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Starcloud-1
1 sat · 1 H100 · �own Nov 2025

Starlink
≈10⁴ sats

Blue Origin Sunrise
51,600 sats · Mar 2026

SpaceX FCC �ling
≤ 10⁶ sats · Jan 2026

six orders of magnitude

Starcloud-1: LLM trained and served in orbit Google Suncatcher: TPU clusters

The case on file is sustainability: terrestrial AI is short of energy, water
and land; orbit offers sunlight, vacuum and room.

Computing has left the planet

Starcloud (Nov 2025) · SpaceX FCC application (Jan 2026) · Blue Origin Project Sunrise (Mar 2026) ·
Google Project Suncatcher (2025)

1,000,000 satellites.
What could possibly go wrong?
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The promise

×4
sunlight: 1,361 vs 340 W/m²

>99%
time in sun, dawn–dusk orbit

0 L
cooling water

0 m²
land, no grid queue

Data centers: 415 TWh in 2024 (1.5% of world electricity), more than
double by 2030 (IEA).

The pitch, and the bill

Ohs et al., Dirty Bits in Low-Earth Orbit, ACM SIGENERGY EIR 2025 HAL  · Ohs et al., Dark Clouds Rising in LEO, ACM LEO-NET 2026 HAL  · Fraire et al., Ungrounded Computing
in LEO, IEEE Computer (under review)
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×4
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time in sun, dawn–dusk orbit

0 L
cooling water

0 m²
land, no grid queue

Data centers: 415 TWh in 2024 (1.5% of world electricity), more than
double by 2030 (IEA).

The bill: lifecycle carbon per delivered GPU-hour

I = ​ C ​ =
U

C ​ + C ​emb op
emb ​m ​ (e ​ +

k

∑ k k I ​)L&R

m  launched mass of compute, solar, battery, radiator · e  production
carbon per kg · I  launch + re-entry per kg · U GPU-hours actually
delivered

ESpaS: open lifecycle estimator

DepTax: dependability–sustainability framework

The pitch, and the bill

k k

L&R

Ohs et al., Dirty Bits in Low-Earth Orbit, ACM SIGENERGY EIR 2025 HAL  · Ohs et al., Dark Clouds Rising in LEO, ACM LEO-NET 2026 HAL  · Fraire et al., Ungrounded Computing
in LEO, IEEE Computer (under review)
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0 20 40 60
kgCO₂e per kg to LEO

Starship

Falcon 9 36 +16
(+46%) 52

21 +13
(+62%) 34

■ launch ■ re-entry NOₓ (GWP₂₀ = 33)

re-entry: 

Falcon 9 also burns its 4-t upper stage → 16

Burned on a cycle: FCC disposal within 5 years after the mission ends. Graveyard parking skips the NO  and pays in orbital
footprint instead.

Act I · The carbon of getting there

0.4 ​ ×
kg

kg NO ​x
​ ≈

GWP ​20

​33 13 ​

kg
kgCO ​e2

x
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kgCO₂e per kg to LEO

Starship

Falcon 9 36 +16
(+46%) 52

21 +13
(+62%) 34

■ launch ■ re-entry NOₓ (GWP₂₀ = 33)

re-entry: 

Falcon 9 also burns its 4-t upper stage → 16

Earth
solar + storage

Orbit
Starship

Orbit
Falcon 9

34

52 ×1.5
66 ×1.9

gCO₂e per kWh

"Energy is free in space": eclipses need batteries, and batteries are
launched mass with embodied carbon.

Burned on a cycle: FCC disposal within 5 years after the mission ends. Graveyard parking skips the NO  and pays in orbital
footprint instead.

Act I · The carbon of getting there
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■ radiator 50% ■ battery 28%
■ solar 17% ■ computer 5%

1 kW node · 61 kg launched · ■ = 1%

Act II · The mass of staying alive

Radiator calibrated on the ISS early thermal system (42 m² for 14 kW). Ohs et al., Dark Clouds Rising, LEO-NET 2026 HAL  · sensitivity: DepTax repository
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■ radiator 50% ■ battery 28%
■ solar 17% ■ computer 5%

1 kW node · 61 kg launched · ■ = 1%

P ​ =rej ε σ A (T ​ −r
4 T ​), T ​ ≤sink

4
r T ​ ≈chip 80 C∘

P  heat to shed (every watt the node draws) · ε panel emissivity · σ Stefan–Boltzmann constant · A
radiator area · T  panel temperature · T  what the panel sees: cold space, warm Earth · T
hottest the silicon may run

0 10 20 30 40
radiator mass for a 1 kW node (kg)

47 °C and half mass

panel at 77 °C

half-mass panel

panel at 47 °C

ISS panels (≈ 3–17 °C) 30.5 kg (12.7×)

15.9 kg (6.6×)

15.2 kg (6.4×)

9.4 kg (3.9×)

8.0 kg (3.3×)

the GPU: 2.4 kg

PUE (power usage effectiveness) = facility power ÷ IT power. ≈ 1 in orbit, and blind: the
cost moved into embodied mass.

Act II · The mass of staying alive

rej

r sink chip

Radiator calibrated on the ISS early thermal system (42 m² for 14 kW). Ohs et al., Dark Clouds Rising, LEO-NET 2026 HAL  · sensitivity: DepTax repository
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let that (hea
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1 2 3 4 5 6 7 8 9 10
mission duration (years)
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1 GPU 2 GPUs 3 GPUs 4 GPUs

global-average data center (fossil-heavy grid)

green data center (Finland grid)

year ≈ 9

year ≈ 6

Starship, as �led
Starship, no battery (dawn–dusk)
Starship, graveyard (no re-entry)
Falcon 9, as �led
no spares: brochure math
(the GPU died in year 3)

Act II · When does a 1 kW node break even?

Carbon per GPU-hour, launch + production, re-entry NO  at GWP₂₀ = 33. Terrestrial anchors, H100 at 700 W plus chip embodied carbon: 477 (global mix, PUE 1.54) and 107
(Finland, PUE 1.2) gCO₂e per GPU-hour, as in Dark Clouds Rising HAL . GPU life: working assumption, consistent with public dose tests (CAVU Aerospace, 2026). Radiator: ISS
calibration. DepTax / ESpaS.

x
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Are we there yet?
(year 9)
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0 1 2 3 4 5 6 7 8 9
GPU failures during the mission, N(T)

pr
ob

ab
ili

ty

mean
2 spares
68% survive

guarantee
5 spares
≥ 95% survive

P ​(T ) =surv Pr [N(T ) ≤ r] ≥ 1 − ε ⇒ r ≫⋆ E[N(T )]

T mission length · N(T) GPU failures by T, Poisson(λT) · λ radiation hazard, 0.1–1 per
year · r cold spares on board · 1−ε survival target · r* spares the target demands,
well above the mean E[N(T)] · shown: λT = 2

+77–86%
lifecycle carbon to guarantee survival, over the carbon-optimal
redundancy

+31%
carbon for the first cold spare, which usually pays for itself per
delivered GPU-hour

≈ 3×
greener: spares on board vs. launch-on-failure

Act III · The price of never repairing
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Have you tried turning it
off and on again?
(from 550 km away)



is bought with

adds

raises

in�ates

demands more

redundancy
shielding · spares

launched mass

cross-section
& debris

collision hazard

failure rate

reliable disposal

starves

the armour a system adds
to survive becomes part of
the hazard it must survive

The fleet writes its own hazard: a consistent design is a fixed point, one that survives the environment it helps create.

Act III · The loop that closes on itself
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mission duration T

re
du

nd
an

cy
 r

feasible

one set of assumptions

mission duration T

∅

harsher radiation, dirtier launch

━ survives the mission (above) ━ greener than the ground (below) ━ within footprint cap (below)

,   

Sustainability is a region, and it can be empty

F = { x : P ​(T ;x) ≥surv 1 − ε ∧ I(x) ≤ I ​ ∧terr Φ(x) ≤ Φ ​}max x = (orbit,T , r, disposal, application)

Schematic. The region is computed with ESpaS + DepTax for one node; mapping it at fleet scale is open.
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T H E  O P E N  P R O B L E M

We lack the science to map where orbital
computing is dependable and sustainable

juanfraire.space
papers · open models (ESpaS, DepTax) · slides

Tomorrow 16:00, Cnam: AI for Space, Space for AI
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No satellites wer
e

harmed in the making of

this talk.
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HotCarb
on '25
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