aging are not frequency

dependent. These variables can be further broken down as

below:

C0ðfÞ = kg0A
gðf ;AsÞ+ ks0A

s (Equation 13)

MðfÞ = kgAgðf ;AsÞ+ ksAs (Equation 14)

E0ðfÞ = G0A
shsystemðfÞTyear (Equation 15)

where

kg0 is the overnight cost for the ground station,

ks0 is the overnight cost for the space station,

kg is the annual cost for the ground station (maintenance,

taxes, labor, etc.),

ks is the annual cost for the space station (maintenance, mod-

ule replacement, etc.),

Agðf ;AsÞ is the area of the ground station,

As is the area of the space station,

G0 is the solar irradiance in space,

hsystemðfÞ is the average end-to-end system efficiency, and

Tyear is the number of hours in a year.

Using these equations, the expression for LCOE can be

expanded as:

LCOEðfÞ=
�
kg0A

gðf ;AsÞ+ks0As
�
+ðkgAgðf ;AsÞ+ksAsÞN1

G0AshsystemðfÞTyearN2

=
Agðf ;AsÞ�kg0+kgN1

�
+As

�
ks0+k

sN1

�
G0AshsystemðfÞTyearN2

(Equation 16)

Assuming ideal focusing, the ground station size can be

related to the spacecraft size using the equation for the diffrac-

tion limit:

Agðf ;AsÞ = p

�
Dgðf ;AsÞ

2

	2

= p

�
1:22Rc

Dsf

	2

= p2

�
1:22Rc

2f

	2
1

p

�
2

Ds

	2

=

�
0:61pRc

f

	2
1

As
(Equation 17)

where

Dgðf ;AsÞ is the diameter of the ground station,

Ds is the diameter of the space station,

R is the altitude of the space station in GEO, and

c is the speed of light in a vacuum.
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Thus, LCOE can be expressed as the following:

LCOE =

�
0:61pRc

fAs

	2�
kg0+k

gN1

�
+
�
ks0+k

sN1

�
G0hsystemðfÞTyearN2

(Equation 18)

Expressed this way, a few observations are clear:

(1) LCOE explodes for low system efficiency. This is

because low efficiency reduces power generation on

the ground.

(2) High frequency and high space station area reduce

LCOE, but only by reducing the required ground station

costs. Because space station area and module costs

track proportionally, LCOE is not affected by total space

station area vis-à-vis per-unit-area space station costs.

For these two reasons, LCOE is minimized when maximizing

system efficiency and maximizing space station area. This hap-

pens atz11GHz and at infinite space station diameter. Because

the main text explores Ds %2;500 m, this is the resultant ideal

size for minimizing LCOE. Theoretically, LCOE decreases for

arbitrarily higher diameters, with diminishing return. Alterna-

tively, total cost can be expressed as the following:

CðfÞ= Agðf ;AsÞ�kg0 + kgN1

�
+ As

�
ks0 + ksN1

�

=

�
0:61pRc

f

	2
1

As

�
kg0 + kgN1

�
+ As

�
ks0 + ksN1

�
(Equation 19)

Expressed this way, a few observations are clear:

(1) Cost is minimized by maximizing frequency because it re-

duces the required ground station area for a given space

station diameter.

(2) Large space station areas reduce ground station costs

but increase space station costs. The model projects

per-unit-area space station costs greatly exceeding those

for the ground station (z33); thus, minimizing cost re-

quires minimizing the space station area.

In summary,

(1) Minimum LCOE is achieved at X-band with maximum

space station area.

(2) Minimum cost is achieved at maximum frequency and

with minimum space station area.

These are mutually exclusive goals that are impossible to

optimize for simultaneously as the system is currently pro-

posed. Ultimately, system design will be determined by the

needs and limitations of the specific project and application un-

der question.
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